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Zusammenfassung 

Mikrooptische Filter sind heutzutage in vielen Bereichen in der Telekommunikation 
unersetzlich. Wichtige Einsatzgebiete sind aber auch spektroskopische Systeme in der 
Medizin-, Prozess- und Umwelttechnik. Diese Arbeit befasst sich mit der Technologie-
entwicklung und Herstellung von luftspaltbasierenden, vertikal auf einem Substrat an-
geordneten, oberflächenmikromechanisch hergestellten Fabry-Pérot-Filtern. Es werden 
zwei verschiedene Filtervarianten, basierend auf zwei verschiedenen Materialsystemen, 
ausführlich untersucht. Zum einen handelt es sich dabei um die Weiterentwicklung von 
kontinuierlich mikromechanisch durchstimmbaren InP / Luftspaltfiltern; zum anderen 
werden neuartige, kostengünstige Siliziumnitrid / Luftspaltfilter wissenschaftlich be-
handelt.       
Der Inhalt der Arbeit ist so gegliedert, dass nach einer Einleitung mit Vergleichen zu 
Arbeiten und Ergebnissen anderer Forschergruppen weltweit, zunächst einige theoreti-
sche Grundlagen zur Berechnung der spektralen Reflektivität und Transmission von 
beliebigen optischen Schichtanordnungen aufgezeigt werden. Außerdem wird ein kurzer 
theoretischer Überblick zu wichtigen Eigenschaften von Fabry-Pérot-Filtern sowie der 
Möglichkeit einer mikromechanischen Durchstimmbarkeit gegeben. Daran anschlie-
ßend folgt ein Kapitel, welches sich den grundlegenden technologischen Aspekten der 
Herstellung von luftspaltbasierenden Filtern widmet. Es wird ein Zusammenhang zu 
wichtigen Referenzarbeiten hergestellt, auf denen diverse Weiterentwicklungen dieser 
Arbeit basieren.  
Die beiden folgenden Kapitel erläutern dann ausführlich das Design, die Herstellung 
und die Charakterisierung der beiden oben erwähnten Filtervarianten. Abgesehen von 
der vorangehenden Epitaxie von InP / GaInAs Schichten, ist die Herstellung der InP / 
Luftspaltfilter komplett im Institut durchgeführt worden. Die Herstellungsschritte sind 
ausführlich in der Arbeit erläutert, wobei ein Schwerpunktthema das trockenchemische 
Ätzen von InP sowie GaInAs, welches als Opferschichtmaterial für die Herstellung der 
Luftspalte genutzt wurde, behandelt. Im Verlauf der wissenschaftlichen Arbeit konnten 
sehr wichtige technische Verbesserungen entwickelt und eingesetzt werden, welche zu 
einer effizienteren technologischen Herstellung der Filter führten und in der vorliegen-
den Niederschrift ausführlich dokumentiert sind. 
Die hergestellten, für einen Einsatz in der optischen Telekommunikation entworfenen, 
elektrostatisch aktuierbaren Filter sind aus zwei luftspaltbasierenden Braggspiegeln 
aufgebaut, welche wiederum jeweils 3 InP-Schichten von (je nach Design) 357nm bzw. 
367nm Dicke aufweisen. Die Filter bestehen aus im definierten Abstand parallel über-
einander angeordneten Membranen, die über Verbindungsbrücken unterschiedlicher 
Anzahl und Länge an Haltepfosten befestigt sind. Da die mit 357nm bzw. 367nm ver-
gleichsweise sehr dünnen Schichten freitragende Konstrukte mit bis zu 140µm Länge 
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bilden, aber trotzdem Positionsgenauigkeiten im nm-Bereich einhalten müssen, handelt 
es sich hierbei um sehr anspruchsvolle mikromechanische Bauelemente. Um den Ein-
fluss der zahlreichen geometrischen Strukturparameter studieren zu können, wurden 
verschiedene laterale Filterdesigns implementiert.  
Mit den realisierten Filter konnte ein enorm weiter spektraler Abstimmbereich erzielt 
werden. Je nach lateralem Design wurden internationale Bestwerte für durchstimmbare 
Fabry-Pérot-Filter von mehr als 140nm erreicht. Die Abstimmung konnte dabei konti-
nuierlich mit einer angelegten Spannung von nur wenigen Volt durchgeführt werden. 
Im Vergleich zu früher berichteten Ergebnissen konnten damit sowohl die Wellenlän-
genabstimmung als auch die dafür benötigte Abstimmungsspannung signifikant verbes-
sert werden. Durch den hohen Brechungsindexkontrast und die geringe Schichtdicke 
zeigen die Filter ein vorteilhaftes, extrem weites Stopband in der Größenordnung um 
550nm. Die gewählten, sehr kurzen Kavitätslängen ermöglichen einen freien Spektral-
bereich des Filters welcher ebenfalls in diesen Größenordnungen liegt, so dass ein wei-
ter spektraler Einsatzbereich ermöglicht wird.     
Während der Arbeit zeigte sich, dass Verspannungen in den freitragenden InP-
Schichten die Funktionsweise der mikrooptischen Filter stark beeinflussen bzw. behin-
dern. Insbesondere eine Unterätzung der Haltepfosten und die daraus resultierende Ver-
biegung der Ecken an denen sich die Verbindungsbrücken befinden, führte zu enormen 
vertikalen Membranverschiebungen, welche die Filtereigenschaften verändern. Um op-
timale Ergebnisse zu erreichen, muss eine weitere Verbesserung der Epitaxie erfolgen. 
Jedoch konnten durch den zusätzlichen Einsatz einer speziellen Schutzmaske die Unter-
ätzung der Haltepfosten und damit starke vertikale Verformungen reduziert werden.  
Die aus der Verspannung resultierenden Verformungen und die Reaktion einzelner frei-
stehender InP Schichten auf eine angelegte Gleich- oder Wechselspannung wurde de-
tailliert untersucht. Mittels Weisslichtinterferometrie wurden lateral identische Struktu-
ren verglichen, die aus unterschiedlich dicken InP-Schichten (357nm bzw. 1065nm) 
bestehen.  
Einen weiteren Hauptteil der Arbeit stellen Siliziumnitrid / Luftspaltfilter dar, welche 
auf einem neuen, im Rahmen dieser Dissertation entwickelten, technologischen Ansatz 
basieren. Die Filter bestehen aus zwei Braggspiegeln, die jeweils aus fünf 590nm di-
cken, freistehenden Siliziumnitridschichten aufgebaut sind und einem Abstand von 
390nm untereinander aufweisen. Die Filter wurden auf Glassubstraten hergestellt. Der 
Herstellungsprozess ist jedoch auch mit vielen anderen Materialien oder Prozessen 
kompatibel, so dass z.B. eine Integration mit anderen Bauelemente relativ leicht mög-
lich ist. Die Prozesse dieser ebenfalls oberflächenmikromechanisch hergestellten Filter 
wurden konsequent auf niedrige Herstellungskosten optimiert. Als Opferschichtmaterial 
wurde hier amorph abgeschiedenes Silizium verwendet. Der Herstellungsprozess bein-
haltet die Abscheidung verspannungsoptimierter Schichten (Silizium und Siliziumnit-
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rid) mittels PECVD, die laterale Strukturierung per reaktiven Ionenätzen mit den Gasen 
SF6 / CHF3 / Ar sowie Fotolack als Maske, die nasschemische Unterätzung der Opfer-
schichten mittels KOH und das Kritisch-Punkt-Trocken der Proben.       
Die Ergebnisse der optischen Charakterisierung der Filter zeigen eine hohe Überein-
stimmung zwischen den experimentell ermittelten Daten und den korrespondierenden 
theoretischen Modellrechnungen. Weisslichtinterferometermessungen der freigeätzten 
Strukturen zeigen ebene Filterschichten und bestätigen die hohe vertikale Positionierge-
nauigkeit, die mit diesem technologischen Ansatz erreicht werden kann.    
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Abstract 

Optical filters play an important role for devices applied in communications as well as 
in spectroscopic systems for medical, process or environmental analysis. This thesis is 
focused on the technology development and the fabrication of air-gap based surface 
micromachined Fabry-Pérot filters. Two different types of filter are presented within 
this work: continuously tuneable InP / air-gap based micro-opto-electro-mechanical 
Fabry-Pérot filters, and silicon nitride / air-gap based Fabry-Pérot filters featured by an 
optimised low-cost process.  
The main objective of this work regarding the InP / air-gap based filters has been to 
establish and to develop the fabrication process steps in the institute as well as to im-
prove the fabrication process flow. The obtained improvements of process steps result 
in a faster and more reliable fabrication of the filters. An important, major part of the 
fabrication is the methane based dry etching, which is investigated in detail in this work. 
A favourable etching using a simple photo resist as mask is achieved.  The electrostati-
cally tuneable InP / air-gap filters, optimised for optical telecommunication systems 
using the optical telecommunication window at 1550nm, consist of two InP / air-gap 
distributed Bragg reflectors having each three 357nm (367nm) thick InP layers sur-
rounded by air. Two different vertical designs are implemented and described. The fil-
ters exhibit an excellent wide tuning range. Depending on the lateral design, values of 
more than 140nm are achieved, whereas the filters can be tuned continuously using only 
small voltages of few volts. These results are international record values - as compared 
to previously reported tuneable Fabry-Pérot filters: the wavelength tuneability as well as 
tuning performance is significantly improved. In addition, an extremely wide stop-band 
of up to 550nm is obtained due to the small layers and the high refractive index contrast 
between InP and air. Simultaneously, a large free spectral range is achieved due to the 
small cavity length of the filters resulting in a wide spectral operation range. 
The reduction of the deformations of InP layers due to growth-induced strain is a major 
challenge for the fabrication of InP / air-gap filters. The application of an underetch 
protection mask for the supporting posts of the filters reduces the strain impact. To ob-
tain further information about the strain, the consequences on the reliability of the fil-
ters, and the deformation topology of the filter membranes during or after actuations, 
micro-mechanical experiments on single released InP layers are performed.    
Another major part of this work deals with a completely novel filter technology based 
on a silicon nitride / air-gap design. The surface micromachined demonstrator filters, 
fabricated on top of glass substrates, consist of two distributed Bragg reflectors com-
prising five 590nm thick silicon nitride layer separated by 390nm wide air-gaps each. 
The fabrication of the air-gap filters is consequently optimised to achieve low-cost de-
vices. The fabrication process is implemented by plasma-enhanced chemical vapour 
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deposition of stress-optimised films, reactive ion etching using a SF6 / CHF3 / Ar gas 
mixture, wet chemical etching of the sacrificial silicon layers by KOH and critical point 
drying. Generally, the process is compatible with a variety of materials, e.g. III–V com-
pounds, silicon, as well as organic materials, facilitating a huge application spectrum for 
sensors. The results of the experimental optical characterisation of demonstrator filters 
show a excellent agreement with the results of the theoretical model calculations. Addi-
tionally performed white light interferometer measurements document the accuracy of 
the layer positioning and the achieved flat cantilevers. 
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1. Introduction 

During the last decades, the development of the Internet resulted in a steadily increasing 
demand of high-speed communication systems. The former telephone network based on 
copper cables could not satisfy this demand and it is more and more supported or re-
placed by optical links. Today, optical interconnections provide the required transmis-
sion capacities between continents, on long haul connections, and increasingly, in met-
ropolitan and local areas. The silica fibre, the transmission medium for the high-speed, 
high-reliable interconnections, offers an enormous bandwidth potential. The invention 
of the low-loss single mode fibre in the late seventies and the optical fibre amplifier in 
the late eighties of the last century enabled the application of financially viable optical 
transmissions for long distances. With multiplexing methods, transmission bandwidths 
in the range of terabits per second on a single fibre have been achieved in the last years 
[Sch99, Lee01, Ooi02].   
However, application of optical interconnections are not only restricted to high-speed 
areas. Optical fibre links are increasingly employed in fields where electromagnetic 
interference is critical or lightweight constructions are required. Last but not least, wire-
less optical transmissions are often used for short-range communications.  
Optical filters are an enabling technology for the optical applications mentioned above. 
They can be found in many parts within a transmission system. Apart from communica-
tion systems, optical filters are basic components of many devices to be found in spec-
troscopic systems for medical, process or environmental analysis. 

1.1. Optical communication 

Commonly, the communication window at wavelengths around 1550nm, and fibres 
with a low loss of approximately 0.2dB/km are applied for intercontinental / long-haul 
transmissions today. Typically, this enables distances of up to hundred kilometres, after 
that the signal has to be regenerated. To optimise the allocation of a fibre capacity, 
channels are transmitted time division multiplexed (TDM). The signals are processed as 
interleaving streams of bits, whereas the processing is standardised as synchronous op-
tical network (SONET) in the US or, internationally, as synchronous digital hierarchy 
(SDH). At the moment, commercially employed multiplexer operate at 2.5GBit 
(SONET: OC-48, SDH: STM-16) up to 10GBit (OC-192 / STM-64). Trials are per-
formed using 40GBit (OC-768, STM-256). Due to the large bandwidth provided by a 
single fibre, channels can be transmitted at different carrier wavelengths simultane-
ously. Since up to several hundred channels, each with bit rates up to 40GBit/s can be 
used in parallel, enormous transmission bandwidths of several TBit/s can be achieved 
[Fuk01]. Hence the wavelength division multiplexing (WDM) allows the cost-saving 
expansion of the transmission capacity of existing systems without an installation of 
new fibres.  
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intercontinental / undersea long haul metropolitan local  

Fig. 1-1: Different parts of a telecommunication network (after [Ram98]) 

In principal, WDM systems are transparent for transmission protocols, i.e. different ser-
vices or protocols (IP, ATM or HDTV transmissions) can be transmitted in parallel. The 
C-Band (Conventional or Central band) in the range 1530nm - 1565nm is used com-
monly for WDM. Additionally, the L-Band (Long band) in the range of 1565nm - 
1625nm is increasingly applied. The International Telecommunication Union (ITU) has 
standardised a frequency grid by their recommendation ITU-T G.692 / G.694-1 for 
dense wavelength division multiplexing (DWDM) applications. Based on a reference 
frequency of 193.10THz (corresponds to 1552.52nm), channel distances of 100Ghz 
(~0.8nm), 50GHz (~0.4nm) or 25GHz (~0.2nm) are defined. So, enormous transmission 
capacities can be provided, but as a negative consequence, the high demands for the 
channel separation result in very expensive devices. For intercontinental / long haul 
transmission, where high transmission capacities are usually requested, DWDM with 8 
to 40 channels is applied; the usage of up to 160 channels is possible at the moment 
[Lüs02, Hec03, Zar03].  
Due to the Internet boom in the late nineties, many telecommunication companies made 
large investments in their infrastructure in 1999 and 2000. Hundreds of thousands of 
kilometres of new cables were installed worldwide [Sta03, Ble05]. Each cable itself has 
many fibres, e.g. a commercially applied LEAF (Large Effective Area Fibre) cable pro-
vides up to 144 single fibres. Due to the excess of offered capacity, many fibres are un-
used (dark) today. Predictions assume [Hec03], that averagely only 10% of channels 
carry traffic in the 10% of fibres that are lit at the moment, whereas the traffic increases 
approximately 80% per year1. If new capacity is required, the costs determine whether 
the carriers lit dark fibres or add new components and increase the channels per fibre. 
The competition results in the demand of cost-saving optical devices. Additionally, 
more flexible devices are required. Instead of point-to-point connections with electrical 
data processing in the nodes, increasingly optical networks are created [Hec02]. Today, 
re-configurable optical add-/drop multiplexers offer more flexibility to the WDM sys-
tems. Such components can drop channels of selected wavelengths. New channels can 
be added at these or other unused wavelengths (see Fig. 1-2). Especially in regional and 
                                                 
1 Growing rate in 2004 according to the "Global Internet Geography" report of Primetrica, see [Ble05]. 
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metropolitan networks, where meshed and ring network topologies are usually applied, 
the optical switching of the transmission wavelengths by the network management is 
more and more demanded [Ram02]. Additionally, low-cost, space and energy saving 
devices are required. Modular parts should ease a network upgrade. In contrast, trans-
mission capacities as provided by DWDM are less important for these networks.  

am
pl

ifi
-

ca
tio

n

ga
in

eq
ua

lis
at

io
n

add / drop

di
sp

er
si

on
co

m
pe

ns
at

io
n

Tx
Tx

Tx

Tx Rx

Rx

Rx
Rx

...

m
ul

tip
le

xi
ng

de
m

ul
tip

le
xi

ng

...

λ1 λ1

λ2 λ2

λN λN

λX λX

 

Fig. 1-2: Parts of a simplified WDM system (after [Mad99]) 

As a result, a low-cost alternative to DWDM was standardised by the ITU: the coarse 
wavelength division multiplexing (CWDM). Systems based on CWDM operate in a 
wide wavelength range between approximately 1300nm and 1625nm [Zha02, Pet01]. 
To enable low-cost devices, the ITU defined the channel spacing to be 20nm. Using 
CWDM components operating in the C-, L- and parts of the S-Band (Short Band, 
1460nm - 1530nm) up to eight wavelength channels are possible. Further channels in 
the E-Band (Extended Band, 1360nm - 1460nm) can be used if low water-peak fibres, 
which do not show the common blocking region near the water-peak at 1400nm, are 
applied. The wide channel spacing allows relaxed tolerances for the devices, so un-
cooled lasers and low-cost optical filters can be employed [Ber05].  
For both, DWDM and CWDM systems, the application of tuneable devices is of high 
interest. Due to the high number of possible channels and wavelengths, the carriers 
would commonly have to hold a large variety of devices on stock [Pla00]. Beside the 
reduction of holding spare devices, a flexible network configuration or even optical 
routing on demand is possible with these devices [Dha01]. Last but not least, tuneable 
devices offer a possibility to compensate environmental influences. 

1.2. Optical filters 

Depending on their application, filters in WDM systems have to fulfil different specifi-
cations with respect to wavelength range, transmission wavelength, and filter dip prop-
erties [Bat01]. Generally, the operation of filters applied in these systems bases on the 
interference of light. Incoming light is split into many paths, delayed and recombined. 
In principle, two different classes of optical filters exist: filters constructed as Mach-
Zehnder interferometer (MZI) or as Fabry-Pérot interferometer (FPI). In signal process-
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ing terms, the MZI is called moving average (MA) or finite impulse response (FIR) fil-
ter, whereas the FPI is designated as autoregressive (AR) or infinite impulse response 
(IIR) filter due to the feedback paths [Mad99]. Typical examples for optical devices are 
arrayed waveguide gratings (AWG) for the MZI and ring resonators or thin film / Bragg 
grating filters for the FPI. The air-gap based filters described by this work are FPIs. 
Usually, FPIs are designed to reflect all wavelengths except the resonance wavelength 
and multiples (filter dips). So the selection of certain data channels and the least change 
of other channels is possible. As thin film filters, they are employed commonly in 
add/drop devices or demultiplexers to select certain channels in WDM systems (see Fig. 
1-2). Additionally, the thin film filters are widely used for gain flattening, band split-
ting, and combining amplifier-pump beams [He01].  

1.3. Air-gap based filters 

The air-gap based construction can be seen as a special case of thin film filters where 
the material with the low refractive index is replaced by air. The usage of air has several 
advantages, for example: 

- Air has a refractive index close to unity. In combination with materials having high 
refractive indices, a large index contrast can be easily obtained. A high refractive 
index contrast between the applied materials is favourable with regard to the prop-
erties of FPIs.  

- Due to the air-gaps, a micro mechanical alteration of layer positions is possible, i.e. 
the filters enable a change of their optical properties during the operation. This al-
lows the construction of very flexible devices. 

However, some obvious disadvantages should be mentioned also: 

- The deposition of materials is possible with different methods, however air cannot 
be deposited. So a more sophisticate fabrication process is needed for the fabrica-
tion of air-gap based thin film filters.  

- In all-air-gap filters, the FPI mirrors as well as the cavity comprise air-gaps. The de-
sign of these filters demands small air-gaps as well as small film thicknesses of the 
high index material. Since freestanding constructions are fabricated, the film mate-
rials have to fulfil high requirements with regard to their mechanical properties.  

Apart from the achievement of the required optical properties, small filter fabrication 
costs are a major goal [Neu01]. Starting with micro-optics in the early days of fibre op-
tics, micro-electro-mechanical systems (MEMS) technologies are applied increasingly 
for a variety of optical applications in the last decade [Wal00]. MEMS devices are 
structures with dimensions of few hundred nanometers to millimetres, fabricated with a 
process called micromachining using fairly standard semiconductor processing meth-
ods. Consequently, the fabrication of MEMS devices has similar potential benefits as 
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the fabrication of integrated circuits, i.e. a low-cost high-volume automated production 
is possible. Starting using silicon in the seventies of the last century [Pet82], micro-
machining methods exist for a variety of material systems today. In general, micro-
machining can be divided into two classes: surface micromachining and bulk micro-
machining. Surface micromachining is essentially a process where additional layers are 
deposited on top of a substrate, then patterned and partly removed. The required struc-
tures are created on top of a substrate which itself acts mainly as support. In contrast, 
bulk micromachining includes processes where the microstructure is formed in the bulk 
of the wafer by mostly anisotropic dry or wet etching. 
Since multiple optical layers are required for the operation, surface micromachining or 
combinations of surface and bulk micromachining are predominant for the fabrication 
of optical filters. In principle, filters can be constructed horizontally or vertically ori-
ented to the substrate. Since the thicknesses of the optical effective layers have to be in 
the order of the used wavelength, vertically oriented filters consisting of subsequently 
deposited thin films are easier to fabricate than horizontally constructed filters which 
require the etching of small and smooth bars with large aspect ratios. A further huge 
advantage of the vertical orientation is the possibility of device tests on wafer.  
Vertical air-gap filters can be fabricated using different methods. Parts of the filter, e.g. 
both mirrors, can be produced separately and, afterwards, they are assembled (two chip 
concept). Spacers on top of one or both chips are often applied to achieve the required 
distance of the air-gap(s). Alternatively, sacrificial layers can be deposited at the posi-
tions where air-gaps are required later on. A subsequent, highly selective removal of the 
sacrificial layers results in the desired air-gaps.  
The usage of different material systems is reported for the fabrication of air-gap based 
Fabry-Pérot filters (FPF). For telecommunication applications, the material systems 
GaAs / AlGaAs and InP / GaInAsP have been applied often. This enables an integration 
of the filters in complete devices, such as receivers (detectors) or transmitters (LED / 
Laser), which are often based on these materials. The usage of silicon or dielectric ma-
terials as filter materials are also reported. Due to the widespread applications of 
MEMS, excellently developed fabrication methods exist for silicon devices. An advan-
tage of the dielectric materials is the very cost-effective deposition. Additionally, they 
can be used to support other material systems in many cases. 
Different air-gap based vertical FPF for telecommunication applications are reported by 
research groups worldwide in the last decade. An overview of state-of-the-art tuneable 
devices is given in Tab. 1-1 and Tab. 1-2. The first column comprises the optical filter 
properties, for example the achieved tuning range, the FSR and the FWHM (definitions 
see chapter 2.2.1). The material system applied and the fabrication method can be found 
within the second column, whereas the third and fourth columns comprise details about 
the actuation (see chapter 2.4) and the reference, respectively. 
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Tab. 1-1: State-of-the-art tuneable, vertical, air-gap cavity Fabry-Pérot filters (part I)  
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Tab. 1-2: State-of-the-art tuneable, vertical, air-gap cavity Fabry-Pérot filters (part II)  
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In general, three main application fields can be distinguished: 

- Tuneable filters using the first telecommunication window at about 850nm up to 
900nm. Today, this range is often used with multimode fibres in local areas.   

- Tuneable filters for DWDM purposes operating at about 1550nm. These filters have 
to fulfil high requirements with respect to their optical properties. 

- Increasingly, filters with large tuning ranges and relaxed tolerances are of interest 
for CWDM.     

In the most cases, the filter tuning is performed using an electrostatic or a thermal actua-
tion method. However, the displacement of membranes is also possible using the Lor-
entz force [Lee04]. If necessary, levers can be used to extend the tuning range [Mat02].   
Apart from the telecommunication, process, environmental or medical evaluations are 
an interesting application area of air-gap based filters. The change of the refractive in-
dex or absorption in the gaps due to gases result in an alteration of the optical filter 
properties and, therefore, can be used to detect or evaluate certain gases. Examples can 
be found in [Nor02, Cro04, Neu05].  

1.4. Objectives and outline of this work 

This work is focused on the fabrication of two different types of air-gap based vertical 
Fabry-Pérot filters: tuneable InP / air-gap filters and (according to the current status) 
non-tuneable silicon nitride / air-gap filters. 
First papers reporting the fabrication of released InP based structures suitable for the 
fabrication of filters can be found in the mid of the nineties. Research groups in Sweden 
[Str96, Hjo96, Str97] and France [Sea96] developed the fundamentals. Supported by the 
European projects ESPRIT-MOEMS (photo detector, 1996-1999) and TUNVIC (laser, 
2000-2003), air-gap based, vertical, micro-mechanical tuneable devices were developed 
and reported [Spi98a, Chi99b, Chi01, Dal02, Str02c].  
Based on these preceding works, the fabrication of electrostatically tuneable InP / air-
gap filters was started in our Institute in 2000. The goal was an improvement of the fil-
ter performance as well as the development of a more reliable and simpler fabrication.  
New plasma etch and deposition machines were installed or assembled, and parameters 
for appropriate processes were developed. In the following years, the fabrication proc-
ess steps were investigated and evaluated in detail. Further optimisations resulted in an 
improvement of the overall process flow. The fabrication time was decreased and a sta-
ble process window was achieved. Compared to previous works, the fabrication of fil-
ters consisting of thinner InP structures, which promise better optical filter properties, 
was investigated.  



9 

a) b) 
 

Fig. 1-3: 3D schematic view of a tuneable InP / air-gap filter described in this work : general view of filter 
with contacts (a), enlarged side view of the optical filter comprising of 6 InP layers (b) 

Inspired by the InP / air-gap filters, the fabrication technology of filters based on a 
complete new material system Si3N4 / air was developed and is presented within this 
work. Due to the application of standard MEMS process technology in combination 
with a simple plasma-enhanced material deposition, a real low-cost production of air-
gap filters could be achieved. Nonetheless, a high layer position accuracy was obtained. 
For the devices, a widespread application is conceivable because the filter can be fabri-
cated on top of an arbitrary, pre-processed detector.  

 

Fig. 1-4: 3D schematic view of the fabricated Si3N4 / air-gap filter 

Both filter types are presented in this work. The following chapter starts with a brief 
overview of the optical theory of thin layers and Fabry-Pérot filters. Additionally, some 
fundamentals of the electrostatic actuation are summarised. In chapter 3, a more general 
introduction into the fabrication of air-gap based filters by surface micromachining 
methods is given. The applied fabrication steps and process evaluation methods are 
briefly explained. Appropriate references to background literature are given.  
Chapter 4 deals with the InP / air-gap filters. The main focus of the chapter is on the 
fabrication of the filters. The design and the characterisation results are briefly pre-

membrane 
supporting 
posts 

p-type 
contact 

n-type 
contact 

top  
mirror

cavity 
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(optical active area)

top mirror 
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cavity 

bottom 
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sented. Additionally, mechanical investigations of single, freestanding InP layers of 
different thicknesses are included.  
The fabrication of Si3N4 / air-gap devices is described in detail in chapter 5. An all-air-
gap demonstrator filter based on this technology is presented. The layer position accu-
racy obtainable by this technology and the suitability of this approach are documented 
by the characterisation results. 
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2. Theoretical overview 

In this chapter, a brief introduction into the theory of the filters, which were fabricated 
in the context of this work, is given. The chapter starts with a presentation of the trans-
fer-matrix method (TMM). Generally, the filters are constructed as a stack of different 
layers. Provided the optical properties of the layers are known, the TMM allows the 
calculation of the optical reflectance or transmittance spectra of an arbitrary arrange-
ment of optical layers, and it is used for many simulations presented within this work. 
After the more general technique of the TMM, the fundamentals of Fabry-Pérot resona-
tors are considered in more detail in this chapter, and effects of the design parameters 
on the optical properties of the filters are briefly discussed. In addition, the conse-
quences of the choice of the material system of the Distributed Bragg Reflectors (DBR), 
used as mirrors for the Fabry-Perot-Filter, are investigated. Finally, a short introduction 
concerning the micro-mechanical tuning of the filters is given.  

2.1. The transfer-matrix method 

The TMM is a powerful and versatile approach for the determination of the spectral 
reflectance and transmittance of a stack of homogenous, parallel optical layers. The ba-
sics of this method can be found elsewhere [Fow89, Col95, Mac01]. However, a simu-
lation program (see chapter 10.1) based on this method was implemented and many 
calculations described in this work were performed using this program. Therefore, an 
adapted derivation, whose results were used for the programming, and which is based 
on the work of [Pat97], is shown here.  
Assuming an optical device consists of a stack of N layers. Each layer m has a certain 
thickness dm and a refractive index mn . The refractive index is denoted as complex 

value to regard the absorption of the layers:  

m m mn n jκ= −  Eq. 2-1

where nm is the real part of the refractive index and κm the extinction coefficient of me-
dium m. In the following, a wave is considered travelling perpendicular from the me-
dium 0 through the N layers and leaving the stack into the medium T, as shown in Fig. 
2-1. Reflections occur at each interface between two different mediums. Since the tan-
gential components of electric and magnetic field are continuous, they can be equated at 
each interface. K denotes the direction of propagation for each wave. If the amplitude of 
the electric field of the incident wave is E0i, that of the reflected wave is E0r, and that of 
the transmitted wave is ETi, the reflectance and transmittance spectrum can be deter-
mined from the relations of the amplitudes E0r / E0i and ETi / E0i for the each wave-
lengths.  
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K0i KTiK1i K2i

...
KNi

K0r K1r K2r KNr

H0i HTiH1i H2i HNi

H0r H1r H2r HNr

d1 d2

n1
~ n2

~n0
~ nN nT

~ ~

dN

E0i

Incident wave Transmitted 
wave

Reflected wave

Medium 0 Medium 1 Medium 2 Medium N Medium T

ETiE1i E2i ENi

E0r E1r E2r ENr

 

Fig. 2-1: Waves and associated fields within a stack of optical layers  

Looking at the first interface between medium 0 and medium 1, the following boundary 
conditions can be determined: 

0 0 1 1r i r iE E E E+ = +  Eq. 2-2

and 

0 0 1 1r i r iH H H H− = −  Eq. 2-3

Since plane waves are considered, the magnetic component in a medium m can be writ-
ten as: 

0

m
m m

nH E
η

=  Eq. 2-4

where η0 is the free space impedance. Substituting Eq. 2-4 in Eq. 2-3 results in: 

0 0 0 0 1 1 1 1r i r in E n E n E n E− = −  Eq. 2-5
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Both equations, Eq. 2-2 and Eq. 2-5 can be rewritten in matrix form: 

0 1

0 0 0 11 1

1 1 1 1r r

i i

E E
n n E En n

     
=     − −     

 Eq. 2-6

i.e. the electric field components of the right and the left side of the interface are linked 
using the matrices R0 and L0, respectively: 

1 1=0 0R E L E , with 
0 0

1 1
n n

 
=  − 

0R , 1
1 1

1 1
n n

 
=  − 

L  Eq. 2-7

After the transition, the wave propagates through the next medium until the next inter-
face is reached. During the propagation of a layer of a thickness of dm, a phase shift of 
βm occurs: 

2
m m mn dπβ

λ
=  Eq. 2-8

The waves having the index i are advanced in phase by βm, whereas the index r indi-
cates a backward travelling, i.e. a wave retarding in phase by βm. So, compared to the 
first interface, described by Eq. 2-2 and Eq. 2-5, the boundary conditions are now: 

1 1

1 1

1 1 2 2

1 1 1 1 2 2 2 2

j j
r i r i

j j
r i r i

E e E e E E

n E e n E e n E n E

β β

β β

−

−

+ = +

− = −
   Eq. 2-9

Rewriting in matrix form gives: 

1 1

1 1

1 2

1 22 21 1

1 1j j
r r

j j
i i

E Ee e
E En nn e n e

β β

β β

−

−

     
=     −−      

 Eq. 2-10

and, therefore: 

1 1 2 2=R E L E , with 
1 1

1 11
1 1

j j

j j

e e
n e n e

β β

β β

−

−

 
=  

− 
R , 2

2 2

1 1
n n

 
=  − 

L  Eq. 2-11
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Inserting the result of the last equation into Eq. 2-7, the incident wave is linked to the 
wave at the second interface using the properties of the intermediate layer:  

1
0 0 1 1 2 2

−=R E L R L E    Eq. 2-12

Since similar considerations can be performed for each interface up to the medium T, 
the last equation can be extended to the complete stack of layers:  

( )( ) ( )1 1 1
0 0 1 1 2 2 ... N N T T

− − − =  R E L R L R L R L E    Eq. 2-13

where: 

m m

m m

j j

m j j
m m

e e
n e n e

β β

β β

−

−

 
=  

− 
R , 1m ...N∈  Eq. 2-14

and  

1 1
m

m mn n
 

=  − 
L , 1m ...T∈  Eq. 2-15

The required inverse matrix of Rm is given by: 

1 1
2

m m

m m

j j
m

m j j
m m

n e e
n n e e

β β

β β
−

− −

 
=  

− 
R  Eq. 2-16

The matrix product in Eq. 2-13 can be considered as product of characteristic matrices 
Mm of each layer m. Thus, Mm can be defined as: 

1
m m m

−=M L R , 1m ...N∈  Eq. 2-17

Using Eq. 2-15 and Eq. 2-16, Eq. 2-17 can be rewritten to: 

( ) ( )
( ) ( )2

1
2

m m m m

m m m m

j j j j
m

m j j j j
m m m

n e e e e

n n e e n e e

β β β β

β β β β

− −

− −

 + −
 =
 − + 

M  Eq. 2-18
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A substitution of the exponential functions by: 

sin
2

j je e
j

α α

α
−−

=  ; cos
2

j je eα α

α
−+

=  Eq. 2-19

results in the equation: 

cos sin

sin cos

m m
mm

m m m

j
n

jn

β β

β β

 
 =  
 
 

M  Eq. 2-20

which is commonly found in the literature [Mac01, Fow89]. The product of all matrices 
Mm is the characteristic matrix Mtot of the total stack:    

11 12
1 2

21 22

...tot N

m m
m m

 
= =  

 
M M M M    Eq. 2-21

With this, Eq. 2-13 can be rewritten as: 

0 0 tot T T=R E M L E  Eq. 2-22

If the last equation is separated into two parts: 

( ) ( )0 0 11 12 11 12r i T Tr T TiE E m m n E m m n E+ = + + −  

( ) ( )0 0 21 22 21 22
0 0

1 1
r i T Tr T TiE E m m n E m m n E

n n
− = + + −  

Eq. 2-23

the terms E0r and E0i can be determined by summing or subtracting both equations: 

( ) ( )

( ) ( )

0 11 12 21 22
0

11 12 21 22
0

12

1

r T T Tr

T T Ti

E m m n m m n E
n

m m n m m n E
n

 
= + + + + 

 
 

+ − + − 
 

 Eq. 2-24
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( ) ( )

( ) ( )

0 11 12 21 22
0

11 12 21 22
0

12

1

i T T Tr

T T Ti

E m m n m m n E
n

m m n m m n E
n

 
= + − + + 

 
 

+ − − − 
 

 Eq. 2-25

If there is no reflecting wave from the transmission medium ETr, the field reflectance r 
can be determined by:  

( ) ( )
( ) ( )

0 11 12 21 220

0 0 11 12 21 22

T Tr

i T T

n m m n m m nEr
E n m m n m m n

− + −
= =

− − −
 Eq. 2-26

and, therefore, the power reflectance R is given by: 

2R r=  Eq. 2-27

Similarly, the field transmission t as well as the power transmittance T can be obtained 
by: 

( ) ( )
0

0 0 11 12 21 22

2Ti

i T T

E nt
E n m m n m m n

= =
− − −

 Eq. 2-28

and 

2

0

TnT t
n

=  Eq. 2-29

In summary, a computer program, which should determine the power reflectance and 
transmittance, respectively, has to calculate the characteristic matrix Mm of each layer 
first. Then, the product of the matrices Mtot has to be determined, and the elements of 
this matrix are used to calculate the wanted power values. These calculations have to be 
repeated for different wavelengths within the required range to obtain the spectral de-
pendencies. Due to the complex approach of the refractive index, the absorption of lay-
ers is included in the calculations. Since the calculations are performed for each wave-
length separately, the dispersion of the layer materials can be easily integrated in the 
calculations. Details of the implemented program can be found in chapter 10.1. 
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2.2. Fabry-Pérot resonators 

By the method described in the last section, the spectrum of an arbitrary layer stack can 
be calculated. However, a specific filter spectrum is often required in practice and in 
contrast, an appropriate layer arrangement is searched. Assuming the layer stack could 
be subdivided into two mirrors, which are constructed as DBRs, and separated by a cer-
tain cavity distance dc, the knowledge about Fabry-Pérot interferometers (FPI) can be 
helpful for the design of the filters. Therefore, a short introduction is given in the fol-
lowing sections and derivations of some important properties for the application as filter 
are shown briefly. Detailed considerations and calculations dealing with the FPI can be 
found in the literature (for example in [Yar97, Mad99, Mac01]).  

2.2.1. Fundamentals of Fabry-Pérot resonators 

The operation of the FPI is based on the interference of multiple beams. Assuming a 
simplified FPI consists of two identical, partially reflecting, and parallel mirrors of neg-
ligible thickness, an incoming beam is split into many parts which all interfere with 
each other. If r and t are the coefficients of reflection and transmission, respectively, the 
amplitudes of the transmitted parts are E0t2, E0t2r2, E0t2r4, ..., and the amplitudes of the 
reflected beams are E0r, E0t2r, E0t2r3, ... (see Fig. 2-2).      

E t0
2

E t0
2r2

E t0
2r4

E t0

E tr0
2

E t0 r4

E tr0

E t0 r3

E t0 r5

...

E0

θ

E r0

E r0t
2

E r0t
2 3

dC

Mirror1 Cavity Mirror2

Fig. 2-2: Multiple reflec-
tion of light between two 
parallel mirrors 

Assuming the incident beam is perpendicular to the mirrors, and the set-up is located in 
air or vacuum, the path difference between two successive rays of light is: 

0

4
cdπδ

λ
=  Eq. 2-30
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If the resultant phase difference is taken into account, a summing of the amplitudes of 
the transmitted beams result in: 

2
2 2 2 2 4 2

0 0 0 0 2...
1

i i
T i

tE E t E t r e E t r e E
r e

δ δ
δ= + + + =

−
 Eq. 2-31

The intensities of transmitted and incident beam are given by 2
T TI E=  and 2

0 0I E= , 

respectively. The phase change due to the reflection should be considered by using a 

complex value / 2rir r e δ= . Using Eq. 2-27 and Eq. 2-29, i.e. 2 *R r rr= =  and 
2 *T t tt= = , the intensity of the transmitted beam can be calculated by: 

2

0 2
1

T i

TI I
Re ∆

=
−

 Eq. 2-32

where ∆  is the total phase difference rδ δ∆ = +  ( rδ  - additional phase change due to 

reflections). The denominator of Eq. 2-32 can be expressed as: 

( )2 22 21 Re 1 2 cos 1 4 sin
2

i R R R R∆ ∆
− = − ∆ + = − +  Eq. 2-33

Due to the conservation of energy, the sum of transmittance T, reflectance R, and ab-
sorption A must be one: 

1T R A+ + =  Eq. 2-34

If there is no absorption 0A = , thus, 1T R= − , and Eq. 2-32 can be written as: 

20

1

1 sin
2

TI
I F

=
∆

+
 

Eq. 2-35

The function was first derived by G. B. Airy in 1833, and is called Airy function. F is 
the coefficient of finesse: 

( )2
4

1
RF
R

=
−

 Eq. 2-36
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Transmission curves for several mirror reflectances are depicted in Fig. 2-3. For values 
of R close to unity, the coefficient of finesse F increases to large values, and the result is 
a much sharper curve shape.   
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Fig. 2-3: Plot of Airy func-
tion (Eq. 2-35) for different 
values of reflectance R 

A maximum value of unity is obtained in Eq. 2-35 for an integral multiple of π due to 
the sine term in the function, i.e.: 

42 c r
c

N dππ δ
λ

∆ = = +  Eq. 2-37

Therefore, for certain mirror distances dC and wavelengths λC, the transmission is 1. In 
contrast, depending on the reflectance R of the mirrors, waves resulting in other phase 
differences are more or less reflected. For a practical application of the Fabry-Pérot in-
terferometer as filter, values of R close to unity are required and the operation is limited 
to a range between two maxima. The separation between two adjacent orders of inter-
ference is the free spectral range (FSR) of a FPI. Based on Eq. 2-37, the FSR can be 
determined by: 

1
1

1 14 2N N c
N N

dπ π
λ λ+

+

 
∆ − ∆ = − = 

 
 Eq. 2-38
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Using /cλ ν=  (c - velocity of light, ν - frequency), the mode distance or FSR, respec-
tively, in frequency is: 

1 2N N
c

c
d

ν ν+ − =  Eq. 2-39

The equivalent distance between two maximums in wavelengths can be calculated by: 

2
1 0

1 2 2
N N

N N
c cd d

λ λ λλ λ +
+− = ≈  Eq. 2-40

with 

1
0 2

N Nλ λλ ++
=  Eq. 2-41

A further important property of filters is their finesse F. The finesse determines the 

resolution capacity, and it is a figure of merit for the quality of a filter. The finesse is 
defined as: 

FSR
FWHM

=F  Eq. 2-42

where FWHM is the full width at half maximum. As the name implies, the width has to 
be calculated at the positions where: 

max min

2
T T

T
I II −

=  Eq. 2-43

As mentioned, the maximum transmission value is max 1TI = , and a reflectance of 1R ≈  

is required for an appropriate filter behaviour. If 1R ≈ , then min 0TI ≈  and, Eq. 2-35 can 

be written as: 

( )

( )

2

2 20

11
2 1 4 sin

2

T RI
I R R

−
= =

∆ − +  
 

 Eq. 2-44
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Rearranging results in: 

1 12arcsin 2
2 2

R R
R R

− − ∆ = ± ≈ ± 
 

 Eq. 2-45

The replacement of the function ( )arcsin  by its argument is possible because 1R ≈  

and, therefore, 1 R R− . Using Eq. 2-30 and /cλ ν= , the phase difference can be 
expressed as: 

( )1 2
1 2

4 12cd R
c R

π ν ν− −
∆ − ∆ = =  Eq. 2-46

and, thus, the FWHM can be calculated as: 

( )
1 2

1
2 c

c R
d R

ν ν
π

−
− =  Eq. 2-47

The equivalent result in wavelengths is: 

( ) ( )2
1 2 0

2 1

1 1
2 2c c

R R
d R d R

λ λ λ
λ λ

π π
− −

− = ≈  Eq. 2-48

Substituting Eq. 2-39 and Eq. 2-47 into Eq. 2-42, the finesse can be obtained by: 

( )1
R
R

π
=

−
F  Eq. 2-49

The finesse and, thus, the quality of a filter depend only on the reflectance of the mir-
rors. The FSR is independent on the mirror reflectance, whereas a smaller FWHM can 
be obtained with increasing reflectance of the mirrors. A mirror reflectance of R close to 
unity results in a high finesse and a high-resolution capacity of the filter. This relation 
can be also seen in Fig. 2-3. The choice of the cavity length affects FWHM and FSR. A 
longer cavity length results in a smaller FWHM but simultaneously the FSR is de-
creased.  
To obtain an impression of the relations, the FWHM is drawn as a function of the mirror 
reflectance for several cavity lengths (design wavelength of 1500nm) in Fig. 2-4 (left). 
Additionally, the influence of the cavity length and the design wavelength on the FSR is 
depicted in the right part of Fig. 2-4. The diagrams present the relations of Eq. 2-40 and 
Eq. 2-48, and it has to be reminded that both analytical solutions contain approxima-
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tions (see beginning of this section). The thickness of the mirrors was assumed to be 
negligible. For thicker mirrors and small cavities, the approach can be extended using 
an effective cavity length. 
 

0.01

0.1

1

10

99.99%99.9%99%90%

 

F
W

H
M

 [n
m

]

Mirror Reflectance

 d
c
=0.75µm (0.5λ

0
)

 d
c
=1.5µm (1λ

0
)

 d
c
=4.5µm (3λ

0
)

 d
c
=30.0µm (20λ

0
)

0.751 2.5 5 7.5 10 25

10

25

50
75

100

250

500
750

1000

 

F
S

R
 [n

m
]

Cavity Length d
c
 [µm]

 λ
0
=1500nm

 λ
0
=1300nm

 λ
0
=900nm

 
 

Fig. 2-4: Left: FWHM as function of the mirror reflectance (design wavelength 1500nm) for different 
cavity lengths of a filter. Right diagram: FSR as function of the cavity length with parameter design 
wavelength (approximations see text)   

2.2.2. Resonator stability 

Mirrors with a high reflectance as well as the surface micromachining approach (see 
chapter 3) facilitate the design of filters with short cavity length in the order of λ0. The 
advantages of short cavity lengths are a large FSR, and in the case of tuneable devices, 
the application of small tuning voltages and a high tuning efficiency. However, the high 
reflectance of the mirrors results in a large finesse of the FPI, i.e. a strong optical reso-
nator is constructed, and a stable resonator design is necessary for the operation. Pro-
vided the two mirrors have spherical radii of curvature2 of R1 and R2 (see Fig. 2-5), and 
the distance between the mirrors is given by dc, the optical resonator supports low loss 
modes if the following stability condition is fulfilled [Yar97]:    

1 2

0 1 1 1c cd d
R R

  
≤ − − ≤  

  
 Eq. 2-50

If the product is outside the range, high diffraction losses occur due to the unstable 
resonator. Then, the resonator may become extremely lossy by small deviations of the 
parameters, and, therefore, the filter properties are changed enormously. The condition 

                                                 
2 The mirror curvature is taken as positive when the centre of curvature is in the direction of the other 
mirror. 
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given in Eq. 2-50 is shown in the diagram of Fig. 2-5 (right). Resonator designs result-
ing in a low-loss are shown by the clear areas, whereas greyed areas are those in which 
the stability condition is violated. 
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Fig. 2-5: Fabry-Pérot resonator with positive mirror curvatures R1 and R2 (left), and stability diagram 
(right): white areas - stability condition is fulfilled, grey area: stability condition is violated  

Plane parallel mirrors can be approximated by R1 = R2 = ∞. It can be seen from Eq. 2-50 
as well as the diagram in Fig. 2-5, that such a resonator would be at the verge of insta-
bility. Additionally, plane mirrors are sensitive to a tilt between the mirrors. Even very 
small tilt angles can result in very high losses [Moo01, Mei02].   

2.3. Distributed Bragg Reflectors 

Concluding from the theoretical introduction, a high reflectance of the mirrors of the 
Fabry-Pérot filters is advantageous. To obtain this required reflectance, the mirrors are 
constructed as distributed Bragg reflector (DBR). A DBR consist of a stack of layers 
having alternatively a high and a low refractive index (see Fig. 2-6).  
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Fig. 2-6: Schematic view of a 
DBR comprising of a stack of 
layers having alternate refrac-
tive indices (nH > nL) 
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To obtain a high reflectivity, a constructive interference of light waves reflected by the 
interfaces is required. Therefore, it is advantageous to choose the thickness of the layers 
dl according to: 

( )
0

2 1
4l

l

m
d

n
λ

+
=  , m N∈  Eq. 2-51

where nl is the refractive index of the layer and λ0 is the design wavelength. A high re-
flectance of the mirrors can be achieved by a high refractive index contrast between the 
materials, or, assumed the layers have no absorption, a large number of layers [Mac01]. 
The absorption results in a limit of the maximum possible mirror reflectance. In Fig. 
2-7, the theoretical attainable reflectance of the mirrors as function of the number of 
periods are depicted for the two material / air-gap systems applied in this work. A pe-
riod comprises a 3λ/4 layer of the material and a λ/4 air-gap.  
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Fig. 2-7: Mirror reflec-
tance at 1550nm as a 
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of periods (3λ/4 mate-
rial + λ/4 air-gap) and 
the absorption: InP / air-
gap (top) and Si3N4 / 
air-gap (bottom)  
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The simulations were performed using the TMM at a design wavelength of λ=1550nm. 
At this wavelength, the refractive index contrast between InP and air is 2.167, whereas 
the index contrast between Si3N4 and air is 0.942. Due to the higher contrast of InP / air, 
fewer periods are required to obtain the same mirror reflectance (Fig. 2-7, top) com-
pared to a Si3N4 / air-gap system (Fig. 2-7, bottom). 
Theoretically, the materials have only negligible absorption. The absorption constant of 
InP depends on the doping type and level [Ada92, Bug85]. In general, the absorption of 
p-type InP (Zn doped) is higher than that for n-type InP (Te or S doped). The impact on 
the reflectance of a mirror is shown for different arbitrary chosen values of absorption 
constants (Fig. 2-7, top). In Si3N4 layers, micro-deviations in the deposition are assumed 
as a primary reason for absorption. The reflectance of the mirror vs. the number of peri-
ods is also depicted with different absorption coefficients (Fig. 2-7, bottom). 
The relation between the absorption coefficient and the extinction coefficient κ intro-
duced in Eq. 2-1 is given by: 

( ) ( )4
κ λ

α λ π
λ

=  Eq. 2-52

Filter applications for DWDM require a small FWHM of <1nm. Simultaneously, a short 
cavity length of λ0/2 or λ0 is desirable for an efficient electrostatic tuning. Based on the 
approximations of the last section, a mirror reflectance of ≥99.5% has to be obtained. 
Thus, mirrors of the fabricated filters consist of 3 InP or 5 Si3N4 3λ0/(4nmat) layers, re-
spectively, separated by a λ0/4 air-gap. In the case of a higher absorption, an adding of 
further layers to achieve filters of higher quality (finesse) is futilely. In consequence, the 
loss of the filters in transmission is increased.  
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The simulated reflectance spectrum of both applied DBRs is shown in Fig. 2-8. Both 
reflectors facilitate the construction of filters with a wide FSR. If the range is considered 
at which the reflectance of the mirrors is more than 0.9, the stop band of the InP / air-
gap mirror is 535nm, and the stop band of the Si3N4 / air-gap mirror comprises 325nm. 

2.4. Micro-mechanical tuning 

Beside appropriate optical filter properties, a possible tuning of the filters during the 
operation is highly attractive. By changing the optical length of the cavity, the reso-
nance frequency of the FPI can be tuned. In general, the optical length can be modified 
by changes of the refractive index of the cavity material or by alterations of the mirror 
distance. One possibility of a distance change is the micro-mechanical movement of the 
FPI mirrors. Commonly, the mirror movement is based on an electro-thermal expansion 
of materials (examples can be found in [Hal02, Hoh03]) or an electro-static attraction of 
parts of the filter structure. The InP / air-gap filters are electro-statically tuned, so the 
consequences of this kind of attraction are briefly introduced here. 
For the evaluations, an ideal system consisting of a movable, conductive membrane 
with an area A separated by a short air-gap of distance dc to a second, fixed membrane, 
is considered (left part of Fig. 2-9). Using adapted values, equivalent derivations can be 
similarly performed for a system with two moving membranes (right part of Fig. 2-9).  
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Fig. 2-9: Model for electrostatic actuation of one membrane (left), and equivalent application for the 
actuation of two membranes    

A constant voltage V is applied between the two parallel membranes. Due to short dis-
tance, a strong electric field ( E = V / dc ) will be induced in the gap and an electrostatic 
attraction force appears between the membranes. The membrane is kept in its original 
position by several suspensions. Due to the electrostatic force, they are elastically de-
formed and the membrane is displaced. A linear spring (spring constant k) is applied to 
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substitute the behaviour of the suspensions. The spring force counteracts the movement 
caused by the electrostatic force. The resulting net force can be written as:   

( )
20

22net el mech
c

AF F F V k L
d L

ε
= + = − ∆

− ∆
 Eq. 2-53

where ε0 is the permittivity of free space. A certain voltage will result in a displacement 
of the membrane until the equilibrium of 0netF =  is obtained.  

For small deflections of the membrane ( c cd L d− ∆ ≈ ), the displacement of the mem-

brane can be determined by: 

20
22 c

AL V
kd

ε
∆ ≈  Eq. 2-54

Within this approximation, the displacement shows a quadratic dependence on the ap-
plied voltage. The mechanical properties of the suspensions represented by k have a 
large influence on the actuation. Since membrane shape and area are often determined 
by optical constraints, a small number of suspensions having a large length, small height 
and width as well as a short air-gap length are advantageously for a low bias actuation.  
For a stable operation, the equilibrium has to be maintained between the electrostatic 
force pulling the membrane down and the spring force counteracting this movement. 
However, as the voltage is increased, the air-gap distance will be reduced. An increase 
of the electrostatic force is obtained and, therefore, a positive feedback. As a conse-
quence of this, the equilibrium will be lost at a specific voltage. This voltage is called 
pull-in voltage VPI. The pull-in voltage can be determined by a stability analysis consid-
ering the point where /netdF dL  will change from a negative to a positive value. It can 

be shown3 that the pull-in voltage is: 

38
27

c
PI

kdV
Aε

=  Eq. 2-55

and an instability occurs at: 

1
3PI cL d∆ ≥  Eq. 2-56

The result implies that the electrostatic actuation of the membrane is restricted within 
this model to a third of the cavity length. A further increase of the voltage results in 
                                                 
3 The complete derivation can be found in [Sen01] for example.  
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strong positive force feedback and, generally, in a positive net force, i.e. the membrane 
is accelerated towards the other. Due to capillary forces, the membranes can stick to-
gether, and the filter will be destroyed by this collapse. Therefore, for a stable operation, 
it is important to circumvent actuation voltages close or higher than the pull-in voltage 
and, if necessary, to prevent the sticking of membranes in the case of a collapse.  
In [Hun99], possibilities are described to extend the actuation distance by a "leveraged 
bending" or a "strain-stiffening" method. For a leveraged bending, the structure is actu-
ated electro-statically only at certain positions. A lever is used to transfer the actuation 
to the other parts. Depending on the ratio, large deflections can be achieved (see for 
example the torsional filters of [Mat02]). However, the position accuracy is reduced 
normally for higher voltages due to the quadratic voltage dependence. The leveraged 
bending intensifies this effect.  
The "strain-stiffening" method takes advantage of the increase of the tensile strain 
within the suspensions during the deflection, i.e. k is not assumed to be constant. The 
positive feedback, which leads to the pull-in, is reduced by the stiffness increase of the 
suspensions and thus the stable actuation range is extended.  
For a more precise determination of the pull-in voltage, the suspension area, which pos-
sibly affects the actuation limit, has to be considered additionally [Gre99a, Gre99c]. 
Furthermore, additional elements can be added to the actuator model [Sen01], especially 
for the determination of the dynamic properties (e.g. resonance frequencies, step re-
sponse). 
Further filter properties can be affected by the micro-mechanical tuning apart from the 
required change of the optical resonance frequency. The lateral and vertical dimensions 
of the filter should support the actuation but suppress the bending or tilt of the mem-
branes. The membrane bending, which can arise during a large deflection, tends to re-
sult in an instable Fabry-Pérot resonator normally. An approach ensuring a stable cavity 
during the tuning is shown in [Str02c]. The disadvantage of this approach is that the 
tuning range is restricted there, and the tuning results in an unfavourable modification 
of the properties of only a single mirror. To deteriorate the resonator geometry as less as 
possible during the tuning, the choice of suspensions with long and small dimensions 
compared to the membrane is advisable. However, this will result in a smaller spring 
feedback and possibly in vertical position inaccuracies or instabilities [Lin04]. So dif-
ferent lateral filter designs were implemented (see chapter 10.2). Beside the dimensions, 
the number and the arrangement of the suspensions have also an impact on a possible, 
unfavourable tilt. Especially short cantilever designs are prone to tilts during the tuning.  
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3. Fundamentals of fabrication technology of air-gap based 
optical filters 

The vertical cavity air-gap based optical filters are fabricated using surface micro-
machining [Dei91, Bus98]. Two different material systems are considered in this work. 
The first approach deals with an InP / GaInAs system. The second, low cost approach, 
includes an amorphous Si3N4 / Si system. The optical filters fabricated by these material 
systems are InP / air-gap filters and Si3N4 / air-gap filters, respectively. GaInAs as well 
as Si layers are necessary to define the dimension of the air-gaps later on and they are 
removed during the fabrication. Therefore, these layers are called sacrificial layers.  
Since the fabrication steps of both filters have many similarities, this chapter should 
give an introduction into the fabrication in general. It is started with a general fabrica-
tion process overview and the steps are shown which are essential to achieve an air-gap 
based structure. Afterwards, the process steps are analysed in detail. The state-of-the-art 
technology knowledge is shown and important references are given. 
Based on this knowledge, appropriate recipes for the fabrication of filters are developed. 
A detailed description of the process flow and the results of the adapted fabrication 
steps as well as the results of the characterisation of the filters are presented in chapter 4 
for the InP based air-gap filters and in chapter 5 for the dielectric air-gap filters.      

3.1. Fabrication steps overview 

The fundamental steps of the fabrication of the filters are depicted in Fig. 3-1. Layers of 
material B and A are sequentially deposited or epitaxially grown on top of a substrate C. 
The materials are specifically chosen for different purposes: for the filter later on, the 
optical properties of material A and C are important whereas the properties of material 
B are mainly tailored for the fabrication process.     
The layers can be deposited or grown using different technology approaches. Typical 
deposition technologies are chemical vapour deposition (CVD), especially plasma en-
hanced chemical vapour deposition (PECVD) or low-pressure chemical vapour deposi-
tion (LPCVD), sputtering, for example ion-beam deposition (IBD), and evaporation. 
For an epitaxial growth, metal-organic vapour phase epitaxy (MOVPE) and molecular 
beam epitaxy (MBE) are technologies applied typically. Since air-gap surrounded layers 
are fabricated later on, the strain / stress4 optimised film deposition is important. 
                                                 
4 The expression "strain" is preferably used in the literature about epitaxy of III-V semiconductors, de-
scribing deviations of semiconductor layer lattice constant from the substrate lattice constants. In contrast, 
the term "stress" is often found in the micromachining literature and in articles dealing with amorphous 
materials. Both words are used corresponding to this convention in this work. However, the terms de-
scribe different physical properties: strain at a point describes the deformation in the vicinity of that point 
(i.e. ∆l/l [ppm]), whereas stress describes forces that maintain the deformation (i.e. F/A [Pa]). Strain / 
stress are matrices. For linear elastic deformations, the stress is linearly related to the strain.   
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After the deposition or epitaxy (in Fig. 3-1a)), the layer structure is masked and the un-
covered areas are etched vertically (Fig. 3-1b)). Preferentially, the etching should be 
anisotropic and a high selectivity (definitions in chapter 3.3.1) between the mask and 
the materials A and B should be achieved. In the last fabrication step, the material A is 
underetched, i.e. an etching of the sacrificial layer B is performed (Fig. 3-1c)).     

a) A

D E

B
C

b)

c)

 

Fig. 3-1: Fundamental fabrication steps 
of air-gap based structures: a) deposi-
tion / epitaxy of layers, b) pattern trans-
fer from a mask by vertical etching, c) 
selective etching of sacrificial layers 

The etching can be a dry or wet chemical etching, however, it has to be highly selective 
to avoid a change of the thickness of layer A. Possibly, the material selection or the 
deposition / epitaxy step has to be also optimised to achieve a high etch selectivity of 
the layers. Appropriate material / sacrificial layer systems are reported in many publica-
tions. The usage of poly-silicon [Ber02], silicon dioxide [Büh97], polymers [Bag02], 
III–V compounds [Hjo96] or zinc sulphide [Win01] as sacrificial layer should be men-
tioned exemplarily here. The fabrication step is done until the cantilever D is fully un-
deretched. The underetching of further parts of the structure E has to be taken into ac-
count. Therefore, the vertical dimensions of the supporting structure have to be chosen 
larger as the structure to be underetched. Alternatively, the supporting structure can be 
protected against underetching by layers deposited after the vertical etch step.  
After this more general description, the steps for the fabrication of the two different air-
gap based optical filter approaches are considered in more detail within the following 
sections.  

3.2. Layer Deposition 

Two different filter approaches are implemented using two different material systems. 
The first approach uses a structure of InP and GaxIn1-xAs layers, grown by MOVPE. In 
contrast to this material system, the second material system consists of two amorphous, 
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plasma enhanced chemical vapour deposited materials: Si3N4 and Si. Both technologies, 
the MOVPE and the PECVD, are briefly introduced in the following two subsections. 

3.2.1. MOVPE of InP / GaInAs 

MOVPE or metal organic chemical vapour deposition (MOCVD) is a widely used tech-
nology for an epitaxial growth of layers on top of substrates. Depending on the materi-
als to be deposited, the substrate is heated to temperatures between 500°C and 900°C 
(in the case of InP and GaAs based compounds for example up to 750°C, GaN based up 
to 900°C). The applied gases, called growth precursors, decompose in a hydrogen at-
mosphere on top of the hot surface and form epitaxial layers.  
For the growth of the InP and GaInAs layers, the precursors trimethylindium (TMIn), 
trimethylgallium (TMGa), arsine (AsH3) and phosphine (PH3) were applied. Di-
ethylzinc (DEZn) / dimethylzinc (DMZn), or silane (SiH4) were added for p- or n-
doping, respectively. Beside the epitaxial growth of the layers, methods to compensate 
strain due to material carry-over effects between different layers are important.   
The MOVPE was performed completely at KTH Stockholm by Martin Strassner and, 
later on, at IPAG Darmstadt by Andreas Hasse using an Aixtron 200/4 and an Aixtron 
2400G3 reactor, respectively. Further epitaxy details as well as methods used for strain 
compensation can be found in [Chi00, Str02a, Str02b] and [Has05].  

3.2.2.  PECVD of Si / Si3N4 

PECVD is a process where a plasma excited gaseous species reacts on a solid surface 
and forms solid layers. Layers of different materials can be formed by PECVD, for ex-
ample silicon [Rei84], oxides, nitrides [Hab94], transition metals, and transition metal 
silicides [Hes84]. Today, the materials deposited mostly are silicon nitride and silicon 
dioxide. These materials are often used in silicon processing to protect wafers from 
chemical or mechanical harm, for passivation or for masking. In contrast to LPCVD 
where usually temperatures >500°C are used, the PECVD of films is carried out typi-
cally at temperatures of ≤400°C, because the plasma energy replaces the thermal energy 
in the gas [Sto96]. 
PECVD of two materials is used within this work: Si for sacrificial layers, and Si3N4 for 
masks, protections as well as for DBR layers. For the deposition of amorphous silicon, 
only silane (SiH4) is necessary. SiH4 and ammonia (NH3) are gases applied for the 
plasma-enhanced deposition of Si3N4 (see Eq. 3-1).  

4 22SiH Si H→ +  

4 3 3 4 23 4 12SiH NH Si N H+ → +  
Eq. 3-1

Alternatively, pure N2 could be used as nitrogen source for the Si3N4 deposition but the 
higher bond energy results in rather silicon rich films. A detailed description of the 
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deposition mechanisms is given in [Smi90]. Typically, the deposition is done at pres-
sures between 10Pa and 250Pa. Capacitive plasma sources, also referred as parallel 
plate sources, are employed most widely for the deposition. The substrate is positioned 
at a temperature controlled grounded electrode. A strong electric field between a second 
electrode and the substrate holder excites the gas molecules and causes the plasma igni-
tion. The generated radicals react on the surface to create amorphous films. If higher 
plasma energies are used, crystalline deposits can be also achieved [Rei84]. 
Generally, the refractive index of the deposited materials varies with the gas composi-
tion, process pressure and substrate temperature [All85, Wil90]. This dependence is in 
particular important for the design of the DBRs of the Si3N4-air-gap filter.  
The optical properties (refractive index, absorption) as well as mechanical stress depend 
on the concentration and chemical distribution of the hydrogen in the deposited layers. 
A detailed and comprehensive review about this topic can be found in [Hab94]. Since 
hydrogen (H2) is present at all times of the deposition process, larger amounts of H2 are 
incorporated in the layers, especially at lower temperatures. The hydrogen is preferen-
tially bonded to Si. The ratios of Si-H to N-H bonds as well as Si to N determine the 
layer properties [Sam82]. For example, a higher Si-H / N-H ratio results in an increased 
refractive index and optical absorption edge of the film.  
For the air-gap filters, especially the stress of the deposited silicon nitride layers is criti-
cal. Apart from the influence of deposition temperature, process pressure and gas com-
position [Cla85, Tem98], different stress properties of the Si3N4-layer can be also ob-
tained by varying the excitation frequency of the plasma [Hes84]. At low frequencies 
(<500kHz), an enhanced ion bombardment takes place during the deposition. This re-
sults in a decrease of the hydrogen content and in preferentially compressive stress. In 
contrast, a tensile film stress can be achieved by using higher frequencies (>5MHz). 
Therefore, a stress minimisation can be obtained by the application of an appropriate 
frequency between these extreme cases or, alternatively, by a frequency interlacing 
[Tar04]. For the process evaluation, the stress of the layers can be examined by metrol-
ogy / characterisation test structures (see chapter 3.6.2).  
Similarly to Si3N4, the stress of plasma enhanced deposited silicon is influenced by the 
process parameters. The correlations between stress and hydrogen bonding / hydrogen 
concentration are evaluated in [Kak86, Alz99]; the dependence on the frequency is ana-
lysed in [Chu05].     
Since the layer thicknesses of the DBRs and the cavity determine the optical properties 
of the filter, a precise determination of the deposition rate of the two materials is crucial 
to obtain an accurate film thickness afterwards. The determination of the deposition rate 
of the Si3N4 layers can be done by a preceding test deposition of a layer on top of a sili-
con wafer piece and a subsequent ellipsometric measurement (Plasmos SD2100 ellip-
someter). Since it can be assumed that the rate remains constant for the next few hun-
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dreds of nm of deposition, the deposition time to achieve a certain layer thickness can 
be approximated by: 

 dep
mat

dep

d
DR

t
=  Eq. 3-2

where DRmat is the deposition rate, ddep is the measured layer thickness and tdep the 
deposition time. Due to the high refractive index of the material, the thickness of the 
deposited silicon could not be obtained by an ellipsometric measurement. Therefore, 
another calibration method has to be used (see Fig. 3-2). Test depositions are done on 
glass substrates and a negative photoresist is structured on top. Subsequently, a metal 
layer is deposited and a lift-off is performed. Using a surface profiler, the thickness of 
the deposited metal layer dm is measured.  
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Fig. 3-2: Determination of the Si-deposition rate by two surface profiler measurements 

Afterwards, the sample is etched by a potassium hydroxide (KOH) solution. The silicon 
is removed at unprotected positions. The thickness of the remaining ridges dmd is meas-
ured and the deposition rate DRmat can be calculated by:  

 md m
mat

dep

d dDR
t

−
=  Eq. 3-3

A negligible etch rate of the metal mask is assumed here, otherwise the metal has to be 
removed and a third measurement has to be performed (see also chapter 3.3.1). 
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3.3. Dry etching 

Dry etching is an important step for the fabrication of micro-opto-electro-mechanical 
devices. A material is removed at exposed surfaces. By applying a mask to protect parts 
of the surface, a desired pattern can be transferred to a semiconductor, a dielectric mate-
rial or a metal for example. Generally, dry etching describes techniques where a solid-
state material of a surface is transferred into a gaseous phase and removed. The process 
can be divided into a physical process, a sputtering, and a chemical process, a reaction 
of atoms, clusters, radicals or molecules. In general, dry etching has several characteris-
tic properties (see also [Fon85, Köh98, Wil90, Shu00]): 

- The density of reactive species or particles is significantly smaller compared to wet 
etchants. In contrast, the carriage mechanisms are more efficient and a directed ac-
celeration of particles towards the surface to be etched is possible. 

- Since a reduced process pressure during the etching is used, the mean free path of 
the particles is increased. This supports a powerful acceleration of the particles. The 
kinetic energies achieved by the particles exceed by far the binding energies of the 
atoms within the material to be etched. 

- By an appropriate energy support, for example by a RF source, extremely reactive 
radicals can be generated.  

Processes using cold plasmas are predominant for the dry etching. The plasma contains 
chemical species excited by electric or magnetic fields. The translational or rotational 
energy of the species can be characterised by their temperature. The plasma is called 
cold because the temperature of the atoms, molecules or radicals is generally relatively 
low. However, the temperature of the electrons can achieve several ten thousands of 
degree of Kelvin. This energy is sufficient to break bonds or create radicals. The re-
combination of electrons with cations results in a visible glow discharge. The emitted 
wavelengths can be used for an analysis of the plasma and the etch process, respec-
tively. 
The dry etching process is often characterised by the etch equipment used. The common 
plasma reactors can be divided into barrel-configured, planar-configured or downstream 
plasma reactors, respectively. Two different reactors were applied for the fabrication of 
the filters. Parallel plate (planar-configured) reactors have been used for etchings requir-
ing a high anisotropy, for example the mesa etching. In contrast, the de-scum of photo-
resist, or an ashing of resists and polymers, respectively, was done in a barrel reactor. 
A schematic view of a parallel plate reactor typically used for reactive ion etching (RIE) 
is drawn in Fig. 3-3. The reactor chamber is evacuated by vacuum pumps. Depending 
on the pressure required, a pump combination is often applied, for example a turbo mo-
lecular / rotary vane arrangement. The process gases are mixed in a separate gas pod 
using mass flow controllers (MFCs). The wafers are placed on top of a temperature con-
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trolled substrate table. The gas is distributed in the chamber by a gas inlet from the top 
and excited by a RF source.  

to vacuum 
pumps
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reactor
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RF generator /
matching unit

Temp. control
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Fig. 3-3: Schematic view of a parallel plate reactor for reactive ion etching 

The required RF power is coupled from a generator via a matching unit of capacitors to 
the chamber. In general, a broad frequency range could be used to excite the specimens. 
However, a RF of 13.56MHz is used because this frequency is allocated internationally 
for such purposes, and no interference with communication bands takes place there.  
The generated plasma is generally neutral and conductively. Since the electrons have a 
high mobility, the electrodes (chamber walls and substrate table) become negative with 
respect to the plasma and a sheath appears between plasma and walls. Therefore a posi-
tive charge is formed between the plasma and the electrodes. The dropped voltages be-
tween the plasma and the electrodes depend on the electrode areas [Wil90]: 

1 2

2 1

n
V A
V A

 
=  

 
 Eq. 3-4

where Vx and Ax are the voltage and the area associated with the first or second elec-
trode, respectively. The variable n varies according to the pressure between 1 and 4 
[Rei84]. Due to the unsymmetrical electrode design - the substrate table area is distin-
guishably smaller than the chamber wall area - the most of the voltage drop occurs be-
tween the plasma and the substrate table electrode. Therefore, the positively charged 
ions are accelerated into the direction of the substrate table and only a minimum cham-
ber wall sputtering takes place.  
Since the RF power is applied through a capacitor and different sheath voltages exist, a 
DC bias can be measured between the electrodes. Beside the electrode dimensions, the 
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DC bias depends on the gases as well as the applied power. Hence, the value is often 
found instead of the RF power value for a characterisation of an etching process. 
The ions generated within the plasma move perpendicular to the electrodes. This en-
ables an anisotropic etching. Generally, two mechanisms contribute to the etching of the 
surface: 

- The etching due to the high kinetic energy of ions. The material is sputtered and 
volatilised by the ion bombardment of the surface.  

- Highly reactive species are formed within the plasma. These ions or radicals attack 
the material chemically. Favourably, the reaction products are volatile and they are 
removed due to the low pressure. 

Mostly, both mechanism are applied in combination to achieve the required etch proper-
ties. For example, highly selective recipes can be developed which can be used to stop 
the etching at a certain layer. Otherwise, an anisotropic or isotropic etch profile can be 
achieved, depending on the dominating mechanism. However, the RIE process has the 
disadvantage that the mechanisms cannot be controlled separately in the most cases. For 
instance, an enhanced ion bombardment achieved by an increase of the RF power can 
also result in an increase of the amount of reactive species within the plasma.  

3.3.1. Characterisation of etch results 

Primarily, the result of the etching depends on the chosen etch parameters: gas flows, 
process pressure, RF power and temperature. The etch results can be characterised by 
the etch rate (ER), the selectivity between mask and material to be etched, and geomet-
rical aspects.  
In Fig. 3-4, a sample with mask on top is shown before etching (left), after etching 
(middle) as well as after the mask is removed from the etched sample (right part of the 
figure). Using a surface profiler, the depths dm0, dme and de can be determined by three 
measurements.  

material materialmaterial

mask plasma etch

a) b) c)

mask removal

dm0 dmx
dme de

 

Fig. 3-4: Etch rate evaluation: a) sample with mask on top before etching, b) sample after etching, c) 
etched sample without mask 
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If the etch duration is te, the etch rate ERmat of the material can be calculated by: 

e
mat

e

dER
t

=  Eq. 3-5

The corresponding mask etch rate ERmask can be determined by: 

0m me e
mask

e

d d dER
t

− +
=  Eq. 3-6

If the etched material re-deposits or polymers are formed during the etching on top of 
the mask, the thickness can increase. Thus, the mask etch rate would be negative, or 
alternatively, the term deposition rate is applied.  
The selectivity is the ratio of two etch rates. Considering the mask and the material, the 
selectivity between them is defined as: 

mat

mask

ERS
ER

=  Eq. 3-7

Depending on the process parameter, the profile obtained after the etching can be very 
different. Typical etch profiles are shown in Fig. 3-5 (see also [Car01]). Considering the 
etching briefly, the unprotected areas are etched primarily by the bombardment of (pos-
sibly chemically active) ions while the sidewalls are attacked mainly by the reactive 
species. The profile obtained can be described by the anisotropy A defined as (see 
[Leg95]): 

1 lat

e

lA
d

= −  Eq. 3-8

where llat is the maximal undercut of the mask or the lateral extension of the sidewall, 
respectively,  and de is the vertical etch depth. The results of an ideal anisotropic (A = 1, 
llat = 0) etch process which is often desired is sketched in Fig. 3-5b). However, an etch-
ing dominated by a sputtering process results rather in an overcut profile shown in Fig. 
3-5c). A trenching as drawn in Fig. 3-5d), can be observed when ions hit the sidewalls 
and were scattered back to the bottom surface. The undercut profile shown in Fig. 3-5e) 
is commonly due to a strong chemical component. The etching is called ideally iso-
tropic if the etch rate is directional independent (A = 0, llat = de). A small selectivity be-
tween mask and material can result in mask erosion and changed lateral dimensions of 
the etched structure (see Fig. 3-5f)). For the etching, it is important that the reaction 
products are volatile and removed immediately. However, if a re-deposition of reaction 
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products can take place, changes of the etch profile or the structure dimensions can oc-
cur as depicted exemplarily in Fig. 3-5g).    

a) b)

mask

material

c) d)

e) f)

g)  

Fig. 3-5: Cross section showing typical profiles: a) before etching, b) profile after an ideal anisotropic 
etching of the material, c) overcut profile, d) trenching, e) undercut etch profile after preferential isotropic 
etching, f) profile after a mask erosion during the etching, g) etch profile after polymer growth on mask  

To characterise the etch processes, etch rates of material and mask are used later on. In 
addition, the etch result is evaluated by microscope and SEM. In some cases, the surface 
roughness is measured by AFM. 

3.3.2. Dry etching of InP related materials 

For the reactive ion etching of InP related materials, CH4 / H2 based plasmas are widely 
used today. In early studies [Hu80, Col80, Col81, Pea89], chlorine-based gases have 
been also applied. However, the CH4 / H2 based etching has shown many advantages 
compared to the Cl based: it is non-toxic, non-corrosive and it shows better etching re-
sults [Yu02]. Especially, the low InClx volatility at temperatures below 200°C [Nig91, 
McN86], the resulting overcut etch profile and rough surface, as well as the low selec-
tivity to standard masking materials are major disadvantages.  
After the work of Niggebrügge [Nig85], several research groups have published results 
of their investigations on CH4 / H2 based RIE of InP in the last years [Hay89, Ade90a, 
Ade90b, Thi93, Lee96a, Whe97, Yu02, Cho02]. In [Feu97a, Feu98], an extensive dis-
cussion about the etching mechanism can be found. 
The etching of InP by CH4 / H2 can be divided primarily into two parts: indium is 
chemically attacked by CH3 radicals forming the reaction product trimethylindium 
In(CH3)3, and phosphine PH3 is the major etching product of phosphorous and hydrogen 
[Feu97b]. Both reaction products are volatile at 20°C, so the etching can be performed 
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at room temperature. It has been shown that the results of the InP etching using CH4 / 
H2 are anisotropic sidewalls and smooth etched surfaces [Yu02]. Disadvantages of the 
CH4 / H2 based RIE are the relatively low etch rate of only few 10nm/min and a ten-
dency to a polymer formation or re-deposition of reaction products on top of the mask, 
on sidewalls of the etched structure and on chamber walls of the reactor. Mostly, these 
polymers can be removed by an O2 ashing [Nig85, Thi93, Sch97]. Problems of non-
uniform distributions of the etch rate over a wafer can be avoided by an appropriate 
design of the structures to be etched [Jan02]. The inert gas argon is often added to the 
gas composition [Yu02] to provide the ion-assisted desorption of the reaction products 
as well as to enhance the ionisation and dissociation of the gas molecules.       
Additionally to the etching of InP, CH4 / H2 can be also applied for the RIE of GaInAsP 
and GaInAs. The general trend of the etch rates is ERInP > ERGaInAsP > ERGaInAs.  
Results of InP etching were also reported for other gas compositions, for example: reac-
tive ion beam etching (RIBE) using N2 / O2 [Kat86], or N2 / (CH3)3N (trimethylamin - 
TMA) based etching [Car99].  Recently, further investigations by applying electron 
cyclotron resonance (ECR) and inductively coupled plasmas (ICP) were presented. 
Etching in CH4 / H2 / Ar ECR discharges [Con90], Cl2 / Ar ECR plasma etching without 
heating [Lee96c], or ICP etching using CH4 / H2 / Ar [Din98] should be mentioned ex-
emplarily here. 
For the fabrication of the InP based Fabry-Perot-Filter described within this work, a 
standard RIE machine was applied. The recipe development using a CH4 / H2 / Ar (+O2) 
gas mixture is detailed described in chapter 4.5.  

3.3.3. Dry etching of dielectric materials 

Within this work, dry etching processes of dielectric materials were required for two 
different fabrication steps. First, Si3N4 masks had to be structured and, second, a stack 
of deposited amorphous Si and Si3N4 layers had to be etched.  
For the etching of dielectric materials, fluorine based gas compositions are widely used 
today. However, chlorine or fluorine / chlorine mixtures for the etching are also re-
ported in the literature, for example using Cl2 / Ar [Pog83] or CF3Cl / CF2Cl2 [Kuo90]. 
In comparison to the chlorine mixtures, the reaction products of fluorine gas combina-
tions have a higher volatility [Köh98].  
Typically applied gases or gas mixtures are: CHF3 for Si / Si3N4 etching [Leh78], CF4 
for Si / Si3N4 etching [Leh78, Bon79], CF4 / O2 / N2 for Si3N4 etching [Kas96], SF6 for 
Si / Si3N4 etching [Bei81], SF6 / N2 for Si etching [Leh80], SF6 / O2 for Si etching 
[Ago81, Lig83], and SF6 / O2 / CHF3 for Si etching [Leg95]. The application of NF3 / 
O2 for Si3N4 etching is also reported [Kas98]. 
For the purposes of this work, a parallel plate reactor equipped with CHF3, SF6, O2 and 
Ar gas lines was used. Due to the reported high selectivity between photoresist and 
Si3N4 [Leh78], the experiments for finding an appropriate recipe for the Si3N4 mask 
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structuring were focused on a CHF3 based gas composition (see chapter 4.4). Since pure 
CHF3 plasma shows a rather unsatisfying Si etch rate, experiments with a SF6 addition 
are performed for the etching of the stack of Si and Si3N4. Further details and the results 
of the experiments are given in chapter 5.4. 

3.4. Sacrificial layer etching 

The etching of the sacrificial layers forms the vertical air-gaps. In principle, a dry or wet 
chemical etching can be applied for this process step. Both methods have certain advan-
tages and disadvantages. Dry etching (examples can be found in [Zha92, Kui00]) prom-
ises an excellent process control commonly and the particle contamination is very low. 
Comparable features are difficult to achieve by wet chemical etching. Furthermore, mi-
cromachined structures tend to collapse due to capillary forces if the wet etchant is re-
moved simply. So, this effect has to be considered by the design [Tas96] or further 
process steps have to be applied to dry the structures. A review of possible drying 
methods can be found in [Kim98].  
In contrast to dry etching, where highly selective etchings are difficult to achieve, wet 
chemical etch processes can offer a very high selectivity between the sacrificial and 
other layers. Additionally, a possible damage due to the bombardment of accelerated 
ions is avoided. Comprehensive reviews of the sacrificial layer etching methods can be 
found elsewhere [Köh98, Sen01]. 
Photoresist as sacrificial material is an example, where both methods can be used to 
remove this material: dry etching by oxygen [Bar98] as well as wet etching by acetone 
[Cui97]. However, for layer structures with high thickness accuracies as required by all-
air-gap filters, a continuous deposition without process interruptions or process equip-
ment changes is advantageously. Additionally for a low optical absorption of layer ma-
terial, a higher temperature is often required for the deposition, so the usage of photore-
sist is restricted.  
For both filters described in this work, wet chemical etchants are used for the sacrificial 
layer etching.   

3.4.1. Sacrificial layer etching of InP based materials 

For the selective etching of GaInAs against InP, solutions of sulphuric acid / hydrogen 
peroxide (H2SO4+H2O2) [Köh98], citric acid / hydrogen peroxide (C6H8O7+H2O2)  
[Des92], or irontrichloride (FeCl3) [Hjo96, Str97, Vik98, Chi99a] are known. The latter 
has shown the most promising results (very high selectively, high etch rate) and is ap-
plied for the fabrication of the InP / air-gap based filters. 
Since the sacrificial GaInAs layers are epitaxial grown, a crystal direction depending 
anisotropic etching can be observed. In Fig. 3-6, the crystal orientation of a customary 
InP wafer is shown. Exemplarily, it should be assumed that a Ga0.53In0.47As and a InP 
layer are grown lattice matched on top of this wafer. An appropriately oriented unit 
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cube of an InP crystal lattice is shown in the bottom part of the figure. Due to the face 
centred cubic (fcc) lattice (also called zincblende lattice) crystal structure, the bindings 
between atoms can be easier attacked in certain directions. As a result, the etch velocity 
is higher in <100> compared to <110> directions, i.e. the horizontal etching of sacrifi-
cial layers is performed faster in the directions [001],[010], [001] , and [010]. 
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Fig. 3-6: Crystal orientation of InP wafers / European flat option (top) and according oriented schematic 
view of a unit cube of an InP crystal lattice (bottom) 

Consequently, this effect has to be considered for the lateral design of the micro-
machined structures. Areas to be underetched, should be primarily oriented in faster 
etch directions whereas the design of supporting structures could take advantage of the 
slower etch directions. To give a first impression, the anisotropic etching of two differ-
ent structures each having a different mask on top is shown in Fig. 3-7. In the left col-
umn, the underetching of a square area at the beginning t0, after a certain time t1 > t0, 
and finally after a time t2 > t1 can be seen (mask area is a square). In comparison, the 
underetching starting from a square hole (unmasked area is a square) is documented in 
the right column. For both simulations, the etch rate in <100> is assumed 4 times faster 
compared to <110>. 
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Fig. 3-7: Schematic view of an anisotropic underetching of two simulated samples. The sacrificial mate-
rial is between the substrate and another layer on top of the substrate. The etch rate in <100> is assumed 4 
times faster compared to <110>. The crystal orientation is the same as shown in Fig. 3-6.  

3.4.2. Sacrificial layer etching of amorphous silicon 

In contrast to the epitaxially deposited layers, the wet etching of amorphous silicon sac-
rificial layers is isotropic. So, directional effects do not have to be considered for the 
lateral mask design. However, a high selectivity between the sacrificial layers and the 
Si3N4 is also required. For the etching of silicon, many kinds of etchants have been pro-
posed, for example inorganic solutions of KOH, NaOH, or NH4OH, as well as organic 
solutions like ethylenediamine, hydrazine, choline [Köh98]. In the last years, also prom-
ising results using etchings by tetramethyl ammonium hydroxide (TMAH) are reported 
[Tab92, Yan01, Zub01].  
For micromachining purposes, solutions of KOH are often applied. Since KOH solu-
tions promise a relatively high selectivity between silicon and PEVCD Si3N4 [Wil03], it 
was chosen as wet chemical etchant for the fabrication of the dielectric air-gap based 
filters. 
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3.5. Critical point drying 

The structures achieved by the wet etching have smooth surfaces. This smoothness is 
important for the operation as optical filters. Unfortunately, large adhesion forces can 
arise due to this smoothness between freestanding layers or between structures and sub-
strate. The major adhesion mechanisms are capillary forces, hydrogen bonding, solid 
bridging, electrostatic forces and van der Waals forces [Tas96, Mab97].  
Depending on the smoothness and the contact area, these adhesion forces can be 
stronger than the restoring elastic forces. Therefore, a contact of structures has to be 
avoided. In principle, there are two different problems, which can arise: a contact during 
operation (in-use adhesion) and a contact resulting from drying liquid (release-related 
adhesion).  
To prevent a contact during the operation of the filters, an appropriate design, the appli-
cation of bumps or spacers can be helpful. Other methods like roughening or chemical 
modification of the surface are rather critical because they deteriorate the optical proper-
ties of the filter. Finally, the operation range (electrothermal / electrostatic actuation) 
should be limited and an encapsulation can avoid an unfavourably high humidity 
[Spe02].  
In principle, the dimensions of the structures can be designed that they do not come in 
contact during the drying. In [Abe96], the liquid bridging after the release etch of canti-
levers or double clamped beams is evaluated in detail. It is reported that antistiction tabs 
in critical regions can significantly reduce the stiction. More general considerations of 
design issues and the some dimension calculations can be found in [Mas93a, Mas93b, 
Nam95].  
However, the thicknesses of the air-gaps and the dimensions of the membranes required 
for the filters described in this work are far below the critical dimensions. So, further 
process steps have to be introduced to dry the devices after the wet etching. In [Kim98], 
different drying methods are compared. A first approach to decrease stiction problems is 
the evaporation drying using a low surface tension liquid like methanol. A more effec-
tive way to circumvent surface tension effects is the avoidance of the formation of a 
gas-liquid interface. The final rinsing liquid can be solidified and afterwards, sublimated 
or ashed. Alternatively, critical point drying (CPD) as reported for microstructures by 
[Mul93] can be performed. The liquid is pressurized and heated above the critical point 
followed by venting under constant temperature (see Fig. 3-8). Due to the transition 
through the supercritical region, the liquid is transferred to the gaseous state without a 
formation of an interface and all surface tension effects are avoided.      
The CPD method is applied for the fabrication of the filter and should be considered in 
more detail in the following. After the filter structures are released, the etchant has to be 
replaced by deionised water to stop the etching. Since the critical point of water is at 
374°C and 22.8MPa, CPD using water is not practicable. A more suitable liquid is car-
bon dioxide (CO2), which has a critical point at 31°C and 7.4MPa. However, CO2 is 
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gaseous at pressures below 6.4MPa at room temperature. Advantageously, it is com-
pletely miscible with methanol or isopropanol (isopropyl alcohol / IPA). Thus, the water 
is replaced by IPA at first. Then, the sample is placed into a chamber. Attention has to 
be paid, that the sample is always immersed into liquid. Afterwards, the IPA can be re-
placed by CO2 at room temperature and elevated pressure within the chamber. The 
chamber is then heated above the critical point of CO2 to approximately 40°C. The CO2 
goes through a critical transition in the supercritical region. Finally, the pressure is re-
leased slowly to normal pressure. Before the method was used for the drying of micro-
structures, it was already applied for the preparation of fragile structures for scanning 
electron microscopy, for example within the biology, and in the microelectronics indus-
try for wafer cleaning. Since the CO2 retains the ability to dissolve organic compounds 
or oils at the supercritical state and, simultaneously, it can penetrate complex and small 
structures in this state, excellent cleaning results can be obtained by this method.          

Temperature

liquid
vapour

solid

critical 
point

supercritical 
regioncritical point 

drying

evaporation 
drying

sublimation 
drying

Pressure

 

Fig. 3-8: P-T diagram for different drying 
processes (after [Mul93] and [Kim98]) 

3.6. Process control 

The evaluation of the quality of the fabrication is important for further developments or 
for process error recognition. Beside the results indirectly obtainable by the filter char-
acterisation, control elements for the process examination during as well as after the 
fabrication are implemented separately. From these, statements about the progress of the 
underetching, stress / strain feedback for the deposition, or properties of metal contacts 
can be obtained. 
In the following, some of the applied underetch control structures as well as strain / 
stress evaluation structures are introduced. A further overview of the implemented 
structures can be found in chapter 10.2. Details of the test structures for the metal con-
tact characterisation are given in chapter 4.6.3. 
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3.6.1. Underetch control 

The result of the wet chemical etching depends on several parameters. A precise control 
of the etch progress is often desirable. Thus, indicator elements are implemented for a 
non-destructive observation of the lateral underetching progress. In Fig. 3-9 (left), a 
schematic view of an indicator structure can be seen. The control structure consists of 
several cantilevers of the same length but different widths. The width of the cantilever is 
incrementally increased, and a range is chosen which contains the dimensions of the 
filter parts to be underetched. During the etching, the cantilevers are successively re-
leased. As far as the structure contains intrinsic strain / stress (see chapter 3.6.2), the 
cantilever are bent or their position is simply changed. This can be easily observed 
through an optical microscope from the top. This process information is especially valu-
able for opaque materials such as InP. Since Si3N4 is transparent in the visible optical 
range, the underetching of the structures can be directly controlled. To obtain an im-
pression of the operation, a microscope picture of a Si3N4 indicator structure during the 
underetching is shown in Fig. 3-9 (right).  

 

 

Fig. 3-9: Underetch control structure with cantilevers of different widths during etching: 3D schematic 
view (left), micrograph during etching - the first two cantilevers are underetched (right) 

In addition to the visible underetching progress, the released cantilevers can be seen 
here. The indicator structures are implemented at different positions on the wafer to 
avoid misinformation due to possible inhomogeneous etch conditions. Additionally, 
structures rotated by 45° are implemented; so a crystal direction depended etching is 
also taken into account. However, attention has to be paid for the possible impact of the 
observation on the etching. The light and temperature increase due to the microscope 
can change the etching conditions. For example, this can result in an inhomogeneous 
etching over the wafer, or assuming the light is coming from the top, the upper sacrifi-
cial layers can be underetched faster.   
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3.6.2. Strain / Stress indicator structures 

For the operation of the air-gap filters, a high position accuracy of the freestanding 
membranes is essential. Therefore, the strain / stress control and evaluation of the layers 
is important. Appropriate structures to determine the strain / stress are shown in the fol-
lowing. The feedback obtained by the structures can be used to improve the device de-
sign, the deposition process as well as the general fabrication process flow. 
Generally, the total stress5 σtotal in a thin layer can be written in a polynomial form 
[Fan96]: 
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where y ∈ ( -tf / 2, tf / 2 ) represents the coordinate across the film thickness tf. The film 
central film plane is chosen as origin. In a first approximation, the higher order terms 
can be neglected and the total stress can be calculated from the mean stress σmean and 
the gradient stress σgrad: 

2
total mean grad

f

y
t

σ σ σ
 

≈ +   
 

 Eq. 3-10

Since the deposition is often performed at higher temperatures, the mean stress can be 
caused by a mismatch of thermal expansion coefficients of neighbouring layers or be-
tween layer and substrate. Reasons for the existence of the gradient stress can be diffu-
sion through the layer or substrate, and interstitial as well as substitutional defects. 
In general, the stress is called compressive for σmean < 0. Compressive stressed layers 
tend to expand if they are released. Contrarily, a tensile stress (σmean > 0) causes a con-
traction of the layers after the release. Furthermore, the films can have a positive or 
negative stress gradient resulting in a bending of released structures. In Fig. 3-10, the 
different stress properties are visualised. 
Generally, the stress of layers deposited on top of wafers can be determined by a meas-
urement of the wafer bending (see for example [Seg80]). However, this measurement 
method requires complete wafers or large pieces of wafers, and it is essential that the 
substrates are initially flat. The obtained result is a global, average stress value. Alterna-
tively, film stress can be determined by surface micromachined test structures. Many 
suggestions for stress evaluation structures, for example cantilevers, double clamped 
suspensions or rotatable indicators, can be found in the literature [Guc92, Elb97, Eri97, 
Win01]. The freestanding structures are fabricated simultaneously with the devices. 
                                                 
5 In the following, the considerations are focused on the stress of the structures. For elastic deformations, 
the strain is related linearly to the stress. 
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Deflections or deformations evaluated by surface measurements are used for the deter-
mination of the stress. Since the structures are very small and since they can be posi-
tioned at different places distributed over the wafer, additional information about the 
film stress distribution can be obtained. In the following, some of the implemented test 
structures are explained. A complete overview can be found in chapter 10.2.  

a) c)

compressive

material 1

material 2

material 3

negative gradient

positive gradient

σmean<0 σgrad<0

σgrad>0σmean>0

tensile

b) d)

 

Fig. 3-10: Assumed that 3 materials have different base units of extension, and a compound of these ma-
terials is formed. Proposed that only the dimensions of the central layer can be changed (for example due 
to comparably large vertical extensions of the surrounding layers), the following stress is created in this 
layer: a) compressive stress in material 3 due to the embedding of two layers of material 2, b) tensile 
stress in material 1, c) negative gradient stress in material 2, d) positive gradient stress in material 2 

Simple cantilevers are often applied for the stress determination. In [Fan96], a detailed 
evaluation of the bending of cantilevers is shown. In principle, the mean as well as the 
gradient stress can be detected by cantilevers. If the cantilevers are attached only at a 
single side, a mean stress causes a deviation of the cantilever at the position where the 
cantilever is released. If the film contains tensile stress, the cantilever will bend up-
wards. Contrarily, the cantilever bends downwards for compressive stress. The gradient 
stress is visible by the curvature of the cantilever. Deformed cantilevers representing 
different mean and gradient stress cases can be seen in Fig. 3-11.  
Possibly, an accurate stress measurement for negative stress values is restricted due to 
the bending of the cantilevers towards the substrate. If the mean stress is very small and 
can be neglected, the gradient stress can be calculated according to [Eri97] by: 

2

2
1

grad

c c

d E
dt l
σ

δ
ν

=
−

 Eq. 3-11

where lc and tc are the length and thickness of the cantilever, respectively. δ is the de-
flection of the cantilever tip due to the bending and can be determined using a white 
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light interferometer. E is the elastic module and ν the Poisson's ratio. If the cantilever 
has an additional tilt, i.e. a mean stress exist, the more accurate calculations of [Fan96] 
have to be applied. The fabricated structures consisted of cantilever of different lengths. 
To observe directional effects on the stress, some of the cantilevers were aligned in 
<100> and others in <110> direction. In addition, test structure having star-like ar-
ranged cantilevers were implemented.   

σmean > 0, σgrad < 0 σmean > 0, σgrad > 0 

σmean < 0, σgrad < 0 σmean < 0, σgrad > 0 

Fig. 3-11: Determination of mean and gradient stress by evaluation of deformed cantilevers after release 
(according to [Fan96])   

To achieve a more accurate determination of the mean stress, additional rotatable 
pointer structures as proposed by [Eri97] were fabricated. The structures consist of two 
symmetrically arranged parts (see Fig. 3-12). Each part has two supporting posts, which 
are connected by freestanding actuator suspensions.  
The mean stress can be calculated by: 

1mean
a i

E d
l l

σ δ
ν

=
−

 Eq. 3-12

where E is the elastic module and ν the Poisson's ratio. la is the length of an actuator 
suspension, li corresponds to the length of an indicator and d is defined as distance be-
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tween the hinge of the actuator beam and the centre of rotation. δ is the distance be-
tween the two indicator tips and can be measured using a microscope (see Fig. 3-12). 

la

li

d

 

Fig. 3-12: Labelled 
schematic sketch 
of the rotatable 
pointer structure 

The mean stress causes an expansion or contraction of the actuator suspensions after 
they are released. If the actuator suspensions have compressive stress, the two indicator 
beams, both connected by narrow hinges to the actuators, will rotate counter clockwise 
after the release as shown in Fig. 3-13a). Without any mean stress, the ends of the two 
indicators will face each other (as seen in Fig. 3-13b)).  Tensile stress causes a contrac-
tion of the suspensions and, consequently, a clockwise rotation of the indicators (Fig. 
3-13c)). Due to the rotation of both indicators, the sensitivity of the measurement is 
doubled. Since the magnitude of the stress is represented by the magnitude of the de-
flection, a quantitative determination of the stress can be obtained.  
The stress observation by rotatable pointer structures is restricted to gradient stress free 
films. In addition to the pointer test structures, double clamped suspensions are imple-
mented for the evaluation of compressive stressed layers. Further theoretical details can 
be found in [Guc92]. For the semiconductor-based filters, the test structures were fabri-
cated twice, using upper and lower layers to measure the stress of the p- and n-doped 
layers separately. 
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a) 

 
 

σmean < 0, σgrad = 0 

b) 

 
 

σmean = 0, σgrad = 0 

c) 

 
 

σmean > 0, σgrad = 0 

Fig. 3-13: Indicators used to determine mean stress. Underetched rotatable pointer structures (after [Eri97, 
Chi00]) show a) compressive stress, b) no mean stress, c) tensile stress. 
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4. Tuneable InP / air-gap filters 

In the preceding chapters the theory of FPF was explained briefly, and technology steps 
to achieve air-gap based optical FPF were considered. This chapter deals with the fabri-
cation of tuneable InP / air-gap demonstrator filters. After some comments about the 
design of the vertical air-gap filters, the process steps for the fabrication of tuneable InP 
/ air-gap filters are explained in detail. The characterisation results of the demonstrator 
filters and further experiments, dealing with mechanical reliability issues of single, free 
released InP layers, are presented.  

4.1. Layer design 

Different versions of InP / air-gap filters were fabricated. In Fig. 4-1, a schematic top 
and side view of a four suspension InP / air-gap FPF can be seen exemplarily. The 
masks for the fabrication include variations on number of supporting posts (2 - 4), sus-
pension lengths (10 - 80µm) and suspension geometries (laterally straight or laterally 
bent), membrane shapes (circular or rectangular) and membrane diameters (20 - 40µm). 
Detailed mask overviews are given in chapter 10.2 and in [Sch01, Arc03, Oli03]. The 
vertical design of the filter was also varied. Different vertical designs were proposed 
and simulated within our group [Pro03], however, the following considerations are fo-
cused on two designs.    

top 
DBR

p-doped

top metal pad

bottom metal layer

B
A

A
B
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A
B
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C
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bottom 
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-se
cti
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suspensions

Fig. 4-1: InP-air-gap demonstrator filter in top view and cross section (not to scale) 

The filters consist of three p-doped top and three n-doped bottom DBR layers having all 
the same thickness. The layer and air-gap thicknesses of the two different designs are 
given in Tab. 4-1. Assuming a design wavelength of λ0 = 1500nm (1550nm), the thick-
ness of the InP-layers 357nm (367nm) corresponds to approximately 3λ0/(4nInP). The 
InP-layers of the top and bottom DBR are separated by λ0/4 (375nm / 388nm). The cav-
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ity, the distance between top and bottom DBR, is chosen 815nm (design #1), and 
1650nm (design #2), respectively. During the operation of the filter, the cavity length 
changes due to the tuning. Therefore, the starting values of 815nm / 1650nm are chosen 
slightly above λ0/2 (design #1) and λ0 (design #2). Generally, a symmetrical design of 
the FPF is advantageously but difficult to implement, because the filters are located on 
top of an InP substrate. Among other effects, the result of this asymmetry can be a filter 
dip with a peak reflectivity above zero. However, an adapted length of layer D reduces 
this effect.      

Layer Filter design #1 with λ0/2-cavity Filter design #2 with λ0-cavity 

A (InP) 357 nm 367 nm 

B (GaInAs) 375 nm 388 nm 

C (GaInAs) 815 nm 1650 nm 

D (GaInAs) 637.5 nm 465 nm 

Tab. 4-1: Layer thickness (see Fig. 4-1) for two different designs 

An electrostatic actuation of the two central layers (see Fig. 4-2) can be achieved by 
reverse biasing of the p-i-n structure. The attraction force depends on the material prop-
erties of the InP, the length of the cavity and the applied voltage. A smaller cavity re-
quires smaller voltages for similar layer movements, i.e. smaller operation voltages are 
expected for the λ0/2 cavity. The cavity length L decreases due to the mechanical actua-
tion of the central layers, thus, the filter dip shifts to shorter wavelengths for higher 
voltages6.   

actuation of 
central layers:

untuned filter:

L L-∆L

 Fig. 4-2: Electrostatic actuation of central layers results in a cavity decrease by ∆L   

Filter spectra of both designs are shown in the following (see Fig. 4-4 and Fig. 4-5). The 
spectra were calculated using the TMM described in chapter 2.1. The dependence of the 
refractive index of InP on the wavelength (dispersion) was included in the calculations. 
The dispersion curve applied for the simulation is shown in Fig. 4-3. Due to the high 
index contrast, the DBRs showing a large stop band between approximately 1300nm 
and 1800nm.  

                                                 
6 The cavity length was designated by L because dc would be the effective cavity length in this case.   
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Fig. 4-3: Dispersion 
data of InP applied for 
simulation 

In Fig. 4-4, the calculated tuning spectrum of the first filter design (design #1) is de-
picted. Without any tuning voltage, the filter dip is located at 1564nm. A decrease of the 
cavity length of 120nm results in a theoretical filter dip movement of 96nm to 1468nm. 
The tuning efficiency, defined as displacement of the membranes to the movement of 
the filter dip, is ∆L/∆λ = 0.8. Theoretically, the membrane movement can be extended 
to over 200nm (see chapter 2.4). However, only the central layers are moved. So addi-
tionally to the decrease of the cavity length, the optical properties of the filters are al-
tered. Within the mentioned operation range of the demonstrator filter, the expected 
FWHM of the dip varies between 0.89nm and 1.29nm (see Tab. 4-2). 
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Fig. 4-4: Tuning spec-
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ised by design #1 - λ0/2 
cavity 
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Membrane dis-
placement (∆L) 

FWHM Peak at Reflectivity at peak 

0 nm 0.89 nm 1563.7 nm 0.016 

40 nm 0.86 nm 1531.2 nm 0.004 

80 nm 0.96 nm 1498.9 nm 0.008 

120 nm 1.24 nm 1467.6 nm 0.049 

Tab. 4-2: Filter properties (filter design #1 with λ0/2-cavity) simulated using the TMM  

The second demonstrator design comprises a λ0 cavity to further reduce the FWHM of 
the filter dip. Unfortunately, the tuning efficiency is simultaneously decreased due to 
the larger cavity. A vertical membrane displacement of the central layers of 200nm re-
sults in a smaller filter tuning (108.8nm) compared to the first design. Thus, the tuning 
efficiency is reduced to 0.54. The calculated spectrum of the filter for different mem-
brane displacement is shown in Fig. 4-5. Within the simulated range, the FWHM of the 
filter dip is between 0.44nm and 0.59nm (see Tab. 4-3).   
The large cavity enables theoretically large membrane displacements of up to 500nm. 
However, if the complete tuning range is required, the increasing bending of the mem-
branes due to the larger tuning should not be neglected. Since only the central layers 
instead of the whole mirrors are actuated for the tuning, a small change of the filter 
properties has to be considered during the tuning additionally. A more detailed exami-
nation on the design issues of the filters can be found in [Röm05].   
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Membrane dis-
placement (∆L) 

FWHM Peak at Reflectivity at peak7 

0 nm 0.50 nm 1611.7 nm 0.213 

40 nm 0.45 nm 1589.7 nm 0.206 

80 nm 0.44 nm 1567.4 nm 0.201 

120 nm 0.45 nm 1545.2 nm 0.195 

160 nm 0.49 nm 1523.5 nm 0.188 

200 nm 0.59 nm 1502.9 nm 0.178 

Tab. 4-3: Filter properties (filter design #2 with λ0-cavity) determined using the TMM 

4.2. Fabrication process overview 

Different versions of InP / air-gap filters were fabricated. For the first filters, the estab-
lishing of the dry etch technology for the mesas as well as the wet etch technology to 
achieve air-gaps was important. To reduce the fabrication steps in the beginning, a full-
size backside contact was deposited during the first process runs. Unfortunately, no 
transmission measurements can be performed with such a backside contact. To enable 
these transmission measurements, the backside of the device was processed later on, i.e. 
polished and antireflection coated, and both contacts are fabricated on top.  
Due to the structures dimensions, even smallest amounts of stress can result in deforma-
tions and, unfortunately, unfavourable strain was always observed within the released 
structures. Special protection masks had to be applied to minimise these effects on the 
operation of the filters. These protection masks increased the fabrication effort.  
The etch processes were further improved in the course of the time. The progress in the 
development is described in detail in the ensuing sections following hereafter. The re-
sulting improved process flow is presented in section 4.10.  
The fabrication process applied for the first filters is illustrated in Fig. 4-6. After the 
epitaxy of the InP / GaInAs layers (a), the top InP layer was partly removed (b) and the 
p-contact metal layers were deposited on top of the topmost GaInAs layer (c). The ap-
propriate n-contact was formed on the backside. Afterwards, the mesa had to be etched. 
Si3N4, structured before by a reactive ion etching step (d), was applied as mask material 
for the deep dry etching of all InP / GaInAs layers (e). Finally, the GaInAs sacrificial 
layers were removed by wet chemical etching (f). To avoid sticking problems due to the 
high aspect ratio of the structures, the filters were critical point dried finally.   

                                                 
7 The filter design takes into account an application using a glass fibre, but the glass fibre is not included 
in the calculations for this overview. For more details, see [Röm05]. 
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a) Epitaxy  b) Removing top InP layer for contacts  

c) Fabrication of p-contacts / n-contacts (backside) d) Si3N4 masking for deep InP / GaInAs etching 

e) InP / GaInAs mesa etching f) Underetching and drying  

Fig. 4-6: Schematic view of the fabrication process steps of the InP / air-gap FPF 

As already mentioned, the backside contact was easy to fabricate but it circumvented 
measurements of the transmission properties of the filter. Instead of the backside con-
tact, a separate n-contact was created on top. The contact was implemented by further 
fabrication steps (see Fig. 4-7), which were performed before the mesa was etched. By 
an additional dry etching step using a Si3N4 mask (a), the top InP / GaInAs layers as 
well as the intrinsic sacrificial GaInAs layer were partly removed and a metal contact 
was formed on the topmost n-doped InP layer (b). Using this contact, the filter could be 
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connected completely from top. To reduce the transmission losses, the backside was 
polished and an antireflection coating was deposited in addition. A schematic view of 
the final device can be seen in Fig. 4-7c).    

a)

b)   

c)  

Fig. 4-7: Schematic views of addi-
tional process steps to fabricate 
InP / air-gap FPF with top n-
contact: a) patterned Si3N4 layer 
used as mask for an additional dry 
etching step and subsequent dry 
etching; b) deposition of top n-
contact metal layers and lift-off; c) 
view of the final device 

In Fig. 4-8 and Fig. 4-9, a more detailed description of the fabrication steps applied for 
the first runs is given. Depending on the process flow, up to five masks were used for 
the fabrication. A description of the mask set can be found in chapter 10.2. 
In the following sections, the main process steps for the fabrication of the InP / air-gap 
filters are introduced and examined in detail. Based on the results of the single steps, a 
more efficient process flow could be developed and will be shown in section 4.10.  
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PECVD: Si N  3 4

PECVD: Si N  3 4

Lithography: AZ1518 

Lithography: AZ1518 

Lithography: AZ1518 

RIE: CH  / H4 2

RIE: CH  / H4 2 (Deep Etch)

RIE: CH  / H4 2 (Deep Etch)

RIE: CHF  / Ar3

RIE: CHF  / Ar3
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Mask removing: HF
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Lithography: TI35ES (IR)

Lithography: TI35ES (IR)

Metal deposition: Ti / Pt /Au

Metal deposition: Ni / Ge / Au

Metal deposition: Ni / Ge / Au
(Backside)

Lift-off: Acetone

Lift-off: Acetone

RTA: 365°C

RTA: 320°C
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Mask removing: Aceton / O2

 

Fig. 4-8: InP / air-gap FPF: process steps overview (Part I) 
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Fig. 4-9: InP / air-gap FPF: process steps overview (Part II) 

4.3. Epitaxy 

The epitaxy of the InP / GaInAs layers was carried out at the Royal Institute of Tech-
nology (KTH) in Stockholm / Sweden (2000 - 2003) and at the company IPAG / Opto-
speed in Darmstadt / Germany (since 2004). The specified structures are grown by 
MOCVD regarding optimised procedures for strain minimisation [Str02a, Has05].  

 

Fig. 4-10: SEM showing the cross section of 
the layers on top of an InP wafer which were 
epitaxial grown at KTH (filter design #1, 
sample prepared by wet chemical etching 
using FeCl3, 1min) 
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4.4. Mask structuring - RIE of Si3N4 

Structured Si3N4 layers were required as masks for the dry etching of the InP / GaInAs 
which will be described in detail in the next chapter. A reactive ion etching process in a 
parallel plate reactor (rebuild Plasma Technology machine) was used for the structuring. 
Masks having a thickness between 150nm and 400nm were applied for the InP / GaInAs 
etching. Therefore, a dry etching recipe was required to transfer a pattern from a photo-
resist mask into the Si3N4 layer of this thickness. In chapter 3.3.3, it was already men-
tioned that CHF3 based recipes [Leh78] promise satisfying etch results and a high selec-
tivity between photoresist and nitride layer. An etch parameter variation (process pres-
sure, power and gas flows) were performed to adapt and to optimise these results. Apart 
from a satisfying pattern transfer, a high selectivity between photoresist and Si3N4 layer 
should be achieved.      
Silicon nitride samples were prepared for the experiments. On silicon wafers, a 1µm 
Si3N4 layer was deposited by PECVD (2% SiH4-N2= 1000sccm, NH3 = 20sccm, PHF = 
20W, PLF = 20W, pulse duration tHF : tLF = 19s : 6s, p = 87Pa, T = 300°C)8. A Clariant 
AZ 1518 (1800nm thickness @ 4000rpm spinning speed) was taken as photoresist on 
top. After the lithography, the wafer was cleaved into samples of approximately 1cm2 
area. 
The RIE system operates at 13.56MHz. The samples were placed on the RF-driven elec-
trode (cathode). The water-cooled cathode has a diameter of 24cm and is made of 
graphite. The system is pumped by a roots pump / rotary vane pump combination. The 
substrate table temperature can be varied by a connected oil bath between approxi-
mately 0°C and 60°C.   
The experiments were started by the investigation of the etch rates of photoresist and 
Si3N4 as function of the applied RF power (see Fig. 4-11). The layer thickness was 
measured at several points of the samples by a surface profiler (Sloan Dektak IIA). The 
measurements were carried out before the etching, after the etching, and after the re-
moval of the photoresist mask by acetone. Using the mean value of the particular meas-
urements, the etch rates of the photoresist as well as the Si3N4 are calculated as de-
scribed in chapter 3.3.1. During the four experiments, a constant CHF3 gas flow of 
10.5sccm was chosen. The etch results could be improved (qualitative assessment by 
microscope) using argon (15.3sccm) as sputtering gas. Temperature and process pres-
sure were kept constant at 12°C and 3.3Pa, respectively.  
The Si3N4 etch rate increases approximately linearly with the RF power whereas the 
photoresist etch rate decreases fast and vanishes almost above 125W. A satisfying steep 
sidewall slope of the etched Si3N4 layer is achieved for all RF powers. All the samples 
were etched for 45min. If a longer etch time was chosen, the etching of the samples 
stopped abruptly at the silicon. Additionally performed experiments show that the etch 
                                                 
8 For safety reasons, SiH4 is often diluted in N2 or He. 2% SiH4-N2 means that 2% SiH4 is diluted in N2. 
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rate of silicon is approximately 10 times lower compared to the Si3N4 etch rates using 
the same process parameters. As a result for other applications, a silicon layer could be 
inserted as etch stop layer for example. Further experiments showed (etch time variation 
between 15min and 45min) that the determined etch rate of the Si3N4 was independent 
on the etch time. 
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Fig. 4-11: Etch rates of Si3N4 
and photoresist as a function of 
the RF power (CHF3 = 
10.5sccm, Ar = 15.3sccm, t = 
45min, T = 12°C, p = 3.3Pa)  

Beside the increasing selectivity (ERSi3N4 / ERPR >180, at P = 140W), a change of the 
photoresist properties could be observed for higher RF powers. Due to the power and 
the probably subsequent temperature rise at the surface, the resist seemed to harden. For 
longer etch times of several hours, the resist colour darkened. Only minor effects on the 
Si3N4 layer etch profile, etch rate and (visible) surfaces roughness could be observed. 
However, the resist, or the result of the reaction between the resist and possible re-
deposited species, was very difficult to dissolve by acetone after the etching. The appli-
cation of an O2-asher (Tepla 200 - Technics Plasma 2.45GHz barrel reactor, P = 250W, 
p = 93Pa, t = 15min) was necessary to remove the resist.  
The result of a process pressure variation can be seen in Fig. 4-12. Again, gas flows of 
10.5sccm (CHF3) and 15.3sccm (Ar) were chosen. A substrate table temperature of 
12°C and a RF power of 75W were adjusted. The samples were etched for 45min. The 
etch rates decrease for increasing process pressures. For pressures above approximately 
6Pa, a disadvantageous re-deposition of species took place on the photoresist. Addition-
ally, unsatisfying etch profiles were obtained for higher process pressures. Based on this 
observation, lower process pressures were preferred for the etching.    
A change of the gas flows rates of CHF3 and Ar was also examined. An increase of the 
Ar gas flow resulted in a higher sputter rate. For constant process pressure, both etch 
rates increased: the Si3N4 as well as the photoresist etch rate. Disadvantageously, the 
quality of the pattern transfer decreased for higher argon gas flows. It is proposed that 
the obtained coarse edges are due to the strong physical ion bombardment of the photo-
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resist. An increase of CHF3 results only in minor changes of the etch rate and the etch 
result. Due to the limited pumping capacity, significant higher gas flows always results 
in higher process pressures. Therefore, no advantages could be determined by an in-
crease of the gas flows. 
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Fig. 4-12: Etch rates of Si3N4 
and photoresist as a function of 
the pressure (CHF3 = 10.5sccm, 
Ar = 15.3sccm, t = 45min, T = 
12°C, P = 75W) 

A substrate table temperature variation shows no remarkable differences between the 
etch results of silicon nitride. The etch rate of the resist is increased slightly for higher 
temperatures. Thus, all etchings were performed at 12°C.    
As a conclusion of the experiments, a RIE step with gas flows of 10.5sccm CHF3 and 
15.3sccm Ar, a RF power of 140W and a process pressure of 3.3Pa is used for applica-
tions whenever a high selectivity is required and a final O2 ashing can be done. For ap-
plications where the resist has to be removed by acetone afterwards, the gas flows, the 
RF power and the process pressure is reduced. Using flow rates of 6sccm for CHF3 as 
well as Ar, a process pressure of 2.5Pa and a RF power of 100W, a high quality of the 
pattern transfer from photoresist to Si3N4 mask can be achieved by the RIE. The etch 
result using these parameters can be seen in Fig. 4-13. 

 

Fig. 4-13: SEM of a sample prepared for 
etch tests: structured 300nm thick Si3N4 
mask on top of a InP wafer (RIE parame-
ter: CHF3 = 6sccm, Ar = 6sccm, p = 2.5Pa, 
P = 100W, T = 12°C)  



63 

4.5. Dry etching of InP / GaInAs 

An Oxford Plasmalab 80+ RIE machine was used for the InP / GaInAs dry etching 
steps. The dual electrode system operates at 13.56MHz. The upper electrode and the 
walls of the reactor are at ground potential; the samples were placed on the RF - driven 
electrode. The water-cooled cathode has a diameter of 24cm and is made of carbon. The 
system is pumped by a turbo pump / rotary vane pump combination. As mentioned, etch 
results depend strongly on the construction of the RIE machine. Etch parameters found 
in literature [Hay89, Nig91, Yu02] could be only used as first hints. Therefore, the reci-
pes had to be tailored and optimised for our type of machine and application. 
Starting with some recommendations from the manufacturer, the InP dry etching proc-
ess was characterised by further experiments. At first, the process parameters RF power, 
process pressure and temperature were varied. The optimisation goals of the etch pa-
rameter variations were to obtain preferably vertical sidewalls of the etched structures, a 
high etch rate and smooth etched surfaces for contacts. 
As it can be seen in the following chapter, a low process pressure is very advanta-
geously for the etching. Therefore the RIE is equipped with a turbo pump (Alcatel 
ATP400HPC). Unfortunately, the Alcatel pump had to be replaced by a Leybold (Tur-
bovac 340 MCT) turbo pump after a defect. Despite of using the same process parame-
ters, the etching results were substantially changed after the replace. It is assumed, that 
the partial process pressures of the gases depends on the construction of the pump and 
consequently the etching conditions were changed by the replacement. As a result, the 
recipes had to be optimised again after the replacement.   
The first filters were fabricated using the Alcatel pump. The etching results and investi-
gations using the Alcatel pump are described shortly in the following. Because of many 
limitations and disadvantages for the complete fabrication process, the recipes were 
later further optimised using the machine equipped with the Leybold pump. These in-
vestigations are described in more detail. Where applicable, the etching results of the 
two different turbo pumps are compared. 

4.5.1. Recipe development for InP etching by CH4 / H2 

A Si3N4 layer, structured as described in section 4.4, was applied as mask for the etch-
ing experiments of InP samples. Since this material is not etched chemically by CH4 or 
H2 and only barely attacked by sputtering, it is a very suitable mask material. A Si3N4 
layer of 200nm up to 350nm was deposited by PECVD (2% SiH4-N2 = 1000sccm, NH3 

= 20sccm, PHF = 20W, PLF = 20W, pulse duration tHF : tLF = 19s : 6s, p = 87Pa) on top of 
an InP wafer at 300°C. Then, a lithography using an AZ 1518 photoresist was per-
formed using the mask for the mesa etching. After a short de-scum (O2-asher Tepla 200, 
P = 100W, p = 93Pa, t = 1min) of the photoresist, the nitride layer was structured by a 
RIE (CHF3 = 6sccm, Ar = 6sccm, P = 100W, p = 2.5Pa, T = 12°C, t = 22min). Finally 
the processed wafer was cleaved in several pieces, the photoresist was stripped by ace-
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tone in an ultrasonic bath (power 20%) and the thickness of the layer was determined at 
different positions by the surface profilometer. 
The prepared samples were etched using different parameters. After the etching, the 
depth of the etched areas was measured again by the profilometer. Subsequently, possi-
ble polymers were removed by an ashing step (O2-asher Tepla 200, p = 93Pa, P = 
250W, t = 15min) and the Si3N4 layer was stripped by a HF solution (HF : H2O = 1 : 3). 
Again, the depth was determined and the etch rates were calculated as described in 
chapter 3.3. After approximately 1h process time, the reactor chamber was cleaned us-
ing an O2 step (30sccm, p = 13.3Pa, P = 200W, t = 6h) and pumped down to a pressure 
of p < 9⋅10-4Pa. To avoid an impact of the cleaning with the following experiments, a 
preconditioning etch step (15min) with the parameter given for the next experiment was 
carried out after the clean step of the machine. 
At first, recipes were examined where the gas flows kept constant at CH4 = 20sccm and 
H2 = 70sccm. During these experiments, the temperature of the substrate table and the 
process pressure were kept constant at 20°C and 4.7Pa, respectively. An etch time of 
20min was chosen for the experiments. In Fig. 4-14, the InP etch rate is shown as a 
function of the RF power.    
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Fig. 4-14: InP etch rate as a 
function of the RF power (CH4 
= 20sccm, H2 = 70sccm, T = 
20°C, p = 4.7Pa) 

It can be determined, that the etch rate increases approximately linear to the exciting 
power of the RF generator. A higher RF power results in a generation of more CH3 
radicals and an increasing ion energy flux. The higher CH3 radical concentration im-
proves the In etching whereas the P removal mechanism is controlled by the ion energy 
flux [Feu98, Yu02]. As a result of both, the InP etch rate increases with an increasing 
RF power. 
A polymer deposition could be always found on top of the mask and the sidewalls. The 
deposited polymers could be usually removed by an ashing step (O2-asher Tepla 200, p 
= 93Pa, P = 250W, t = 15...30min). However, it was noticeably more difficult to remove 
the polymers after etching with higher RF powers (P ≥ 200W) as well as longer etch 
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times with parameters resulting in thick polymer layers. Since a complete elimination of 
these polymers is essential for the underetching as well as for the deposition of the con-
tacts, it was more advantageously for the overall process run to develop an etching rec-
ipe with a strong suppression of the polymer generation than to obtain a high InP etch 
rate. 
In the next experiments, the influence of the process pressure, changed between 3.8Pa 
and 13Pa, was examined. The gas flows were adjusted to CH4 = 20sccm and H2 = 
70sccm, the RF power and the temperature were kept at 150W and 20°C, respectively, 
and the etching time was 20min. Only results using the Leybold pump are presented 
here because it was not possible to achieve smaller pressures than 4.7Pa using the Al-
catel pump. Additionally, in contrast to experiments using the machine equipped with 
the Leybold pump later, pressures of larger than 8Pa resulted in extreme levels of poly-
mer re-deposition and unusable etch results. So only results using the Leybold pump 
were considered here. As it can be seen in Fig. 4-15, the etch rate was higher with in-
creasing pressure. The trend is in accordance with the experience of other groups 
[Hay89, Thi93, Yu02]. However, the polymer deposition rate increased also with rising 
pressures. Using higher pressures than 8Pa, an inhomogeneous etching can be observed 
due to a high polymer deposition. Using pressures of more than 13Pa, no etching oc-
curred because the deposition predominates.  
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Fig. 4-15: InP etch rate as function 
of the pressure (CH4 = 20sccm, H2 
= 70sccm, P = 150W, T = 20°C, 
only results using Leybold pump) 

As a further process parameter, the influence of the temperature was examined. Using a 
separate water bath connected to the RIE machine, the temperature of the substrate table 
could be modified in the range between 15°C and 70°C. The power and the process 
pressure were set to 150W and 4.7Pa, respectively.  
As it can be seen in Fig. 4-16, the temperature had only insignificant influence on the 
InP etch rate. Independently of the temperature chosen, a small polymer film could be 
determined after 20min on top of the mask. Since the temperature change of the sub-
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strate table had only a minor effect on the etch results, all other experiments were per-
formed at 20°C.   
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Fig. 4-16: InP etch rate as func-
tion of the temperature (CH4 = 
20sccm, H2 = 70sccm, P = 
150W, p = 4.7Pa) 

Further series of experiments were done to examine roughly the influence of the gas 
composition. Experiments were made using different gas flows of 10sccm (CH4) and 
70sccm (H2) as well as 20sccm (CH4) and 40sccm (H2) whereas temperature (T = 
20°C), pressure (p = 6Pa) and RF power (P = 200W) were kept constant. Note that in 
general an increasing CH4 to H2 ratio (for example 20sccm to 40sccm) enforced the etch 
rate. Furthermore, smoother surfaces are obtained. However, these results were obtained 
to the expense of a higher polymer deposition on top of the mask and on the sidewalls.    
After the first experiments, some conclusions for the reactive ion etching process step 
for the fabrication of the first filters could be summarized:  

- RF powers of P ≥ 200W result in high etch rates at the expense of very hard poly-
mer films on top of the masks. Only long O2 ashing steps with high RF powers 
could remove these polymer films. Etching with a photoresist (AZ 1518) as mask 
was carried out at these powers. Unfortunately, the photoresist was heavily attacked 
due to the high sputtering energy giving an unsatisfying sidewall roughness and 
compact, inhomogeneous polymer-photoresist layers on top and on the sidewalls of 
the structure, which were very hardly to remove. 

- A smaller process pressure (only obtained by the Leybold pump) seems to reduce 
the polymer deposition on top of the mask and on the sidewalls, but decreases the 
etch rate.   

Depending on the design, an etch depth of several µm had to be achieved. As a com-
promise, the first structures were etched using a gas flow of CH4 = 20sccm and H2 = 
70sccm, an RF power of P = 150W, and a substrate table temperature of T = 20°C. A 
process pressure of p = 4.7Pa was chosen. This was the smallest value obtainable by the 
Alcatel pump using the mentioned gas composition. The result after 3h etching is de-
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picted in Fig. 4-17a). Remaining deposits are visible at the upper parts of the sidewalls. 
However, a sufficient steep sidewall angle and smooth etched surfaces could be ob-
tained. Using an atomic force microscope, a mean roughness of the etched surface of 
approximately 0.35nm was measured.   
The etch result after the replacement of the pump is shown in Fig. 4-17b). The same 
process parameters were used as before. Large amounts of undesirable reaction products 
are visible on top of mask and the sidewalls. Despite a long time of O2 ashing (P = 
250W, t = 60min) and a Si3N4 removal by a hydrofluoric solution (HF : H2O = 1 : 3, t = 
5min), the sidewalls could not be cleaned. As a consequence, the etching had to be fur-
ther investigated and improved, respectively, to suppress or to remove such deposits 
during the etching. 

a)  

b)  

Fig. 4-17: SEMs of etched InP-samples 
(Si3N4 mask on top) after RIE using CH4 
(20sccm), H2 (70sccm), 4.7Pa, 150W, 
20°C: 

a) Oxford Plasmalab 80+ equipped with 
Alcatel pump: etch result was satisfying, 
small amounts of polymers on sidewalls 
visible  

b) Oxford Plasmalab 80+ equipped with 
Leybold pump: hardly removable poly-
mers which would negatively affect the 
following process steps  

4.5.2. RIE using CH4 / H2 / Ar + O2 

As it can be seen in the last paragraph, the major disadvantage of the methane-hydrogen 
based plasma etching is a polymer build-up and its re-deposition elsewhere. Since the 
polymer compounds can be removed commonly by O2 ashing, publications can be 
found [Thi93, Sch97] where periodic etching and cleaning steps are proposed.  
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Based on the publication of [Sch97], further investigations9 were started with a cyclical 
change of plasma etching (tp = 5min, P = 150W) using a CH4 (8sccm) / H2 (32sccm) / 
Ar (8sccm) gas composition and O2 (16sccm) ashing (tp = 2min, P = 120W). Process 
pressures of 4Pa and 26.6Pa, respectively, were chosen. The temperature of the sub-
strate table was kept constant during the processes at 20°C. After each step, the chamber 
was pumped down to a base pressure of 9⋅10-3Pa.  
To evaluate the progress achieved by the following investigations, a sample was ini-
tially etched without the ashing step (see Fig. 4-18). 

 

Fig. 4-18: InP-sample after 1h etching 
(CH4 = 8sccm, H2 = 32sccm, Ar = 8sccm, 
P = 150W, p = 4Pa) 

The smaller pressure and the reduced CH4 flow compared to the former etch parameters 
seem to reduce already the polymer generation - at the expense of the etch rate. Poly-
mers are mainly deposited on top of the mask.  

 

Fig. 4-19: InP-sample after 40 periods of 
etching (CH4 = 8sccm, H2 = 32sccm, Ar = 
8sccm, tp = 5min, P = 150W, p = 4Pa) and 
polymer ashing (O2 = 16sccm, tp = 2min, P 
= 120W, p = 26.6Pa) 

The result after 40 periods of etching and ashing is shown in Fig. 4-19. No deposits 
could be determined on top of the mask and smooth surfaces of the etched areas were 
achieved. Unfortunately, hardly removable deposits were now formed on the sidewalls. 
Even after a subsequently ashing using a Tepla 200 barrel asher (P = 250W, p = 93Pa, t 
= 30min), no improvement could be determined. However, such remarkable deposits 
can be also seen in figures of [Sch97]. In other publications [Lee96a, Lee96b], oxide 
films formed by CH4 / H2 etching and subsequent O2 ashing are reported. As a conse-

                                                 
9 Since the Alcatel pump had to be replaced, all investigations described in the following were performed 
using the Leybold pump.  
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quence, the etching parameters were kept constant and the ashing parameters were 
modified in the next experiments. 
For the ashing step, a smaller RF power of 100W was applied, and the time within a 
cycle was reduced to 1min. To decrease the impact of the oxygen on the sidewalls, the 
process pressure was additionally reduced. The result can be seen in Fig. 4-20. 

 

Fig. 4-20: InP-sample after 48 periods of 
etching (CH4 = 8sccm, H2 = 32sccm, Ar = 
8sccm, tp = 5min, P = 150W, p = 4Pa) and 
polymer ashing (O2 = 16sccm, tp = 1min, P 
= 100W, p = 2.4Pa) 

The deposits on the sidewalls were almost disappeared even though no polymers were 
on top of the mask, and smooth etched surfaces were achieved. Only a small remaining 
stripe of deposits on the lower part of the sidewalls can be observed. Therefore, the in-
fluence of the ashing within the cycle was further decreased by a smaller RF power of P 
= 40W, and a reduction of the process pressure to p = 1.3Pa. Furthermore, the etch time 
was reduced to 2min to decrease the thickness of the re-deposited polymers before they 
were ashed. The results obtained are shown in Fig. 4-21.  Apart from a clean mask and 
smooth etched surfaces, steep and clean sidewalls were achieved.  

 

 

Fig. 4-21: InP-sample after 48 periods of 
etching (CH4 = 8sccm, H2 = 32sccm, Ar = 
8sccm, tp = 2min, P = 150W, p = 4Pa) and 
subsequent ashing (O2 = 16sccm, tp = 
1min, P = 40W, p = 1.3Pa) 
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4.5.3. Optimisation of CH4 / H2 RIE process 

The results achieved using a cyclical alternation of reactive ion etching by CH4 / H2 / Ar 
and ashing by O2 is capable for the fabrication of structures with high etch depths. Re-
quired etch depths of 10µm and more can be easily achieved without constrains due to 
any deposits. However, since the periodical change of gases requires an idle time be-
tween the steps, the actual etch rate is extremely small (approximately 6nm/min). Addi-
tionally, the general process run time would be enormously decreased, if a common 
photoresist instead of Si3N4 could be used for the masks. However, the ashing step of 
the cyclical process described in the last section, suppresses not only the polymer depo-
sition rather it would remove a photoresist mask as well.  
In general, the polymer build-up caused by the CH4 / H2 gas composition is seen as a 
major limiting factor of the etching. In contrast, the re-deposition of a small amount of 
polymers helps to protect the mask and to achieve a high selectivity between mask and 
InP. Thus, the polymer generation of the CH4 / H2 etch process was further investigated 
to find process parameters which permit the application of a photoresist mask. 
Again, InP samples prepared with a Si3N4 mask were used for the following investiga-
tions. The mask was fabricated as in section 4.5.1 described. Since the etch results are 
also evaluated using SEMs, a longer etch time (t = 90min) compared to the first experi-
ments was chosen. The expected etch depth of several µm allows a qualitatively as-
sessment of the sidewalls. To determine etch rate and polymer deposition rate, three 
different measurements using the surface profiler were done. Before the etching, the 
mask thickness was determined. Then the sample was etched and the etch depth was 
measured directly afterwards. Finally, the polymer deposits were ashed (Tepla 200 
asher, P = 250W, p = 93Pa, t = 15min) and the depth was measured again. Due to the 
polymer re-deposition, an attack of the nitride mask is improbably. Hence the etch rate 
can be determined using the last and the first measurement, whereas the polymer depo-
sition rate on top of the mask can be calculated using all three determined values (see 
chapter 3.3.1). The depositions on the sidewalls are qualitatively assessed. 
In the first experiments, the etch results were investigated in terms of gas flow of CH4 
and process pressure. The H2 and the Ar gas flows were kept constant at 25sccm and 
10sccm, respectively. The RF power was set to 150W and a substrate table temperature 
of 20°C was chosen for the experiments. From the first experiments in section 4.5.1, 
two possibilities were seen to achieve an appropriate etch rate: the usage of higher proc-
ess pressures or an application of higher RF powers. Using initially a relatively high 
process pressure of 8Pa, the etch rate and the polymer deposition were investigated for 
increasing CH4 gas flow (see Fig. 4-22). No deposition of polymers could be observed 
for a pure Ar / H2 plasma. In addition to the physical sputtering of the Ar, the hydrogen 
contributed also to the etching (see [Hay89]). With a small amount of methane, the etch 
rate increased dramatically. This corresponds to [Feu97a], where the etch rate is exten-
sively investigated in terms of the CH4 content of the gas composition. The re-
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deposition of polymers on top of the Si3N4 mask could be neglected for a CH4 gas flow 
of 1.5sccm. A further increase of the CH4 gas flow improved the etch rate but addition-
ally, an increasing re-deposition of polymers on top of the mask could be determined.     
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Fig. 4-22: InP etch rate and 
polymer deposition vs. CH4  
gas flow (H2 = 25sccm, Ar = 
10sccm, P = 150W, p = 8Pa, T 
= 20°C)  

The evaluation of the SEMs shows additional details of the results achieved by the etch-
ing (see Fig. 4-23). Without a CH4 gas flow, the etched surfaces as well as the sidewalls 
were very rough (left picture). It is assumed that a disproportional etching of the sur-
faces occurred. Due to the predominant chemical reaction of the hydrogen with the 
phosphor, indium products remained. Consequently, the physical etch / sputtering by Ar 
was the dominant process for the In etching, and a typical sputter profile (see also 3.3.1) 
was obtained. The addition of 1.5sccm CH4 resulted noticeably in smoother surfaces 
(middle picture). The change of the sidewall profile documents the beginning chemical 
attack of the CH4. Due to the profile, the upper parts of the sidewalls were less object of 
the ion bombardment, and a re-deposition of polymers seemed to take place there. A 
further increasing of the gas flow of CH4 resulted in a stronger underetching and a 
higher grade of re-deposition (right picture). 

 

Fig. 4-23: SEMs after 90min etching using H2 = 25sccm, Ar = 10sccm, P = 150W, p = 8Pa, T = 20°C: 
without CH4 (left), with 1.5sccm CH4 (centre), and 3.0sccm CH4 (right) 
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The gas flow variation of CH4 was repeated for a smaller pressure of p = 2Pa then. In 
Fig. 4-24, the InP etch rate and the polymer deposition rate is drawn again as a function 
of the gas flow. The polymer deposition rate on top of the mask increases linearly with 
the gas flow of CH4. The etch rate of InP is initially small and independently of the gas 
flow. However, if a certain amount of gas flow of CH4 is achieved, the rate also rises 
linearly. As expected from the earlier experiments (see section 4.5.1), the etch rate is 
noticeably smaller compared to the experiments using higher process pressures.   
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Fig. 4-24: InP etch rate and 
polymer deposition rate vs. CH4 
gas flow (H2 = 25sccm, Ar = 
10sccm, P = 150W, p = 2Pa, T 
= 20°C) 

Further details can be concluded by the SEMs. In Fig. 4-25, the etch results applying 
CH4 gas flows of 1.5sccm (left), 6sccm (centre), and 9sccm (right) are depicted. In con-
trast to the results achieved by a process pressure of 8Pa, a gas flow of 1.5sccm was 
insufficient to obtain vertical sidewalls. Since a smaller process pressure results in a 
shorter residence time of the gas molecules, less chemical reactive species are gener-
ated. Additionally, the free mean path of the ions is larger, resulting in increased kinetic 
ion energy of the ions.   

 

Fig. 4-25: SEMs after 90min etching using H2 = 25sccm, Ar = 10sccm, P = 150W, p = 2Pa, T = 20°C: 
with 1.5sccm CH4 (left), with 6.0sccm CH4 (centre), and 9.0sccm CH4 (right) 

The effect could be compensated by a higher gas flow of CH4, documented in the mid-
dle picture. With increasing CH4 flow, the etched surfaces were smoother, but the etch 
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profile was changed due to the vertical polymer growth on top of the mask and the mask 
undercutting by the dominant chemical etch component.  
The advantage of the smaller process pressure was the minor polymer build-up on the 
sidewalls. Even for relatively large gas flows of CH4, only very small amounts of re-
deposited polymers can be found. However, the deposition on top of the mask could not 
be neglected, but preferentially used for a possible mask protection. 
Additional to the CH4 gas flow variation, the influence of the hydrogen gas flow was 
evaluated. Samples were etched at 20°C using each time a process pressure of 2Pa, a 
CH4 and an Ar gas flow of 4.5sccm and 10sccm, respectively, and a RF power of 
150W. The result of a H2 gas flow variation between 15sccm and 25sccm is shown in 
Fig. 4-26. 
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Fig. 4-26: InP etch rate and 
polymer deposition rate vs. H2 
gas flow (CH4 = 4.5sccm, Ar = 
10sccm, P = 150W, p = 2Pa, T 
= 20°C) 

Provided the process pressure is kept constant, a higher H2 gas flow simultaneously 
reduces the CH4 content and therefore the CH3 radicals in the gas mixture. Since the 
etching of the InP is correlated to the amount of these radicals [Feu97a], the etch rate 
decreases. Similar results are described in [Yu02]. Additionally, the preferential re-
moval of the phosphor by a large hydrogen content of the gas composition causes a 
higher surface roughness. In contrast, the re-deposition of polymers is reduced on top of 
the mask and on sidewalls.   
In the first series of experiments in chapter 4.5.1, it was determined that the etch rate 
could be improved by increasing the RF power. One major disadvantage of the higher 
powers was the extensive generation of polymers. However, the last experiments 
showed that by varying the gas composition as well as the process pressure the polymer 
generation could be affected. It could be observed that clean sidewalls are obtained 
preferably at small process pressures. In the experiments described in the following, the 
RF power was increased to 250W. A process pressure of 1.3Pa, and gas flows of 
10sccm (Ar) and 25sccm (H2) were chosen. The substrate table temperature was set 
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again to 20°C. The InP etch rate as well as the polymer deposition rate on top of the 
mask are drawn as function of the CH4 gas flow between 3sccm and 16sccm in Fig. 
4-27.   
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Fig. 4-27: InP etch rate and 
polymer deposition rate vs. CH4 
gas flow (H2 = 25sccm, Ar = 
10sccm, P = 250W, p = 1.3Pa, 
T = 20°C) 

The etch rate function shows the typical dependence on the CH4 gas flow which was 
already observed in previous experiments. Compared with the higher etch rates 
achieved by a process pressure of 8Pa (P = 150W), a higher polymer deposition rate on 
top of the mask can be determined for the same etch rates. However, evaluating the 
SEMs (see Fig. 4-28), several advantages of this parameter choice can be seen. On the 
one hand, no depositions can be determined on the sidewalls. On the other hand, smooth 
etched surfaces can be obtained for increasing CH4 gas flows. 

 

Fig. 4-28: SEMs after 90min RIE using H2 = 25sccm, Ar = 10sccm, P = 250W, p = 1.3Pa, T = 20°C: with 
3.0sccm (left), 9.0sccm (centre), and 16.0sccm CH4 (right) 

Using the parameters given for the right picture, mesas of several micrometers depths 
can be etched relatively quickly. The disadvantage of such a process can be seen in the 
SEM as well as can be concluded by the diagram: a large polymer deposition on top of 
the mask. This polymer layer could be removed by an ashing step (Tepla 200, P = 
250W, p = 93Pa, t = 15min). A SEM after the Si3N4 removal (see Fig. 4-29) documents 
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the steep sidewalls, smooth surfaces, and the only minor undercutting of the removed 
mask obtained by the RIE using the process parameters described above. 

 

Fig. 4-29: InP-sample after 3h RIE (H2 = 
25sccm, Ar = 10sccm, P = 250W, p = 
1.3Pa, T = 20°C), ashing and Si3N4 re-
moval 

As already mentioned, the application of photoresist masks (e.g. AZ 1518) was not pos-
sible if higher RF powers were applied. The temperatures achieved at the surfaces by 
the ion bombardment and the chemical reaction would destroy the resist.  
Consequently, samples with photoresist were etched with a smaller RF power of 150W. 
A Clariant AZ 1518 was used as photoresist. After the application of an adhesion pro-
moter (TI-Prime, MicroChemicals GmbH), the resist was spun at 4000rpm, which gave 
a resist thickness of approximately 1800nm. During the etching, a pressure of 2Pa was 
chosen because of the results obtained showing minor sidewall depositions at small 
process pressures. Concluding from Fig. 4-24, the CH4 gas flow was set to 6sccm. The 
diagram shows that a gas flow of this value gives already a chemical attack of the InP as 
well as small amount of re-deposited polymers on top of the mask. This small re-
deposition is used to protect the photoresist mask. Furthermore, the etching using a gas 
flow of 6sccm shows an appropriate sidewall profile (see Fig. 4-25). Since the photore-
sist should not unnecessarily sputtered, Ar was not added to the gas composition. The 
photoresist was hard baked at 120°C for 1min before the etching. This smoothed the 
corners and reduced the probability of an erosion of the resist during the etching. The 
result after 3h RIE can be seen in Fig. 4-30.  

 

Fig. 4-30: Etched InP-sample after 3h 
(process parameters: CH4 = 6sccm, H2 = 
36sccm, P = 150W, p = 2Pa, T = 20°C) 
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Fig. 4-31: Enlarged view of a corner of the 
sample shown in Fig. 4-30 

The InP etch rate actually achieved for the process parameters described above was ap-
proximately 10nm/min. The smaller etch rate compared to the value documented in Fig. 
4-24 can be explained by the missing Ar. The thickness of the resist mask after the 
process was approximately equal to the value measured before. Thus, the mask did not 
seem to be etched nor a strong polymer deposition took place on the top. Advanta-
geously, the photoresist could be removed simply by acetone after the etching. The ap-
plication of a photoresist mask instead of a Si3N4 mask simplified the process flow. Ad-
ditionally, the necessary HF etch to remove the Si3N4 mask can be avoided. This proc-
ess step is unfavourable because HF also etches titanium. Since titanium is one layer of 
the p-type contacts, the contacts were attacked and detached in the worst case. An over-
view of the improved process flow can be found in section 4.10. 
Using the recipe, samples were etched several hours to check whether the resist deterio-
rates after longer etch times. Even after 20h of etching, the thickness of the photoresist 
was approximately the same as measured before. A SEM of an etched sample after 10h 
can be seen in Fig. 4-32. 

 

Fig. 4-32: After 10h: Etched InP-sample 
with photoresist mask (AZ 1518) on top 
(etch parameters: CH4 = 6sccm, H2 = 
36sccm, P = 150W, p = 2Pa, T = 20°C) 
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4.6. Metal contacts 

The InP-air-gap filters are designed to allow an electrostatically tuning. For the tuning, a 
bias voltage has to be applied between the two central InP-layers (see also Fig. 4-2). 
Therefore, the top and the bottom InP-layers are p- and n-doped, respectively, and the 
diode is reversed biased to enable a sufficient voltage supply of the two actuated layers. 
The cavity defining GaInAs-layer is intrinsic to reduce the current through the support-
ing posts.   
The doped layers are connected to the voltage supply by contacts consisting of different 
metal combinations. Important for the quality of the contacts are [Bas98, Ver91]: 

- A linear I-V characteristic (i.e. an ohmic behaviour), a low specific resistance of the 
contact and as little parasitic effects as possible 

- A good adhesion and surface morphology as well as a high reliability (stable over 
time and temperature). 

In addition, the ability to bond gold wires is required for connecting and packaging of 
the filter device. The contacts contain usually several metal layers to accomplish the 
required properties. For InP or GaInAs, respectively, commonly used n-type contact 
material systems described in the literature are Au/Ge/Pt [Hua96], Au/Ge/Pd [Che86, 
Lee94] or Au/Ge/Ni [Rid75, Gra85, Ver91, Ive94]. For p-type contacts, the material 
systems Au/Zn [Pio83, Ver91, Hua03] and Au/Pt/Ti [Kat90, Oka91] are frequently ap-
plied.  

4.6.1. Structure of n- and p-type contacts 

In Fig. 4-33a) the n-type contact structure is shown. The contact consist of layers of 
5nm Ge, 5nm Ni, 5nm Au, 5nm Ni and 200nm Au on top of InP. The layers were fabri-
cated using a Balzers BA510. Ge and Au were thermally evaporated and the Ni layers 
were deposited by electron beam evaporation. Afterwards a rapid thermal annealing 
(RTA) is applied.  

a) 
InP (n-doped)

Ge (5nm)
Ni (5nm)

Ni (5nm)
Au (5nm)

Au (200nm)

 b)  

Fig. 4-33: n-type contact on InP: a) layer structure, b) microscope picture of a n-type contact (150µm 
diameter) after annealing step (20s at 390°C) 
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The Ge-layer acts as dopand material. An n++ layer is formed after the heat treatment to 
create a tunnelling metal-semiconductor junction. Additionally, an inward diffusion of 
Au and an outward diffusion of In take place due to the heat treatment [Ive94]. The 
formation of Ni2P and Au10In3 (at annealing temperatures of 325°C), or NiP and Au9In4 
(at annealing temperatures of about 400°C), respectively, is important for an ohmic be-
haviour of the contact. The higher annealing temperature results in a smaller contact 
resistance and a significantly larger grain growth. An n-type contact after an annealing 
step of 20s at 390°C can be seen in Fig. 4-33b). Depending on the design, the n-type 
contact is fabricated on top (as seen in Fig. 4-33b)) or as backside contact of the wafer. 
The vertical structure of the p-type contact, and a microscope picture after the deposi-
tion is shown in Fig. 4-34. This contact is deposited on top of a p-doped GaInAs layer 
and it consists of layers of 50nm Ti, 50nm Pt and 200nm Au. GaInAs has a smaller 
band gap compared to InP, which results in a smaller Schottky-barrier. In contrast to the 
n-type contact, this contact has no metal layer acting as dopand, and it shows ohmic 
behaviour prior to a heat treatment. Usually, an initially strongly doped surface layer is 
required for an optimal contact resistance. An applied RTA process improves the adhe-
sion and decreases the contact resistance. With increasing annealing temperatures from 
300°C up to 450°C, a decreasing contact resistance is described in [Kat89]. Contrary, 
higher RTA temperatures (for example 500°C) result in an increasing contact resistance.  
The Ti- and Pt-layers were fabricated by electron beam evaporation using a Pfeiffer 
PLS 500S. Au was finally thermally evaporated using the Balzers BA510. The p-type 
contact was fabricated on top. 

a) 
GaInAs (p-doped)

Ti (50nm)
Pt (50nm)
Au (200nm)

 b)  

Fig. 4-34: p-type contact on GaInAs: a) vertical layer structure, b) microscope picture of a p-type contact 
(150µm diameter) after deposition 

4.6.2. Fabrication of contacts 

The contacts on top of the structure were fabricated using a lift-off process depicted by 
Fig. 4-35. An image reversal (IR) photoresist TI35ES (MicroChemicals GmbH) was 
used in the reversal mode. Before the resist was applied, the wafer was dried 10min at 
130°C. To improve the adhesion of the resist on the substrate, an adhesion promoter (TI 
Prime) was used. After the resist was applied and exposed using the appropriate mask 
for the n-type or p-type contacts, respectively, a reversal bake at 130°C for 2min cross-
linked the exposed areas while the unexposed areas remained photoactive. After a fol-
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lowing flood exposure the resist was soluble at the positions, which were not exposed in 
the first step. Finally the photoresist was developed using AZ 826 to define the desired 
pattern. Advantageously for the following processes, the photoresist shows an undercut 
resist edge profile. The edge profile can be adjusted by varying the first exposure time, 
the reversal bake temperature and the development time. 
After the lithography, the device was dipped in a HCl solution (HCl : H20 = 1 : 5) to 
obtain clean surfaces, and the metal layers were consecutively deposited for the n-type 
or p-type contact, respectively. An SEM picture of an n-type contact at this stage can be 
seen in Fig. 4-36. The undercut resist edge profile is clearly visible. Finally the photore-
sist was dissolved by acetone. By this "lift-off", the layers on top of the resist were re-
moved, whereas the metal layers remained at positions where they were in contact to the 
wafer. 

substrate

substrate

substrate

substrate

substrate

substrate

TI35ES

substrate substrate substrate

f)

c)

e)

b)

d)

a)

g) h) i)

lift-offmetal deposition

flood exposure

exposure

developer

soluble

sol.

sol. soluble

soluble

reversal bake
4min @ 130°C

 

Fig. 4-35: Fabrication process for metal contacts 

In general, the application of the TI35ES has two major advantages: 

- Due to the image reversal, a bright field lithography mask could be applied. There-
fore, the alignment to existing structures on the wafer was relatively simple.  

- An adjustable undercut edge profile simplified the lift-off of the metal layers.  

Since the photoresist thickness of approximately 3.2µm (spin speed 4000rpm) was one 
order of magnitude larger as the thickness of the deposited metal layers, the lift-off was 
possible without the support of any additional ultrasonic treatment. 
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Fig. 4-36: SEM picture of an n-
type contact after metal deposi-
tion 

After the lift-off, an RTA process was performed to improve the electrical and adhesion 
properties of the contacts. The wafer was uniformly heated in an Ar atmosphere. The p-
type contacts were fabricated first, and they were very shortly annealed at 365°C for 
25s. After the later implemented n-type contacts, both contacts were annealed together 
at 350°C for 40s. Since the RTA system tended to oscillate, a ramp to the final anneal-
ing temperature was not directly programmed. Instead of this, the temperature was in-
creased only up to 280°C within 25s (giving oscillations of +/- 20°C) at first. After-
wards the temperature was kept constant for 40s before the temperature was raised 
within 25s to the final value (giving oscillations of +/- 10°C).  
Further experiments showed that a process flow optimisation could be achieved (see 
chapter 4.10) by annealing both contacts together in one run at 390°C for 20s.  
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temperatures as a function of 
time  
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4.6.3. Electrical characterisation of the contacts 

The filter tuning is based on a variable reverse biasing, i.e. controllable a negative volt-
age is required between p-type and n-type layers of the structure. Hence, a negative 
voltage is applied between metal layers and p-type semiconductor at the p-type contact, 
and between n-type semiconductor and metal layers at the n-type contact, respectively. 
Thus, the electrical characteristics (ohmic or schottky diode) of the contacts had only 
minor impact on a common operation. However, a small resistance and an ohmic behav-
iour of the contacts are required for achieving appropriate dynamic properties of the 
device. 
Several methods for the electrical characterisation of contacts can be found in the litera-
ture [Pio83, Mak89, Wil90, Ver91]. Based on the publications of [Wil90, Ver91], a test 
pattern with differently spaced contact pads of 150µm width (see Fig. 4-38) was used 
for the characterisation. A semi-isolating InP wafer with an epitaxial grown n-type InP 
layer (Si doped, 3⋅1018cm-3) was applied for the determination of the specific contact 
resistance of the n-type contacts. For the p-type contact characterisation, an n-type InP 
wafer with an epitaxial grown p-type GaInAs layer (Zn doped, 1⋅1017cm-3) was used. 
The contact pad structure was implemented on top of an appropriate etched mesa struc-
ture (see Fig. 4-40a). 

15 mµ10 mµ5µm3µm 150 mµ

15
0

mµpad1 pad2 pad3 pad4 pad5

 

Fig. 4-38: Imple-
mented contact pad 
structure for charac-
terisation (top view) 

The resistance between adjacent pads was determined using four probes. Two probes 
supply a constant current whereas the voltage was measured with the other two probes. 
So, the gap resistance R  between the contact pads could be determined and plotted ver-
sus the pad spacing L  (see example in Fig. 4-39).  
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Fig. 4-39: Exempla-
rily plotted gap resis-
tance R as function 
of the gap length L 
(see text for descrip-
tion of parameters RC 
and Lx) 
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Fig. 4-40: a) 3D schematic view of measurement structure with two contact pads, b) subdivision of the 
measured gap resistance, c) approach to model a contact by a transmission line  

The measured gap resistance R can be divided into three parts (see Fig. 4-40b): 

2 C SemR R R= +  Eq. 4-1

where 2RC and RSem are the resistances due to the contacts and the semiconductor, re-
spectively. RSem is given by: 

Sem
LR

Wh
ρ=  Eq. 4-2

where ρ is the resistivity of the semiconductor, W is the width of the contact pads and h 
is the thickness of the semiconductor material. Using the sheet resistance: 

ShR
h
ρ

=  Eq. 4-3
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and Eq. 4-2, the equation Eq. 4-1 can be expressed as: 

2 Sh
C

RR R L
W

= +  Eq. 4-4

The model seen in Fig. 4-40c is now employed to approximate the contact resistance RC  
[Ber72]. The approach treats the contact as a transmission line (Transmission Line 
Model - TLM). The transmission line parameters RTL and GTL are: 

Sh
TL

RR
W

=  

1
TL

C

G W j C
r

ω
 

= + 
 

 
Eq. 4-5

where rC is the specific contact resistance and C is the capacitance per unit area. The 
well-known transmission line equations [Ung96] describe the voltage and current distri-
butions, ( )V x  and ( )I x , respectively, along the contact in x-direction: 

( ) ( ) ( )1 1cosh sinhV x V x I Z xγ γ= −  

( ) ( ) ( )1 1cosh sinhI x I x V Z xγ γ= −  
Eq. 4-6

Since the considerations can be restricted to ω = 0, the characteristic impedance Z of the 
transmission line is given by: 

Sh CTL
C

TL

R rRZ R
G W

= = =  Eq. 4-7

and the propagation constant γ can be expressed as: 

1 Sh

t C

R
L r

γ = =  Eq. 4-8
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Due to ω = 0, the propagation constant is real, and therefore, γ is a pure attenuation con-
stant. The transfer length Lt is the inverse of the propagation constant. Using the last two 
equations, RC can be written as:  

Sh
C t

RR L
W

=  Eq. 4-9

The specific contact resistance rC is subsequently given by: 

2
C Sh t C tr R L R WL= =  Eq. 4-10

The gap resistance R (see Eq. 4-1) becomes now: 

22 Sh Sh
C Sem t

R RR R R L L
W W

= + = +  Eq. 4-11

Considering again Fig. 4-39, the gap resistance R increases linearly with a slope of ShR
W

 

and the intersection with the y-axis (L = 0) gives a value of R = 2RC. The transfer length 
can be determined by Eq. 4-11 for R = 0 (L = -Lx): 

2
x

t
LL =  Eq. 4-12

So, the specific contact resistance can be calculated using the values determined by Fig. 
4-39: 

1
2C C xr R WL=  Eq. 4-13

Several approximations are made during the derivation. For example, it is assumed that 
the sheet resistance RSh of the semiconductor is spatially independent. Especially due to 
the alloy process, the sheet resistance under the contacts can be different compared to 
the sheet resistance of the remaining semiconductor material. Further measurements and 
a Tri-Layer-Transmission Line Model (TLTLM) can be applied for a more accurate 
solution (see [Ree95]) in this case. 
Furthermore, the contact length is assumed to be infinite. For a finite length LC of the 
contact, the equation Eq. 4-7 would be [Wil90]:  
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cothSh C C
C

t

R r LR
W L

 
=  

 
 Eq. 4-14

The length of the fabricated contact pads LC was 150µm. Since the coth( ) term will be 
approximately unity as long as LC is only a few times Lt, the inaccuracy made by the 
assumption of an infinite transmission line could be neglected.       
The measured gap resistance of the n- and p-type structures can be seen in Fig. 4-41 and 
the results of the determination of the specific contact resistance rC are summarized in 
Tab. 4-4. 
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Fig. 4-41: Measured gap resistance R versus gap length L (left: p-type see also [Arc03], right: n-type).  

 p-type contact n-type contact 

RC [Ω] 290 3.5 

Lx [µm] 40 28 

rC [Ωcm2] 38.7 10−⋅  57.4 10−⋅  

Tab. 4-4: Determined values for p-type and n-type contacts  

In comparison with values reported in publications [Kat89, Ver91, Lee94, Hua96], it 
can be determined that still a further improvement can be achieved. However, to obtain 
smaller values of rC, a higher doping (especially of the p-type material) of the layers is 
seen as precondition. Unfortunately, a higher doping can affect the strain of the layers 
negatively.  
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4.6.4. Electrical characterisation of the filter device 

The metal contacts could be assessed by test structures as described in the last section. 
Since the filters are operated with a reverse biasing, i.e. only an extremely small current 
was expected, optimised and small specific contact resistances were not required. In-
stead of this, a linear electrical behaviour and a small leakage current were preferred 
and obtained. Exemplarily, the result of an electrical measurement between two oppo-
sitely located p-contacts is shown in Fig. 4-42. The desirable linear behaviour between 
current and voltage can be seen. 
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Fig. 4-42: Electrical meas-
urement between two p-
contacts (filter structure as 
shown in Fig. 4-7, design #1 
with 40µm suspension length / 
40µm membrane diameter) 

By another measurement (see Fig. 4-43), the current as function of the voltage of the p-
i-n structure is determined. Two side-by-side located contacts were used for the meas-
urement. The diode characteristics are clearly visible. As expected, a smaller forward 
voltage was measured for the λ/2 cavity due to the shorter (intrinsic) cavity. 
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Fig. 4-43: Electrical charac-
terisation of the p-i-n structure 
(filter structure as shown in 
Fig. 4-7, measurement be-
tween side-by-side p- and n-
contact, RTA at 390°C) 
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4.7. Backside processing 

To allow a transmission characterisation of the filters, the backside of the devices was 
polished and an antireflection coating was deposited. The polishing was performed 
chemo-mechanically. After the mesa etching, the device was mounted on a holder and 
fixed by wax. For this, the holder was heated on a hot plate to a temperature of ap-
proximately 80°C. At this temperature, the wax was liquid. The sample was put upside 
down into the wax and the holder was cooled down slowly to room temperature. After-
wards the holder was mounted in a Logitech PM5 polishing machine, and the substrate 
backside of the device was polished using two process steps. Firstly, a coarse-grained 
aluminium oxide solution (grain size 9µm) was applied, and the sample was lapped by 
this solution for several ten seconds at 25rpm. Afterwards, the sample was cleaned by 
water. In a second step, the solution was changed to a Logitech suspension "Type SF1", 
and the sample was polished for several ten minutes at 50rpm until the surface was 
smooth. After the polishing, the holder was demounted and heated again to 80°C. The 
sample was removed from the holder and immediately immersed into hot concentrated 
acetic acid (32%). Using a temperature of 60°C, the wax could be completely removed.      
Following the polishing, an antireflection coating was deposited on the backside. Anti-
reflection coatings are required for the reduction of surface reflections and they increase 
the transmittance. A single layer, having a refractive index smaller than the substrate 
index and a quarter wave optical thickness, is the simplest way to obtain an antireflec-
tion coating [Mac01]. Since a central operation wavelength of 1500nm of the filter and 
a refractive index of Si3N4 of approximately 1.95 were given, a Si3N4 layer of 192nm 
was deposited by PECVD (2% SiH4-N2 = 1000sccm, NH3 = 20sccm, PHF = 20W, PLF = 
20W, pulse duration tHF : tLF = 19s : 6s, p = 87Pa) at 300°C on the backside. The simu-
lation result of a transmission from the InP substrate to the air within the normally ex-
pected filter operation range is shown in Fig. 4-44. 
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Fig. 4-44: Calculated spectral 
transmission (using TMM) from 
the InP substrate to the air (with 
and without 192nm Si3N4 antire-
flection coating; the dispersion of 
the materials is considered) 
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4.8. Selective wet etching  

The GaInAs sacrificial layers were removed by wet chemical etching using FeCl3 in 
water. The FeCl3:H20 (1g:2ml) solution shows a crystal plane dependent anisotropic 
etching behaviour and a high selectivity to InP. Two different etching rates for <110> 
and <100> directions characterize the anisotropic etching. It was determined that the 
etching in <100> directions was approximately 4 times faster [Arc03]. Additionally, it 
could be observed that the etch rate depends on temperature and light [Köh98]. In a 
dark environment at room temperature (20°C), the GaInAs etch rate in <100> directions 
was approximately 1µm/min whereas the etch rate at room light (180cd/cm2) was about 
2µm/min. The etch rate of InP in <100> directions at room light was determined to be 
0.4nm/min, so the etch rate selectivity to InP was approximately 5000. 
In Fig. 4-45 two structures are depicted during the wet chemical unteretching using the 
FeCl3 solution. The left picture shows a filter having 4 suspensions in <100> directions. 
The suspensions and parts of the filter membrane are already underetched. A faster un-
deretching of the filter membrane occurs in <100> directions. The right part of the fig-
ure shows a partly underetched star test structure. Due to the direction depending etch-
ing rates, only cantilevers in <100> directions are fully underetched and released at this 
time. 

<100>

<110>

      

Fig. 4-45: Micrographs of two structures (left: filter membrane, right: star test structure) during the un-
deretching.  

As already mentioned, the GaInAs etch rate increased substantially by additional light. 
Therefore, if strong intensities of light are used, the etching of the sacrificial layers is 
depending on the vertical layer position. For example, an observation of the etching by 
a light microscope can result in a faster etching of the top sacrificial layers. However, a 
different etching of the GaInAs layers would effect the position of strained and released 
InP layers. In Fig. 4-46, WLI pictures of an underetched InP structure are shown. Parts 
of the supporting posts are underetched. Depending on the underetching of the support-
ing posts, the membranes can have different vertical displacements. 
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Fig. 4-46: WLI pictures of an underetched strained InP structure 

Supposing the filter layers have such an intrinsic strain, the vertical displacement of the 
membranes of the top InP-layers is larger because the top sacrificial layers are etched 
faster due to the light. Thus, the distances between the InP-layers and consequently the 
optical properties of the filter are changed. To reduce this effect, the etching was carried 
out in complete darkness.  
In addition to the effects of light and temperature, the etch rate of the GaInAs depends 
on the thickness of the small layers. For example, if the membrane diameter of a filter is 
40µm, a gap of a sacrificial layer of few 100nm heights has to be laterally etched over a 
distance of 20µm. Due to the reduction of the exchange of the chemicals in small gaps, 
a decreased etch rate of small GaInAs layers can be determined for larger distances. So, 
small sacrificial layers having a different thickness were laterally different underetched. 
It could be determined that the large cavity air-gap was often underetched laterally 
stronger than the DBR air-gaps.  
To reduce the negative impact of the underetched supporting posts [Bon01], an addi-
tional Si3N4 protection mask was used. Some applications of such masks as well as fab-
rication methods can be also found in [Str02a, Ran02, Chi03]. The fabrication steps of 
the protection mask are shown in Fig. 4-47. At first, an AZ 4562 photoresist (Clariant) 
protected positions, which should not be covered by the Si3N4 layer later. Depending on 
the height of the filter structure or the etched mesa height, respectively, a suitable thick-
ness of the photoresist was chosen by an appropriate spinning speed. Using a spinning 
speed between 1500 and 4000rpm, a resist thickness of approximately 10µm up to 
6.2µm could be achieved. Afterwards, a thin Si3N4 layer (2% SiH4-N2 = 1500sccm, NH3 
= 5sccm, PLF = 20W, p = 87Pa, t = 12min) was plasma-enhanced deposited at 60°C. 
Finally, the AZ 4562 was dissolved using acetone. If necessary, the dissolving process 
was supported by an ultrasonic bath at a low level (20%).   
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a) b) 

c) d) 

Fig. 4-47: Protection mask process steps: a) filter without mask, b) AZ 4562 lithography, c) PECVD of 
200nm Si3N4 at 60°C, d) lift-off using acetone / ultrasonic bath 

A SEM of a filter, protected by a 200nm Si3N4 mask during the underetching, is shown 
in Fig. 4-48. The mask covers the top and the sidewalls of the supporting posts (except 
for the metal contacts) entirely.  

  

Fig. 4-48: SEMs of a filter with protection mask (left: filter with four suspensions; the mask protects the 
supporting posts against underetching; right: enlarged side view of protected supporting post corner (top, 
left) after underetching) 

4.9. Critical point drying 

After the wet chemical underetching, the FeCl3 solution was replaced by water. The 
sample was immersed several times in large volumes of water. If the structure would be 
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simply dried afterwards, many layers would probably stick together due to the capillary 
forces. Thus, a CPD using CO2 was used. Unfortunately, the water cannot be directly 
changed by CO2 because CO2 is only poorly dissolved in water. So, the water has to be 
replaced by IPA firstly. However, the direct transition of samples from water to IPA has 
disadvantages. Since water and IPA have a rather poor mixing behaviour, water can 
remain in small gaps resulting in collapsed structures after the drying. To prevent this 
effect, a series of water to IPA mixtures with increasing alcohol contents was used. In 
Fig. 4-49, the self-made substitution tool and the applied water to IPA mixtures series 
are shown. 

inflow

sample

porous 
ceramic
holder

liquid

outflow

FeCl3

Water

Water:IPA   3:1

Water:IPA   1:1

Water:IPA   1:3

Water:IPA   1:5

Water:IPA   1:9

Water:IPA   1:20

Isopropyl alcohol

 

Fig. 4-49: Subsequently substitution of FeCl3 by water and isopropyl alcohol for CPD. Left: substitution 
tool. Right: series applied to replace FeCl3 by IPA 

After the substitution of the water by IPA, the sample was transferred within alcohol 
into the critical point dryer, a Bal-Tec CPD 030. Then, the IPA was substituted by liq-
uid CO2 under high pressure and, finally, the sample was critical point dried as de-
scribed in chapter 3.5.   

4.10. Process run optimisations 

Due to the results of the process step evaluations, it was possible to improve the original 
process flow. Mainly two aspects helped to decrease the process run duration enor-
mously: the dry etching of the InP / GaInAs could be performed using a simple photore-
sist mask, and due to the choice of the same annealing temperature, the RTA of both 
contacts could be done simultaneously. Roughly estimated, a third of the process time 
required before could be saved. Additionally, the wet etching of Si3N4 by HF, which 
attacks the Ti layers in the p-contacts, was fortunately obsolete. The optimised process 
flow is documented by Fig. 4-50.   
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Wet etching: FeCl  3
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Fig. 4-50: Optimised process 
flow established after the proc-
ess step evaluations 
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4.11. Characterisation of filter properties 

For the optical characterisation of the filters, reflected power spectrum measurements 
were performed. A set-up (see Fig. 4-51 and [Röm05]) with a broadband light source 
(edge emitting LED / HP 83437A) emitting in the range of 1.45µm up to 1.65µm was 
used for the measurement. Single mode fibres were applied for the optical connections 
between light source and coupler as well as coupler and optical spectrum analyser 
(OSA), and for the measurement. The sample holder could be moved horizontal (x-y) 
and could be tilted additionally. By a separate prober (z), the fibre could be moved ver-
tically allowing an adjustment of the distance between fibre and filter membrane. Dur-
ing the measurement, the fibre was located very close to the filter membranes (ap-
proximately 1- 3µm distance). The OSA (HP70951A) measured and displayed the 
power spectrum reflected from the filter, and the results could be transferred directly to 
the PC.  
A probe was used to connect electrically the p-contact of the filter on top. Depending on 
the construction of the filter, the n-contact was connected via the metal pad at the bot-
tom or via a second probe on top to the voltage source. By modifying the reverse bias 
voltages, the spectral reflectances of the filters for different tuning voltages were deter-
mined. The tuning voltage could be adjusted manually, or automatically controlled by a 
PC. The frame, where the samples were placed, was temperature controlled. For tem-
peratures below the room temperature, the measurement area could be encapsulated and 
filled with nitrogen to avoid condensation of water on the filters. The set-up was cali-
brated by a reflection measurement before the measurements. A silicon wafer piece with 
a 500nm gold layer on top was used as reference and the results of the following meas-
urements are normalised to this reference.       

OSA

LED
Voltage Supply

2.43 V

Temp. Controller

20 °C

PC Controller

3dB Coupler

Prober

Sample
Fibre

Probe

 

Fig. 4-51: Schematic measurement set-up 

In most cases, devices without protection mask did not show any filter dip. As men-
tioned in chapter 4.8, the InP layers seemed to be strained. Consequently the suspen-
sions, the membranes and especially parts of the underetched supporting posts were 
bent. This bending resulted in a displacement of the membranes, i.e. the achieved verti-



94 

cal layer positions differed enormously from the designed distances. Depending on the 
suspension length and the grade of the underetching of the supporting posts, height de-
viations of the top layer membrane of several hundreds of nm were determined by WLI 
measurements (see also Fig. 4-46). Despite of the large vertical membrane displace-
ments, many devices showed a high reflectance within the measured range (1.45µm - 
1.65µm). Due to the high refractive index contrast between InP / air, large fluctuations 
of the air-gap lengths of the DBRs are permitted without effecting the DBR reflectance 
in this range. SEMs of the filter devices (see Fig. 4-52) indicate that at least the top 
DBR InP layers were completely underetched. However, even a very small amount of 
GaInAs remaining between the bottom DBR layers, for example due to a worse etch 
solution diffusion, would affect the optical properties of the devices dramatically. Only 
the high reflectance of the upper InP / air-gap structure can be measured in this case.  

 

Fig. 4-52: SEMs of the underetched devices: filter design #1 (left), filter design #2 (right)  

The process runs including a protection mask showed better results. The bending effects 
of the supporting post corners could be reduced. The underetching of the supporting 
posts could not be avoided totally. After the sacrificial layers of the suspension were 
removed, the etch solution attacked the posts from the corners. Since the etching in 
<100> is faster compared to <110> directions, the corners were remarkably underetched 
during the time required to remove the sacrificial layers between the membranes com-
pletely. However, the protection mask supports the fixation of the InP layers. The bend-
ing of the posts was rather negligible as long as the protection mask clamped all layers.  
A predominant gradient strain could be observed for all released InP layers. This can be 
seen in Fig. 4-53 where WLI pictures of a cantilever test structure are shown. A protec-
tion mask covers the starting point of the cantilevers as well as the complete supporting 
post against underetching. The measurement shown in Fig. 4-53 results from a process 
run using a structure grown at IPAG, however, a similar behaviour can be seen in struc-
tures based on layers grown at KTH.  
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Fig. 4-53: WLI measurement of released cantilevers in <100> direction: 3D view of the test structure 
(left), top view (right, top), and diagram showing the vertical profile of a cantilever at the marked line 
(right, bottom)  

Compared to the gradient stress, the mean stress of the InP seems to be rather small.  
From the cantilever shape (see Fig. 3-11), no mean stress could be determined. An ob-
servation of the indicator structures (see Fig. 3-13) through a microscope from top 
showed mostly a minor compressive strain, or no strain, i.e. the indicators were rotated 
counter-clockwise, or they were face-by-face. However, a further verification by a WLI 
measurement showed that the pointer structures were bent also vertically (see Fig. 
4-54), so the result of these indicator structures could not be used.    

Fig. 4-54: WLI pictures of a mean stress test structure: 3D view (left), top view (right) 

In Fig. 4-55, results of three different filter measurements are shown exemplarily. All of 
the filters were fabricated using a protection mask. The diagrams depicted on top are 
obtained from a measurement of a filter having three suspensions of 30µm length. The 
filter is characterised by design #1 and a membrane diameter of 40µm. The filter dip 
could be tuned from 1628nm at 0V to 1501nm at -7.3V, i.e. a tuning of 127nm (∆λ/∆V2 
= -2.38 nm/V2) was achieved. The filter has the n-contact at the backside. A reverse bias 
current of ≤1µA was measured during the tuning. With decreasing filter dip wavelength, 
the FWHM increased from approximately 4nm to 7nm.  
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Fig. 4-55: Measured reflectances and tuning curves for filters having: a) three 30µm suspensions (KTH 
epitaxy, λ0/2 cavity, design #1), b) four 40µm suspensions (KTH epitaxy, λ0/2 cavity, design #1), c) four 
30µm suspensions (IPAG epitaxy, λ0 cavity, design #2) 
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The characterisation result of a filter with four suspension of 40µm length and a mem-
brane diameter of 40µm is shown in the diagrams in the centre (Fig. 4-55b). The vertical 
filter structure corresponds again to design #1. Due to the longer suspensions, the restor-
ing force of the membrane layer was smaller compared to the first filter. Consequently 
smaller tuning voltages were required. The filter can be tuned between 1599nm at 0V 
and 1457nm at -3.2V (∆λ/∆V2 = -13.9nm/V2). The FWHM of the filter dip increased 
from approximately 3nm to 5nm over the tuning of the 142nm. The measured reverse 
bias current was approximately 0.2mA.    
The diagrams at the bottom (Fig. 4-55c) show the characterisation result of a filter hav-
ing vertical layer dimensions corresponding to design #2. The filter has 4 suspensions of 
30µm length and a membrane diameter of 20µm. Due to the limited range of the broad-
band source of the measurement set-up the filter dip could not be characterised at 0V. 
From the tuning curve (tuning range as a function of the tuning voltage), a wavelength 
of approximately 1670nm is assumed. The filter dip could be tuned over 200nm, how-
ever, the filter dip properties changed enormously for tunings over 100nm. Due to the 
increased cavity length, i.e. the larger membrane distance, the possible tuning voltage of 
up to 28V (∆λ/∆V2 = -0.24nm/V2) was clearly higher than the voltages of the two filters 
before. An increasing FWHM of the filter between 6nm and 20nm was determined. The 
reverse bias current was below 5µA during the measurement.     
The characterisation results of the three filters demonstrate that the filters were fabri-
cated successfully and the enormous potential of the air-gap based approach can be 
seen. The filter tuning range obtained is excellent and compared with other results (see 
Tab. 1-1 / Tab. 1-2), the range belongs to the best values achieved down to the present 
day. However, the characterisation results obtained differed to the model calculations 
done before. Hence, further detailed investigations of the filters were started.    
In general, measurements of filters with different suspension numbers, geometries and 
lengths were performed. They showed some tendencies: 

- The spectral characterisation of filters with smaller suspension lengths (10µm) 
showed a better agreement with the simulated spectrum, for example the starting 
wavelength was located at or close to the designed position. The measured FWHM 
was smaller compared to filters with larger suspensions, however it was larger as 
expected. The tuning required relatively high voltages and was possible only for 
few nm. Additionally, the filter dip properties (especially the FWHM) altered 
strongly with the tuning. 

- Filters having long suspension lengths (>40µm) showed often a starting wavelength 
far away from the designed wavelength. The measured FWHM was larger than 
simulated. Unfortunately, filters having design #1 and longer suspensions often 
tended to collapse irreparably.  
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- Despite of a location at the same wafer piece and that they have the same geometri-
cal properties, the filters showed in many cases different characterisation results.      

- Most of the filters having laterally bent suspension geometries or only two suspen-
sions did not operate. 

- If the filter dip could be tuned reproducibly, the tuning curve was parabolic within 
the major range.     

To find explanation for these observations, the filters were examined by WLI. SEMs 
and corresponding surface profiles and height diagrams of two filters are depicted in 
Fig. 4-56.  

a) 

 

 

 

b) 

 

 

 

Fig. 4-56: SEMs and corresponding WLI pictures of two selected filters (explanation see text) 
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The according spectral characterisation results of the filter in Fig. 4-56a) are presented 
by Fig. 4-55b) (centre). The filter shows a strong bending of suspensions and mem-
brane. The bending seems to result from the gradient strain. The shape of suspensions is 
probably given by the fixed supporting posts and the bent membrane. On the other way 
round, the top membrane is displaced compared to the designed vertical position due to 
the bending of the suspensions. Depending on the length of the suspensions the air-gap 
lengths are changed. Additionally, it has been found that the alignment of the protection 
mask to the supporting posts has a strong influence on the bending and the shape of the 
suspensions. An alignment error of only ±1µm10 results in different effective lengths of 
the suspensions and, therefore, can result in a tilt of the structure. A small tilt can be 
also seen in the height diagram, which shows the cross section profile of two suspen-
sions and the membrane. The tilt as well as the shape of the suspensions has a major 
effect on the positions of the free released membranes and, therefore, on the characteri-
sation results.  
For shorter suspension lengths and membrane diameters (see Fig. 4-56b), the bending of 
suspension and membranes was smaller but still remarkable. Especially for samples 
having equivalent membrane diameters and numbers of suspensions, different bending 
profiles could be seen. Depending on the suspension length, the bending of the suspen-
sions was predominated by the membranes or the membranes were bent due to the very 
short suspensions.  
Connected by longer suspensions, the membranes are bent typically as documented in 
Fig. 4-57. The radius of curvature of this membrane is in the order of 5mm. Unfortu-
nately, an instable resonator was formed due to this bending and 3D simulation showed 
that this can result in an enormous decrease of the filter performance [Röm04, Röm05]. 

 

Fig. 4-57: WLI measurement of 
the membrane bending (40µm 
membrane diameter) 

As already mentioned, devices without protection mask showed only unsatisfactory 
results. Due to the additionally underetched and bent corners of the supporting posts, the 
vertical membrane displacements could achieve several hundreds of nm and the mem-
branes were stronger bent. If the underetching of the corners did not take place com-
pletely simultaneously, the entire structures were tilted additionally. 

                                                 
10 The typical alignment error of the applied contact mask aligner was in the range of 2-3µm.  
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In general, only a surface profile of the top layer could be determined by WLI meas-
urements. Hence further effects, for example due to a different bending of the inner lay-
ers, could not be evaluated. Such differences would be expected in cases, where the 
clamping of the layers by the protection mask did not end at the same position, or due to 
the different doping of the layers. 

4.12. Mechanical properties of released InP layers 

To provide further feedback for the epitaxy as well as for the design of the filters, de-
vices with structures comprising of a single, released layer were fabricated. Beside a 
strain evaluation, further examinations concerning the mechanical reliability of the thin, 
long and freestanding structures were performed. In addition, reproducibility aspects are 
considered in this section.  
For the evaluations, structures based on one released layer were fabricated with the al-
ready described filter process. In the following, the results obtained from examinations 
using a released, relatively thick InP layer of 1065nm and an InP layer, which thickness 
of 357nm is equivalent to the fabricated filters, are presented subsequently.       

4.12.1. InP layer of 1065nm thickness 

Using similar growth conditions as applied for the filters, a test wafer with the vertical 
design shown in Fig. 4-58 was grown by MOVPE at IPAG. Structures were fabricated 
using the same masks and processes as described before (see chapter 4.10). The doping 
allowed an electrostatic actuation of the released layer. Both metal contacts were fabri-
cated on top. Since the n-type contact was located on top of the substrate, the same dry 
etch depth of approximately 2µm was chosen for the implementation of this contact and 
the etching of the mesa. The chosen InP layer thickness of 1065nm corresponds to an 
optical thickness of 9λ0/4. Filters fabricated with layers of this thickness are reported in 
the literature [Spi98a, Spi98b].  

25nm

n-doped (S)

1065nm p-doped (Zn)

775nm intrinsic

intrinsic

InP GaInAs (sacrificial layer)

InP
substrate

 

Fig. 4-58: Vertical design of the test structures 

The fabrication process was performed without protection mask. In Fig. 4-59, WLI pic-
tures of a cantilever test structure in a <100> direction are shown. They indicate a gra-
dient strain in the structure. A value for the gradient strain can be determined by using 
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Eq. 3-11. Assuming an elastic module of E = 61GPa and a Poisson ratio of ν = 0.357 for 
InP (values from [Gre99b]), and considering the cantilever length of 150µm and a tip 
deflection of 1.2µm, a gradient strain of approximately dσgrad / dtc = 10MPa/µm is cal-
culated.         

 

 

Fig. 4-59: WLI measurement of released cantilevers: 3D view of the test structure (left), top view with 
two marked measurement lines (right, top), and diagram showing the vertical profile of the cantilevers at 
the marked lines (right, bottom)  

If the different underetching of the supporting posts and the resulting different deflec-
tion is taken into account, the cantilevers in <110> showed approximately the same 
bending as cantilevers in <100> directions. As happened with the filters, the mean strain 
could not be exactly determined. Observed by a microscope from top, most of the 
pointer test structures showed a small compressive strain, however, due to the bending 
of the pointers (as seen in Fig. 4-54) this conclusion was not trustworthy. 
The wet etch process of the filter is time critical. A process time selected too short re-
sults in an incomplete underetching. Contrarily, if the etch time is chosen longer as re-
quired for a release of the structures, the supporting posts are attacked unnecessarily and 
their bending can effect enormously the membrane displacements. A homogenous and 
simultaneous underetching of the filter independent of the location on the wafer is 
highly appreciated to ensure a satisfying yield. 
The effects of the underetching on different star test structures were examined by the 
WLI. A wafer piece of approximately 1cm x 1cm was processed and four star test struc-
tures distributed within this area were measured by WLI. The results are depicted in 
Fig. 4-60. Only minimal differences can be seen between the star test structures. The 
cantilevers in <100> directions show the strongest tip deflection within each structure. 
This is due to the faster underetching and the subsequent bending of the post in these 
directions. In contrast, the bending of the cantilevers in <110> directions does not start 
prior the boundary of the post, resulting in a smaller tip deflection at the end of the can-
tilevers. As a conclusion, a mask design with filters having suspensions in different 
crystal directions is not advisable as long as the film strain cannot be avoided. 
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Fig. 4-60: Surface analysis of underetched star test structures at different locations within an area of 1cm 
x 1cm  
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Additionally to the stars, further structures were evaluated. So the membrane height, 
measured relatively to the supporting posts, was compared between four similar filter 
structures within the same area of 1cm x 1cm. In Fig. 4-61, a WLI measurement of such 
a structure is depicted. The filter structures consist of four suspensions of 60µm length 
and a membrane with a diameter of 40µm. The determined heights of the membranes 
measured relatively to the supporting posts are 83nm, 90nm, 101nm and 108nm. Thus, a 
small variation of the underetching of the posts appears to result in a strong difference 
of the membrane heights. This seems to be also the reason for the determined discrep-
ancy of filters, which had similar lateral designs, but showed different characterisation 
results. The variation obtained for filter structures having a shorter suspension length of 
40µm is smaller. Relative membrane heights of 52nm, 55nm, 56nm and 60nm were 
measured. 

Fig. 4-61: Determination of vertical position accuracy of a membrane by WLI: 3D view of structure (left), 
top view (right, top), and diagram for measurement of relative membrane height (right, bottom) 

For the next experiments, the WLI set-up was expanded to connect the structures elec-
trically. In addition to a voltage source for an electrostatic actuation of the InP layer 
(DC tests), a frequency generator was applied for oscillation tests (AC tests). Two 
probes connected the structures to the voltage sources. Apart from the fact that only one 
layer was moved instead of two, an impression of the membrane actuation within a filter 
could be obtained. The membrane height and shape of the filter structure was deter-
mined by WLI measurements before and after actuations (sequences) to obtain conclu-
sions about the accuracy and the reliability of the deflections. Since the worst reliability 
was expected for longer suspension length, especially structures with relatively long 
suspensions of 60µm were examined.  
A structure having a membrane height relative to the supporting posts of 89.7nm was 
used for the examination (see Fig. 4-61 right, bottom). Different voltages between 0V 
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and 9V were applied, and the height of the membrane was always measured at 5V. 
Some of the results obtained by this experiment are documented in Tab. 4-5.  

Applied Sequence Relative membrane height [nm] 
at 5V after the sequence  

0V → 5V 65.0 

5V → 7V → 5V 65.8 

5V → 2V → 5V 65.8 

5V → 8V → 5V 66.6 

Tab. 4-5: Measured relative membrane heights after different voltage sequences  

Considering an inevitable measurement error of the WLI, a given voltage seems to re-
sult reliably and accurately in a certain membrane displacement. No dependencies on 
any antecedent deviations of the membrane could be determined. 
For an observation of the effect of the underetching on the supporting posts, further 
structures were simultaneously processed except for the wet etching time. They were 
etched 6min longer compared to the structures before (36min instead of 30min). Due to 
the additional upward bending of the supporting posts, the relative membrane height of 
a similar structure (40µm membrane diameter, 60µm suspension length) was now 
178.8nm at 0V. Unfortunately, this result emphasizes additionally that the underetching 
had a huge impact on the results and a strain minimisation of the layer as well as an un-
deretching protection of the supporting posts is essential for the achievement of reliable 
process results. Again, several voltages were applied to the structure and a reliable 
height-voltage-relation could be determined between 0 and 10V (see Fig. 4-62). 
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Fig. 4-62: Measured relative 
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line proportional to V2 is fitted to 
the experimental data)  
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Within this voltage range, a membrane displacement of approximately 90nm was 
achieved. The fitted line is proportional to the quadratic function of the membrane dis-
placement on the applied voltage. 
A membrane actuation of approximately 60nm was obtained at 8V. To examine the po-
sition accuracy and reliability after an oscillation11, sequences comprising sinusoidal 
signals with frequencies of 1kHz and 2kHz and amplitudes (Vpp) of 2V up to 3V were 
applied additionally to an offset voltage (Voff) between 7V and 8V (see Tab. 4-6). Ac-
cording to Fig. 4-62, membrane deviations of about 50nm per cycle were expected. Ne-
glecting the measurement error of the WLI, the relative membrane height at 8V seemed 
to be independent on the applied sequences before.  

Applied Sequence Relative membrane height [nm] 
at 8V after the sequence  

0V → 8V 120.7  

0V → 8V 121.5 

Voff  = 8V, Vpp = 2V, f = 2kHz, 1min  118.0 

Voff  = 7V, Vpp = 3V, f = 1kHz, 1min  122.5 

Voff  = 7.5V, Vpp = 2.5V, f = 1kHz, 3min 120.0 

Tab. 4-6: Measured relative membrane heights at 8V after different sequences (relative membrane height 
of 178.8nm at 0V) 

Theoretically, the membrane can be displaced vertically over a length of one third of the 
cavity (see chapter 2.4) by an electrostatic actuation. This corresponds to an operating 
range of over 250nm. Compared to this range, the previous tests comprised only small 
membrane height deviations of up to 90nm. Consequently, further experiments were 
performed to examine the reliability and elasticity for stronger deviations.   
Another filter structure with 60µm suspension length and a membrane diameter of 
40µm from the first process run (30min underetching time) was used for the experi-
ment. The height of the membrane relative to the supporting post was measured before 
the membrane was actuated. Afterwards a certain voltage was applied and the relative 
membrane height was measured. Then the voltage was switched off and the height was 
determined again. Starting with 0V and a relative membrane height of 100nm to the 
supporting posts, the final actuation voltage was increased in small steps. In Fig. 4-63, 
WLI pictures of the structure are shown for different applied voltages. Attractive forces 
between the membrane and the substrate seemed to be mainly responsible for the actua-
tion. The elasticity of the suspensions is important for the restoring forces. Up to a volt-
                                                 
11 In [Röm05], the set-up for the determination of the resonant frequencies of such structures is described 
and results for different structures are presented. 
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age of 8V, a reliable relation between voltage and membrane height could be deter-
mined. However, a further increase to a final actuation voltage of 9V and a correspond-
ing membrane displacement of approximately 122nm seems to result in a plastic defor-
mation of the structure before the pull-in point is reached. After the actuation using this 
voltage, the relative height of the membrane at 0V was altered to from 100nm to 90nm.  

a) 
 
0V 

b) 
 
5V 

c) 
 
8V 

d) 
 
9V 

Fig. 4-63: WLI images of the same filter structure with different applied voltages (0V, 5V, 8V, 9V) 

A further actuation of the membrane resulted again in a steady voltage-displacement-
relation between 0 and 7V but the membrane heights were smaller now, compared to 
the values determined before (see Fig. 4-64). A further permanent decrease of the mem-
brane height was determined for a repeated increase of the voltage to more than 9V. The 
origin of the change could not be clearly determined but it is assumed that the change 
was due to the plastic deformation of the strained suspensions or a deformation of the 
bent supporting post corners. In some cases, the described effect could be also deter-
mined for smaller suspension lengths. However, the impact was notably smaller. Addi-
tionally, structures having smaller suspensions lengths required higher actuation volt-
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ages for the same membrane displacements and often, the actuation voltage were lim-
ited rather by the breakthrough of the pin diode. Hysteresis effects, i.e. different meas-
ured membrane heights for the same voltage depending on an increase / decrease of the 
voltage before, were not determined.          
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Fig. 4-64: Relative membrane 
height as a function of the applied 
tuning voltage before (dotted line: 
quadratic function fitted to the 
experimental data) and after an 
"over use" 

In conclusion, it has been found that for filter structures having a layer thickness of 
1065nm, a reliable voltage-mechanical actuation-relation and a high position accuracy 
of the membranes were determined. Initial deformations of the freestanding layers are 
due the strain present within the (doped) InP. For an improvement of the filter design, 
these impacts have to be considered. Furthermore, it has been seen that plastic deforma-
tions, found in structures with very long suspensions lengths or bent corners of the sup-
porting posts, resulted in vertically changed or meta-stable actuation ranges of the fil-
ters. 

4.12.2. InP layer of 357nm thickness 

Similar examinations as described in the previous section were performed using sam-
ples having a 357nm thick InP layer (see Fig. 4-65), which corresponds to an optical 
thickness of 3λ0/4. Again, the test wafer was grown by MOVPE at IPAG using similar 
growth conditions and parameters as applied for the filters. 

InP GaInAs (sacrificial layer)

25nm

n-doped (S)

357nm p-doped (Zn)

775nm intrinsic

intrinsic
InP

substrate

 

Fig. 4-65: Vertical design of the test structures 
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The test structures were fabricated using the same processes as described before. WLI 
pictures of a fabricated cantilever test structure are shown in Fig. 4-66. An underetch 
time of 30min was chosen. However, the cantilever with the largest width appeared not 
fully released. Compared to the previous, thicker structures, the cantilever tip deflection 
is noticeably higher. A deflection of 3.2µm is determined for a cantilever with a length 
of 150µm. Using the values from [Gre99b] for the elastic module (E = 61GPa) and the 
Poisson ratio (ν = 0.357), a gradient strain of dσgrad / dtc = 27MPa/µm is determined. 

 

 

Fig. 4-66: WLI measurement of released cantilevers (357nm thick): 3D view (left), top view (right, top), 
and profile view of marked cantilever (right, bottom) 

Since the gradient strain seems to increase with decreasing layer thickness, a vertical 
design using layers with different thicknesses cannot be recommended. The different 
bending of the layers would result in incorrect layer distances, and the air-gap length 
between membranes, consisting of two different bent layers, can be hardly predicted.  
The underetching of star test structures was evaluated also for the 357nm thick InP 
layer. Again, four test structures out of an area of 1cmx1cm were selected. The WLI 
images are depicted in Fig. 4-67. Despite of the same wet etch time (30min), the star 
test structures seem to be further underetched compared to the thicker star test structures 
before. This result was obtained again after repetitions with newly prepared etch solu-
tions. Beside a strong process fluctuation, different interpretations of this effect are pos-
sible, for example:  

- The underetching after both experiments was approximately equal. Only the surface 
profile of the layers can be observed by WLI measurements, however, the un-
deretching area is concluded from the visible bending of the structure. Due to the 
higher gradient strain, the bending of the posts, which consist of smaller InP layers, 
pretend a virtual larger underetching.   

- The upward bending of the structures due to the gradient strain supports the re-
placement of the used etch solution within the long and thin interstices. As a result, 
the etching is faster as before.  
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Fig. 4-67: Surface analysis by WLI: different underetched star test structures within a 1cmx1cm area 

In addition to the crystal direction depending etching (see 3.4), it appears that the star 
test structures were faster underetched in direction east / west compared to north /south. 
Other structures were located relatively close to the stars in north / south direction. The 
resulting influences on the etching could be a possible reason for the inhomogeneous 
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underetching. However, a similar behaviour could not be determined for the underetch-
ing of the thicker InP structures described in the last section, which have the same sacri-
ficial layer thickness, and which were processed using the same masks.  
Some of the cantilevers of the star structure in Fig. 4-67 (top) showed no bending, i.e. 
they were not released. This can be due to remaining polymers of the dry etching, which 
protect the sidewalls against wet etching or circumvent directly the release of the canti-
levers. Generally, the WLI images varied noticeably more compared to the star test 
structures based on thicker layers.  
Considering the filter structures, a large variation of the relative membrane heights was 
determined especially for structures having large suspension lengths. The heights of 
structures with 60µm suspension length varied more than 120nm within an area of 
1cmx1cm. Filter structures with shorter suspensions length showing smaller variations 
of the relative membrane height, however, the height of structures with 20µm suspen-
sion length still varied in a range of more than 50nm. In particular the grade of the un-
deretching and the resulting bending of the supporting posts seems to affect the mem-
brane heights as well as their variation. 
Similar to the previous section, the actuation of filter structures was also examined. All 
measured structures having 60µm suspension length and 40µm membrane diameter 
showed an unreliable voltage to membrane position relation. Beginning with relatively 
large heights of >150nm, the relative membrane heights at 0V decreased after each ac-
tuation until the air-gap structures collapsed. Plastic deforming of the supporting post 
corners or suspensions are assumed to be the reason for the decreasing or intermediate 
meta-stable states. 
In Fig. 4-68, WLI measurements of a structure comprising of shorter suspension of 
40µm are shown. The applied voltage sequence is given in the first row. Compared with 
the thicker InP layer structures, a noticeable smaller voltage was required for the actua-
tion. The relative membrane height to the supporting posts at 0V seemed to be restored 
reliably after actuations. Even after vertical deflections of approximately 100nm (ap-
plied voltage: 4V) or oscillations, the same height at 0V was achieved (see Tab. 4-7).  

Applied Sequence Relative membrane height [nm] 
after the sequence  

0V  76.4  

0V → 4V → 0V 75.8 

Voff  = 2V, Vpp = 2V, f = 1kHz, 5min → 0V  75.9 

Tab. 4-7: Measured relative membrane heights of a filter structure (4 suspension with 40µm length) at 0V 
after different sequences 
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a) 
 
0V 

b) 
 
0V → 
3.3V 

c) 
 
3.3V → 
4V 

d) 
 
4V → 
3.3V 

e) 
 
3.3V → 
0V 
 

Fig. 4-68: WLI images of a 4 suspensions (40µm length) structure at different voltages 

Although the membrane height at 0V was restored always reliably after an actuation, 
the voltage to membrane height relation showed a hysteresis especially after large mem-
brane deflections (see Fig. 4-69). If the voltage was increased from 0V to 3.3V for ex-
ample, the determined membrane height differed obviously to the height obtained after 
a decrease of the voltage from 4V to 3.3V. The effect was also observed for other struc-
tures with suspension length of ≥ 40µm. The origin of this effect is not clear, however, 
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the deformation of the post corners seem to have a strong impact. Structures with less 
underetched supporting posts showed mostly a reliable voltage-membrane height-
relation without detectable hysteresis effects. 
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Fig. 4-69: Relative membrane 
height of a 4 suspension (40µm 
length) filter structure versus the 
applied voltage: different heights 
are obtained depending on a volt-
age increase or decrease sequence. 

Compared with the thicker InP structures, a stronger change in the membrane bending 
during the actuation could be determined. The filter structures with suspension lengths 
of 40µm and a membrane diameter of 40mm showed a variation of the radius of curva-
ture of the membranes between 3mm and 800µm during a membrane deflection of 
100nm. 
Concluding it can be summarised that the structures consisting of thicker InP layers 
showed an obviously higher mechanical reliability and noticeably smaller variations in 
the fabrication results. Mostly, this seems to be due to the different gradient strain of the 
layers resulting probably from the arsenic carry-over effect during the epitaxy [Str02b]. 
Since the corners of the posts effect enormously the position of the layers, an underetch 
protection of the supporting posts is essential.  

4.13. Conclusion 

The previous sections dealt with the fabrication of InP / air-gap filter. The fabrication 
steps were shown in detail, and process optimisation results were presented. The newly 
introduced dry etching of InP / GaInAsP stacks using photoresist masks reduced the 
required process steps. Additionally, formerly required wet chemical etch steps attack-
ing the contact metals could be avoided. Based on these and further improvements, the 
overall process flow time could be decreased enormously.  
Tuneable all-air-gap filters with 3λ0/4 optical thick InP layers were fabricated. The ob-
tained spectral characterisation results differed from the values expected from the theo-
retical model calculations. Residual gradient strain in the InP layers resulted in a bend-
ing of suspensions and membranes of the filters. An altered spectrum is the conse-
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quence of the changes of the lateral distances of the membranes. In addition, the deter-
mined membrane bending can affect the resonator shape negatively.   
Generally, the spectral behaviour of the filter depended on the lateral design. The results 
of filters with shorter suspension lengths agreed more with the expected and simulated 
data than these of filters with longer suspensions (≥ 20µm). WLI measurements showed 
that the membranes of filters having longer suspensions were often vertically displaced 
up to several 100nm.  
A bending of the suspensions and membranes was not the only result of the gradient 
strain. Underetched parts of the supporting posts contributed also to alterations of the 
vertical air-gap lengths. An additional deposited protection mask could reduce the post 
underetching and circumvented the bending of the post corners. Only by applying pro-
tection masks, filters could be implemented which could be operated. Otherwise only 
highly reflecting devices could be measured. This is a hint that air-gaps are formed but 
the required vertical distances, especially the cavity length, are changed. It can be as-
sumed that the lateral underetch rate of the posts varies depending on the gap thickness. 
The gap length of the cavity is different compared to the others, so probably different 
displacements of the layers were obtained.  
According to the expectation, filters with longer suspensions showed a better tuning. A 
record value of -13.9nm/V2 was achieved for a filter having four suspensions of 40µm 
(see Tab. 1-1 / Tab. 1-2 for a comparison). This filter is tuned between 1599nm and 
1457nm with a low voltage of only -3.2V. 
The presented filters showed a reliable tuning behaviour over many manually tuned 
cycles. No tuning hysteresis of the filters could be determined. However, mechanical 
investigations of single InP layers showed that the choice of an optical thickness of 
3λ0/4 (357nm) is critical for the reliability of devices. Depending on the length and the 
design of the suspensions, non-elastic deformations or tuning hysteresis effects could be 
observed. Thicker structures of 1065nm (optical thickness of 9λ0/4) showed obviously a 
more reliable behaviour. Since a thickness dependant gradient strain was determined, 
designs including layers with different thicknesses cannot be recommended.      
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5. Air-gap based dielectric filters 

In this chapter, the design, the fabrication process and measurement results of a Si3N4- 
air-gap filter are presented. The fabrication of the air-gap filter bases on a low-cost sur-
face micromachining approach using a stack of plasma enhanced chemical vapour de-
posited Si3N4- and Si-layers. Beside the low cost process, major advantages of this ap-
proach are the low deposition temperature of ≤ 400°C, and the low optical absorption of 
Si3N4 over a wide spectral range. The possibility of an accurate stress engineering of the 
Si3N4 layers is given during the deposition. 
In the next sections, design issues of the demonstrator filter are presented, and a fabrica-
tion overview is given. This overview is followed by a detailed description of all steps 
of the fabrication process. Finally, optical transmission measurements of the filters, 
SEMs and WLI figures document the potential of this approach. 

5.1. Design of the dielectric air-gap filter 

The filter consists of two Si3N4 / air-gap DBRs separated by an air-gap cavity. As al-
ready mentioned in chapter 2.2, the spectral properties of the filter depend on the reflec-
tance of the mirrors and the cavity length.   
Due to the small absorption and dispersion of Si3N4 (see also Fig. 5-1), an arbitrary de-
sign using wavelengths between approximately 300nm and several µm is possible. In 
general, the design is restricted by the following technological constraints: 

- Sacrificial layer etching: The chemical reaction is reduced or can stop if the aspect 
ratio between underetched length and sacrificial layer thickness is too large, for ex-
ample if a very small, sandwiched sacrificial layer of few tens of nm has to be 
etched for several µm.  Hence the thickness of the sacrificial layer (and subse-
quently the air-gap in the design) has to be chosen large enough to avoid these se-
lective etching problems. First experiments showed that the wet etch rate decreased 
extremely if sacrificial layers with a thickness smaller than 200nm should be etched 
over 10µm. 

- Gradient stress in very thin layers: The bending due to a minor residual stress of the 
Si3N4 layer has to be considered by the specification of the layer thicknesses. Initial 
experiments had shown that the alternate deposition of Si and very thin layers of 
Si3N4 (<150nm) results in an inevitable, small amount of gradient stress within the 
freestanding Si3N4. Depending on the length of the released cantilevers or suspen-
sions, the resulting bending changed the precisely required vertical layer distance 
enormously. Further investigations had shown that the observed effect seemed to 
disappear for released Si3N4 layers having a thickness of >300nm. 
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- Adhesion to the substrate: If a simple glass substrate is chosen, the layer close to the 
substrate should be a Si3N4 layer. This increases the adherence of the complete 
structure to the substrate and avoids detaching of the devices from the substrate.  

Based on these conditions, a demonstrator filter was created using a design wavelength 
of 1490nm. For the calculations, the optical properties of the deposited Si3N4 were 
measured by a spectral ellipsometer (VASE from J.A.Woollam Co.) before. In Fig. 5-1, 
the determined real part of the refractive index as well as the extinction coefficient are 
depicted in the range of 300nm - 1900nm.  
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Fig. 5-1: Dispersion data 
of deposited Si3N4 deter-
mined by a measurement 
using a spectral ellipsom-
eter (VASE  from J. A. 
Woollam Co., operation 
range 190nm - 2700nm 
[Tar01])  

Si3N4 layer thicknesses of 590nm (corresponds to approx. 3λ0/4nSi3N4, see Eq. 2-51) and 
air-gap lengths of 350nm (approx. λ0/4) were chosen for the DBRs (see Fig. 5-2). DBRs 
including five layers of Si3N4 providing a reflectivity of approximately 99.5% were ap-
plied. Choosing a cavity length of 710nm, the demonstrator filter should show a high 
reflectance between 1380nm and 1680nm and a filter peak at λ =1488nm. Since the FPF 
was deposited on top of a glass substrate, the thickness of the layer close to the substrate 
was marginally increased to 600nm to achieve similar reflectance properties of both 
DBRs.  
Various lateral designs of filters were implemented (for mask details see [Oli03]). The 
filters were constructed as cantilevers. The cantilever lengths and membrane diameters 
were varied between 30nm - 50nm, and 15nm - 30nm, respectively. A schematic draw-
ing of a filter mask design is given by the left part of Fig. 5-2. The overall mask set con-
sists of 6 masks containing additional masks for contact and metal layers for an electro-
static / electrothermal actuation.    
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Fig. 5-2: Dimensions of the designed Si3N4-air-gap demonstrator filter in top view and cross section 

The spectrum of the filter was simulated using the TMM described in chapter 2.1 and 
the optical properties of Si3N4 depicted by Fig. 5-1. Fig. 5-3 shows the expected trans-
mission curve of the FPF between 1460nm and 1520nm. The filter dip is spectrally lo-
cated at 1488nm having a FWHM of approximately 1nm. The complete filter spectrum 
shows a stop band from 1380nm up to 1680nm. 
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Fig. 5-3: Simulated transmis-
sion curve between 1460nm 
and 1520nm of the described 
air-gap filter (calculation using 
one-dimensional TMM) 
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5.2. Fabrication process flow 

The fabrication process of the air-gap based dielectric filter consists of four basic steps 
(see Fig. 5-4 / Fig. 5-5): 

a) Stress optimised alternate deposition of filter layers and sacrificial layers on a sub-
strate or a surface. 

b) A vertical anisotropic dry etch step. 

c) A highly selective wet chemical etching of the sacrificial layers.  

d) Replacement of solutions and critical point drying. 

a)  b)  

c)  d)  

Fig. 5-4: Fabrication process overview (the number of layers is reduced as compared to the fabricated 
filters for visual reasons) 

The dielectric air-gap filters were fabricated on top of a simple glass substrate, but could 
be also deposited on top of a pre-processed device, for example a photo detector. The 
process is compatible with a variety of materials, e.g. III/V compounds, silicon, or or-
ganic materials. In the following chapters, the fabrication steps are explained in detail. 
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Fig. 5-5: Fabrication process 
flow of the all-air-gap dielec-
tric filter 
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5.3. Layer deposition of dielectric materials 

The first fabrication step is the PECVD of alternating Si3N4- and Si-layers according to 
the designed thicknesses on top of the glass substrate. The PECVD machine, an Oxford 
Plasmalab 80+, features two RF-generators. The plasma can be excited by a low fre-
quency (fLF = 100kHz), and a high frequency (fHF = 13.56MHz) generator, respectively. 
Using an interlacing of both modes, the material properties of the deposited layers can 
be modified. The RF power excites the plasma by the RF driven upper electrode as well 
as the walls (cathode). The samples were placed on the substrate table at ground poten-
tial (anode). The anode has a diameter of 24cm and is made of aluminium. The tempera-
ture of the table can be adjusted between approximately 20°C and 400°C. The system is 
pumped by a roots pump / rotary vane pump combination.  
The thickness of the layers could be specified only by the deposition time. This can re-
sult in inaccuracies because an increasing thickness of the deposited dielectrics at the 
reactor chamber walls can change the plasma conditions, and, subsequently the deposi-
tion rates can change during a deposition process. Initial experiments were performed to 
investigate this possible effect. It was determined that the changes of the deposition 
rates were below 3% of the initial value for a deposition of a 5µm stack of Si3N4- and 
Si-layers. So this effect was neglected and the rate was considered to be constant. 
After the deposition of approximately 10µm of dielectric layers, the reactor chamber 
was cleaned using a CF4 / O2 gas mixture (300sccm, p = 47Pa, P = 200W, t = 6h) fol-
lowed by a mechanical cleaning using IPA. A layer of 300nm Si3N4 was deposited af-
terwards to minimize the impact of the cleaning to the following processes. 
Each time before a filter layer stack was deposited, the deposition rates were calibrated, 
i.e. Si3N4 and Si layers were deposited ( t = 20min) and the thicknesses were determined 
by an ellipsometer or by etching (see chapter 3.2.2). A 50nm Ti / 50nm Au layer was 
used as mask for the determination using wet etching. Cr and Ni layers were also tried 
as mask, but without any additional treatment to enhance the adhesion (for example 
RTA), the mask layers were attacked and detached from the material by the hot etch 
solution. 
Both materials, Si3N4 and Si, were deposited at 300°C. Additionally to the temperature, 
the properties of the deposited layers could be modified by the gas flows, the process 
pressure, the rf-powers and the frequency interlacing time ratio of the two different RF 
generators. The deposition was mainly optimised to obtain two goals: 

- Stress minimized or stress free Si3N4- and Si-layers. 

- A high selectivity between Si3N4- and Si-layers during the following wet chemical 
etching, i.e. preferably no etching of the Si3N4- and a high etch rate of the sacrificial 
Si-layers was required. 

The PECVD of Si3N4 using the Oxford Plasmalab 80+ machine was already studied in 
detail before [Tar00, Tar04]. The Si3N4 stress adjustment by an appropriate periodic 
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change of the plasma excitation frequency is described in these works. Using gas flows 
of 1000sccm (2% SiH4-N2) and 20sccm (NH3), a pressure of p = 87Pa, RF powers of P 
= 20W (HF and LF), the stress of the silicon nitride layers could be varied between 
compressive (+500MPa) and tensile (-100MPa) only by setting the frequency interlac-
ing time ratio Ψ = (tHF - tLF) / (tHF + tLF) between Ψ = -1 (corresponds to a solely LF exci-
tation) and Ψ = +1 (only HF). To obtain minimum values for the stress in the Si3N4 lay-
ers, a frequency interlacing time ratio of Ψ = 0.52 (tHF = 19s, tLF = 6s) was chosen.  
Later on, the wet chemical sacrificial layer etching was performed using potassium hy-
droxide (KOH).  In contrast to the deposition by LPCVD, the plasma-enhanced depos-
ited Si3N4 is etched by KOH [Sto96]. So a high etch selectivity between Si and Si3N4 
was important to avoid a decrease of the Si3N4 layer thickness during the lateral etching 
of several µm of Si. Since the Si3N4 deposition parameters were given due to the stress 
optimisation, Si deposition parameters resulting in high wet chemical etch rates were 
searched.  
For the deposition of Si, only SiH4 (2% SiH4-N2) was applied as gas. Different test sam-
ples were deposited on top of glass substrates using a process parameter variation. Af-
terwards, a negative photoresist was structured on top, a metal layer (50nm Ti / 50nm 
Au) was deposited and a lift-off was performed. The samples were etched for specific 
time intervals and the etch depth was measured by a surface profiler (see chapter 3.2.2). 
The etch rate was calculated as gradient of the etch depth function vs. the etch time.  
It was determined that low-powered low-frequency plasma excitations result in favour-
able high Si etch rates. Hence, a detailed variation of process pressure and SiH4 gas 
flow was performed using 8W LF power. Lower powers than 8W seemed to be promis-
ing but resulted often in plasma instabilities and process abortions. The selectivity, i.e. 
the ratio of the etch rate of Si to Si3N4, in dependence of both parameters is depicted in 
Fig. 5-6. A value of more than 800 for the selectivity was obtained for a gas flow of 
1500sccm and a chamber pressure of 240Pa. A Si deposition rate of 15.5nm/min was 
determined for these process parameters.    
Unfortunately, a strong compressive stress could be observed in the Si layers. Released 
Si3N4 cantilevers showed a strong upward bending after the etching of the sacrificial Si 
layers. The compressive stress is probably due to the high hydrogen content in the sili-
con [Kak86]. At temperatures > 350°C, hydrogen can be released from Si [Cha91]. In-
creasing of the substrate table temperature to 400°C for several minutes after each Si 
deposition resulted in a remarkable stress reduction of the Si layers. For thicker Si lay-
ers, the deposition was split in several parts of deposition and annealing. During the 
annealing time, the chamber was pumped and no gases were flowing.   
After the incorporation of annealing steps into the deposition process, only a minor re-
sidual stress remains in the Si layers. The Si3N4 cantilevers released by the wet chemical 
etching showed a significant smaller bending.   
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Fig. 5-6: Wet chemical etch 
selectivity (ratio of etch 
rates of deposited Si to 
Si3N4 in 33% KOH solution 
at 70°C) as a function of the 
two PECVD parameters, 
SiH4 (2% SiH4-N2) gas flow 
and process pressure. 

5.4. Reactive ion etching of Si / Si3N4 (mesa etching) 

The next step of the filter fabrication is the structuring of the layer stack by anisotropic 
vertical dry etching. Apart from obtaining appropriate etch results, the goal of the fol-
lowing investigations was to etch the stack using a simple photoresist mask, which 
should minimise the time and costs for the filter fabrication. 
In chapter 4.4, a dry etch process is described for Si3N4 layers. Applying this process to 
the Si3N4 / Si layer structure, the achieved Si etch rate was extremely small, so that the 
Si layer could be rather used as etch stop layer than it was etched. Only minor im-
provements could be achieved by changing the etch parameters. Parameters resulting in 
higher sputtering energies, increased the Si etch rate to the disadvantage of a simultane-
ous higher photoresist etch rate.  
To overcome this problem, the chemical part of the etching had to be increased. As sug-
gested in many references given in chapter 3.3.3, SF6 and O2 were added as process 
gases. The etch rate of Si increased from a few nm/min up to values of 350nm/min (P = 
110W, p = 13Pa, SF6 = 5sccm, O2 = 2sccm). Unfortunately, the etch rate of the photore-
sist was in the same range and the pattern transfer quality was unsatisfying. Using 
smaller process pressures, the quality of the etch result, especially of the sidewall angle, 
could be improved. Omitting of the O2 process gas increased the selectivity of the 
etched layers to the photoresist but reduced generally the etch rates. In contrast to the 
etching solely using CHF3 and Ar, the addition of SF6 always resulted in a photoresist 
etching. 
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As a result of the initial experiments, further variations of etch recipes were performed 
including SF6, CHF3 and Ar at smallest possible process pressures. For gas flows of 
CHF3 = 6sccm, Ar = 6sccm, a process pressure of p = 2.5Pa, and a RF power of P = 
100W, the etch rates of Si and Si3N4 were investigated for different SF6 gas flows (see 
Fig. 5-7). For this investigations, Si and Si3N4 layers of approximately 2µm thickness 
were deposited on top of glass substrates. Both materials were deposited using the 
PECVD parameter as used for the stack deposition (Si: 2% SiH4-N2 = 1500sccm, PLF = 
8W, p = 240Pa, T = 300°C, and Si3N4: 2% SiH4-N2 = 1000sccm, NH3 = 20sccm, PHF = 
20W, PLF = 20W, pulse duration tHF : tLF = 19s : 6s, p = 87Pa, T = 300°C). An AZ 1518 
photoresist and a typical mesa etch mask were applied for the investigations. The etch 
rates were determined using surface profiler measurements before and after the etching 
(etch time t = 15min) as described in chapter 3.3.1.    
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Fig. 5-7: Etch rates of Si3N4 and Si 
(top) as well as etch selectivity of 
both to photoresist (bottom) as func-
tion of SF6 gas flow (CHF3 = 6sccm, 
Ar = 6sccm, t = 15min, p = 2.5Pa, P 
= 100W, T = 12°C) 

It can be seen in the top diagram of Fig. 5-7 that the etch rate of Si increases with higher 
SF6 gas flows whereas the Si3N4 etch rate remains approximately constant. Higher SF6 
flows result also in a higher etch rate of the photoresist, which seemed to be attacked 
chemically by the SF6. After the first minutes of etching, a noticeably colour change of 
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the photoresist can be observed through a microscope. So the selectivity between photo-
resist and Si layer was approximately independent on the SF6 gas flow whereas the se-
lectivity between photoresist and Si3N4 decreased by higher SF6 gas flows. Assumed the 
stack to be etched consists of equivalent parts of Si3N4 and Si layers, a photoresist 
thickness of approximately half of the height of the required mesa height would be nec-
essary. In comparison: an etch depth of approximately 9µm was required for the filter 
described by Fig. 5-2. 
In the next experiments, the SF6 gas flow was kept constant at 0.4sccm and the impact 
of the RF power on the etch rates and the selectivities was investigated. The other pa-
rameters were chosen as before, and the similar samples were used. The etch rate of 
Si3N4 and photoresist increased with the applied power as expected whereas the gradi-
ent of the photoresist etch rate was higher. In contrast, the Si etch rate was nearly inde-
pendent on the RF power. As a result, the best values for the selectivity were found for 
small RF powers  (see Fig. 5-8).  
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selectivity to photoresist as function 
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= 6sccm, Ar = 6sccm, t = 15min, p = 
2.5Pa, T = 12°C) 



124 

At P = 25W, selectivities of approximately 5 (Si3N4) and 3 (Si) were achieved. A fur-
ther decrease of the RF power resulted in unstable plasma conditions. 
The etch results obtained by these parameters were satisfying, however the sidewall 
angle could be improved by a further decrease of the Ar / CHF3 gas flow to 4sccm. Si-
multaneously this resulted in minor changes of the etch rates and a slightly better selec-
tivity.  
The Si / Si3N4 etch rates obtained at this conditions were in the order of 25nm/min. 
Hence, the required etch depth is achieved after approximately 6h. Experiments with 
layer stacks showed that the etch rate of the materials increased slightly for a few 
nm/min after several tens of minutes, whereas the photoresist etch rate decreased. It is 
assumed that a temperature rise at the surface of the samples resulted in a faster material 
etching especially of the Si. At the same time the photoresist was baked which results in 
a harder mask. The obtained slightly higher selectivity was advantageously for the proc-
ess. The chosen substrate seemed to have only a minor influence on the etch results. The 
etch rates between materials deposited on top of a glass substrate and materials on top 
of a wafer differed not significantly.          
In general, the required etch depth of approximately 9µm could not be achieved using 
AZ 1518 as photoresist, which has a thickness of about 1.8µm at standard spin condi-
tions. However, another photoresist, the Clariant AZ 4533 (thickness of 3.3µm at stan-
dard spin conditions) which showed similar etch rates and selectivities in experiments, 
could be applied successfully.  

5.5. Selective underetching and critical point drying 

The wet chemical etching of the Si sacrificial layers were performed using a 33% KOH 
solution. To determine etch rates, samples were prepared with Si and Si3N4 layers on 
top of a glass substrate. As described in chapter 3.2.2, a negative photoresist was struc-
tured on top, a metal layer (50nm Ti / 50nm Au) was deposited and a lift-off was per-
formed. The samples were etched for certain time intervals. The etch depth was meas-
ured before and after the etching by a surface profiler and the etch rate was determined 
as gradient of the etch depth function.  
A variation of the KOH temperature between 40°C and 80°C showed a strong impact on 
the Si etch rate. A higher temperature resulted in an increasing etch rate of Si. As a rule 
of thumb, a doubled etch rate was achieved approximately for each temperature rise of 
10K. The etch rate of Si3N4 showed a similar behaviour, however, a precise determina-
tion of the rate was difficult for higher temperatures ≥ 80°C. At these KOH tempera-
tures, all applied metal masks were attacked heavily, and mostly detached from the ni-
tride layer within 1 to 2 hours. In general, higher etch temperatures promised better se-
lectivities between Si and Si3N4 and higher etch rates [Oli03]. However, to allow the 
application of metal layers for tuning purposes in further developments, the etch tem-
perature was restricted to 70°C. At this temperature, the Si and the Si3N4 etch rate were 
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103nm/min and 0.13nm/min, respectively, i.e. depending on the structures an underetch 
time of several hours is required. To ensure constant process conditions during this 
time, the etching was performed in a closed glass pod. The glass pod was located in a 
water bath which was temperature controlled.    
In contrast to the value of 103nm/min determined during the etching of test structures, 
the Si etch rate decreased during the etching of the sacrificial layer. This seems to be 
due to the small gaps of 350nm and the resulting decreasing replacement of used solu-
tion within the gaps during the etching. The underetching time of membranes having a 
diameter of 20µm, i.e. gaps of 10µm length have to be etched from both sides, was 
150min instead of the expected 100min. 
After the KOH etching, the samples were flushed slowly by hot water. The layers would 
collapse due to capillary forces if the structure would be dried simply after the sacrifi-
cial layer etching. So the samples were cooled down within the water, and the water was 
replaced by IPA using a series of water to IPA mixtures with increasing alcohol content 
as described in chapter 4.9. Afterwards, the samples were transferred within IPA into 
the critical point dryer. Finally, the alcohol was replaced under pressure by CO2, and the 
samples were critical point dried.  
SEMs of the results are depicted in Fig. 5-9. Since the observation of the nonconductive 
Si3N4 layers by SEM is problematical, the samples were prepared by sputtering a 15nm 
Au layer on top. The membranes, consisting of small 3λ0/4 Si3N4 cantilevers with 
lengths up to 50µm, are fully underetched 

 

Fig. 5-9: All-air-gap Si3N4 filter after underetching: membrane stack (left), cross view showing the re-
leased structure (right) 

5.6. Characterisation 

Due to the almost stress free PECVD of the layers, a high vertical position accuracy was 
obtained for the freestanding Si3N4 membranes. A WLI measurement (see Fig. 5-10) 
shows the flatness of the cantilever structures. The figure shows a three-dimensional 
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surface profile measurement of a cantilever (left) and a surface profile (right). The 
views contain a highly enlarged height scale. Over a distance of 30µm, the cantilever is 
bent by approximately only 10nm.   

 

 

 

Fig. 5-10: WLI measurement of a cantilever: 3D view (left), top view with marker line (right, top), and 
surface profile along the marker line (right, bottom) 

The test structures (see chapter 3.6.2) showed no gradient stress but a small compressive 
stress. Due to the cantilever structure, the mean stress did not have an effect on the ver-
tical positions of the membranes, however, if other lateral designs are chosen, for ex-
ample membranes fixed by three or four suspensions, the stress can force unfavourable 
bendings of the suspensions or membranes. For these cases, a further stress reduction or 
tensile stress in the nitride layers can be obtained simply by a variation of the PECVD 
frequency interlacing time ratio according to [Tar04].  
The structures were characterised optically by reflection and transmission measure-
ments. The reflection measurements were performed using the set-up described in chap-
ter 4.11. Since the transmission measurements provide additional information, for ex-
ample an insertion loss value, this measurement method and the applied set-up are pre-
sented here. 
A schematic view of the measurement set-up is shown in Fig. 5-11. A tuneable laser 
(HP 8168A) is used as light source. The laser has a spectral bandwidth of about 100kHz 
and can be tuned between 1460nm and 1565nm. A wavelength step size of 50pm was 
chosen for the measurement. Single mode fibres were applied for the connections. Dur-
ing the measurement, the end of the cleaved fibre transmitting the laser light was lo-
cated very close to the membranes (approximately 1 - 3µm distance). A piezo-driven 
prober could precisely adjust the distance. The sample could be moved horizontally and 
could be tilted additionally. Using photo detectors and a transient recorder, the transmit-
ted light as well as the modulated light coming from the laser source were evaluated.  
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Fig. 5-11: Schematic view of 
the measurement set-up for 
transmission measurements 

Prior to the measurements, the set-up was calibrated without filter to 0dB. After the in-
sertion of the filter, the transmittance of the FPF was measured between 1460nm and 
1520nm. A characterisation result of a measured filter is shown in Fig. 5-12. The filter 
dip was determined at 1489nm. The FWHM of the FPF was 1.5nm, and the filter inser-
tion loss had a small value of 1.3dB. 
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Fig. 5-12: Measured trans-
mittance spectrum between 
1460nm and 1520nm of the 
all-air-gap filter 

The filter were fabricated on top of a glass substrate which had an area of approximately 
1cm x 1cm. Within the centre of the area, the layer thickness was constant and conse-
quently, similar characterisation results were obtained. Due to the plasma deposition 
process, the thicknesses of the layers were smaller at the boarder areas. Since the filter 
have a large FSR, the resulting impact on the DBRs can be neglected but the smaller 
cavity lengths result in a shift to smaller wavelengths of the filter dip.  
The thermal impact on the operation was measured exemplarily for a filter with 35µm 
cantilever length and 15µm membrane diameter (depicted in Fig. 5-9). By varying the 
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temperature between 20°C and 60°C, a shift of the filter dip of -0.044nm/K was meas-
ured for this device.  

5.7. Conclusion 

The new low-cost surface micromachining approach facilitates the construction of all-
air-gap Si3N4 filters. By means of an optical filter designed for a filter wavelength of 
1488nm, the fabrication steps were described in detail in the previous sections. Silicon, 
alternately plasma enhanced deposited with Si3N4, is used as sacrificial layer. The depo-
sition process was optimised with regard to low film stress and the wet chemical sacrifi-
cial layer etching by KOH. A RIE step using photo resist masks for the patterning of 
stacks up to 10µm height was developed.  
The filter has two DBRs consisting of five Si3N4 layers of 3λ0/4 optical thickness and 
λ0/4 air-gaps in between. The demonstrator devices were fabricated on top of a glass 
substrate; however, the low temperature process enables the fabrication on top of a wide 
range of pre-processed devices. The optical properties of Si3N4 allow a wide spectral 
application range between the ultraviolet and wavelengths in the far infrared. 
The characterisation results demonstrate the potential of the fabricated all-air-gap verti-
cal FPF. A scanning white light interferometer measurement showed nearly flat, re-
leased cantilevers. Excellent optical properties of the filters have been obtained. In addi-
tion, the experimental data show a very good agreement to the results of the correspond-
ing model calculations.   
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6. Summary and outlook 

Two different types of air-gap based vertical cavity Fabry-Pérot filters are presented in 
this work: tuneable InP / air-gap filters and non-tuneable silicon nitride / air-gap filters. 
The air-gap technology facilitates DBRs with a high refractive index contrast. As a re-
sult, sophisticated optical filters can be designed using only few layers. In contrast, the 
fabrication is more difficult than a common deposition of alternating pure solid layers 
with different refractive index. In both approaches of this work, the air-gaps are 
achieved using surface micromachining methods. The air-gaps offer the possibility to 
modify the optical properties of the filters during the operation. This property can be 
utilized manifold, for example the filters can be tuned by micro-mechanical displace-
ments of layers or the devices can detect gases due to a change of the optical properties 
within the gaps. The vertical arrangement of the optical filters allows the application of 
highly accurate deposition or epitaxy of layers on top of a substrate. In addition, auto-
mated tests on the substrate are possible.       
For the InP / air-gap filters, fabrication and characterisation tools as wells as dedicated 
methods were established in the institute during this work. Apart from the epitaxy of the 
InP / GaInAs layers, which was done by our cooperation partners, the complete design, 
fabrication and characterisation were performed in the institute. This work is focused on 
the technology and fabrication of the filters, and the optimisations introduced during the 
time. Especially, improvements of reactive ion etching steps are described in detail.  
Compared with filters of other groups in the world, devices with very thin released lay-
ers (357nm / 367nm) were fabricated. The electrostatically tuned filters showed an ex-
cellent tuning performance (up to -13.9nm/V2), and a wide continuous tuning range 
(>140nm) with small tuning voltages was achieved. In comparison with previously re-
ported tuneable Fabry-Pérot-Filters, these results are international record values. How-
ever, probably due to epitaxial constraints, gradient strain determined in InP layers re-
sulted in undesirable deformations of the released structures. Especially bent corners of 
the supporting posts of the filters had contributed to intolerable vertical displacements 
of the filter membranes. This effect was reduced remarkably by an application of an 
underetch protection mask on the supporting posts. With respect to FSR and FWHM, 
the obtained filters can be applied for coarse WDM. DWDM applications will require 
further improvements particularly in the reduction of the strain-induced deformations. 
Apart from the complete filters, the strain and consequences to the reliability and de-
formation topology of single freestanding InP layers are investigated. A comparison of 
1065nm with 357nm thick InP layers showed an increasing impact of the gradient strain 
in the thinner layers. Reliability measurements indicated that, depending on the lateral 
design, devices with layer thicknesses of 357nm operate at the verge to instability dur-
ing the micro-mechanical tuning.      
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In comparison to the InP based filters where an expensive epitaxy is required, the Si3N4 
/ air-gap filters are low-cost devices. Based on former stress investigations of plasma 
enhanced deposited materials performed in the institute, a completely new surface mi-
cromachining approach was developed. The entire process flow was optimised with 
regard to the fabrication costs. Silicon, deposited using optimised parameters, was ap-
plied as sacrificial layers for the fabrication of the filters. An appropriate adapted RIE 
process using CHF3 and SF6 gases enabled the deep dry etching of the layer stack using 
simple photoresist masks. The potential of the approach was documented by the charac-
terisation results. White light interferometric investigations indicate nearly gradient 
stress free deposited cantilevers. The optical measurement of the fabricated filter de-
vices showed an excellent agreement to the results of the corresponding model calcula-
tions. 
With respect to an application in the fields of communication or sensors, further optimi-
sations of the filters are required in the future. An enhanced gradient strain reduction of 
the epitaxially grown InP layer will be essential, and can result in further fabrication 
process flow simplifications and more reliable, sophisticated devices. 
The fabrication processes for the Si3N4 / air-gap filters support already an integration of 
metal layers. Hence, a next step for these filters can be the advancement to tuneable 
filters. Alternatively the application as gas sensors is possible by an according lateral 
design adaptation.      



131 

7. Literature 

 
[Ada92] S. Adachi: Physical Properties of III-V Semiconductor Compounds. John Wi-
ley & Sons, 1992. 
 
[Abe96] T. Abe and M.L. Reed: Control of liquid bridging induced stiction of micro-
mechanical structures. Journal of Micromechanics and Microengineering, vol. 6, pp. 
213-217, 1996. 
 
[Ade90a] I. Adesida, E. Andideh, C. Jones and N. Finnegan: Etching of InP in methan-
based plasmas. 2nd Indium Phosphide and Related Materials Conference (IPRM'90), 
pp. 405-408, 1990. 
 
[Ade90b] I. Adesida, K. Nummila, E. Andideh, J. Hughes, C. Caneau, R. Bhat and R. 
Holmstrom: Nanostructure fabrication in InP and related compounds. Journal of Vac-
uum Science and Technologie B, vol. 8, pp. 1357-1360, 1990. 
 
[Ago81] R. d'Agostino and D.L. Flamm: Plasma etching of Si and SiO2 in SF6-O2 mix-
tures. Journal of Applied Physics, vol. 52, pp. 162-167, 1981. 
 
[All85] K. Allaert, A. Van Calster, H. Loos and A. Lequesne: A Comparison Between 
Silicon Nitride Films Made by PCVD of N2-SiH4/Ar and N2-SiH4/He. Journal of Elec-
trochemical Society, vol. 132, pp. 1763-1766, 1985. 
 
[Alz99] C.L.G. Alzar: Mechanical stress reduction in PECVD a-Si:H thin films. Mate-
rial Science and Engineering B, vol. B65, pp. 123-126, 1999. 
 
[Ama00] T. Amano, F. Koyama, N. Nishiyama and K. Iga: Temperature-Insensitive 
Micromachined AlGaAs-GaAs Vertical Cavity Filter. IEEE Photonics Technology Let-
ters, vol. 12, pp. 510-512, 2000. 
 
[Arc03] P.U. Ar-chaow: Optimization and Fabrication of Tunable Air-gap InP based 
Filters. Diplomarbeit II / Master Thesis, Department of EE, University of Kassel, 2003. 
 
[Bag02] A. Bagolini, L. Pakula, T.L.M. Scholtes, H.T.M. Pham, P.J. French and P.M. 
Sarro: Polyimide sacrificial layer and novel materials for post-processing surface mi-
cromachining. Journal of Micromechanics and Microengineering, vol. 12, pp. 385-389, 
2002. 
 
[Bar98] M. Bartek and R.F. Wolffenbuttel: Dry release of metal structures in oxygen 
plasma: process characterization and optimization. Journal of Micromechanics and Mi-
croengineering, vol. 8, pp. 91-94, 1998. 
 
[Bas98] S.A. Bashar: Study of Indium Tin Oxide (ITO) for Novel Optoelectronic De-
vices. PhD Thesis, Department of EE, King's College, University of London, London, 
1998. 



132 

 
[Bat01] R. Batchellor: Overcoming metro access, loss, and traffic challenges. WDM 
Solutions, pp. 49-55, April, 2001. 
 
[Bei81] W. Beinvogl, H.R. Deppe, R. Stokan and B. Hasler: Plasma Etching of Polysi-
licon and Si3N4 in SF6 with Some Impact on MOS Device Characterisitics. IEEE Tran-
sactions on Electron Devices, vol. 28, pp. 1332-1337, 1981. 
 
[Ber02] J.W. Berenschot, N.R. Tas, T.S.J. Lammerink, M. Elwenspoek and A. van den 
Berg: Advanced sacrificial poly-Si technology for fluidic systems. Journal of Microme-
chanics and Microengineering, vol. 12, pp. 621-624, 2002. 
 
[Ber05] L. Bergmann, C. Schaefer and R. Kassing: Lehrbuch der Experimentalphysik. 
Band 6 - Festkörperphysik (to be published). Walter de Gruyter, 2005. 
 
[Ber72] H.H. Berger: Models for contacts to planar devices. Solid-State Electronics, 
vol. 15, pp. 145-158, 1972. 
 
[Ble05] H. Bleich: Bosse der Fasern. c't magazin, pp. 88-93, issue 7, 2005. 
 
[Bon01] P. Bondavalli, R. LeDantec and T. Benyattou: Influence of the Involuntary 
Underetching on the Mechanical Properties of Tunable Fabry-Pérot Filters for Optical 
Communications. Journal of Microelectromechanical Systems, vol. 10, pp. 298-301, 
2001. 
 
[Bon79] J.A. Bondur: CF4 Etching in a Diode System. Journal of Electrochemical Soci-
ety, vol. 126, pp. 226-231, 1979. 
 
[Bug85] M. Bugajski and W. Lewandowski: Concentration-dependent absorption and 
photoluminescence of n-type InP. Journal of Applied Physics, vol. 57, pp. 521-530, 
1985. 
 
[Bus98] J.M. Bustillo, R.T. Howe and R.S. Muller: Surface Micromachining for Micro-
electromechanical Systems. Proceedings of the IEEE, vol. 86, p. 1552, 1998. 
 
[Büh97] J. Bühler, F.-P. Steiner and H. Baltes: Silicon dioxide sacrificial layer etching 
in surface micromachining. Journal of Micromechanics and Microengineering, vol. 7, 
pp. R1-R13, 1997. 
 
[Car01] C.-F. Carlström: Ion beam etching of InP based materials. PhD Thesis, De-
partment of Microelectronics and Information Technology, Royal Institute of Technol-
ogy (KTH) Stockholm, Stockholm, 2001. 
 
[Car99] C.F. Carlström, S. Anand and G. Landgren: Trimethylamine: Novel source for 
low damage reactive ion beam etching of InP. Journal of Vacuum Science and Tech-
nologie B, vol. 17, pp. 2660-2663, 1999. 
 



133 

[Cha91] S. Chang, W. Eaton, J. Fulmer, C. Gonzales, B. Underwood, J. Wong and R.L. 
Smith: Micromechanical structures in amorphous silicon. International Conference on 
Solid-State Sensors and Actuators (Transducers'91), pp. 751-754, 1991. 
 
[Che86] C.L. Chen, L.J. Mahoney, M.C. Finn, R.C. Brooks, A. Chu and J.G. Mav-
roides: Low resistance Pd/Ge/Au and Ge/Pd/Au ohmic contacts to n-type GaAs. Ap-
plied Physics Letters, vol. 48, pp. 535-537, 1986. 
 
[Chi00] N. Chitica, M. Strassner and J. Daleiden: Quantitative evaluation of growth-
induced residual stress in InP epitaxial micromechanical structures. Applied Physics 
Letters, vol. 77, pp. 202-204, 2000. 
 
[Chi01] N. Chitica and M. Strassner: Room-temperature operation of photopumped 
monolithic InP vertical-cavity laser with two air-gap Bragg reflectors. Applied Physics 
Letters, vol. 78, pp. 3935-3937, 2001. 
 
[Chi03] N. Chitica: Surface-Micromachined Vertical-Cavity Micro-Opto-Electro-
Mechanical Devices on InP. PhD Thesis, Department of Microelectronics and Informa-
tion Technology, Royal Institute of Technology (KTH) Stockholm, Stockholm, 2003. 
 
[Chi99a] N. Chitica, J. Daleiden, J. Bentell, J. André, M. Strassner, S. Greek, D. Pas-
quariello, M. Karlsson, R. Gupta and K. Hjort: Fabrication of Tunable InP/Air-gap 
Fabry-Perot Cavities by Selective Etching of InGaAs Sacrificial Layers. Physica Scrip-
ta, vol. T79, pp. 131-134, 1999. 
 
[Chi99b] N. Chitica, J. Daleiden, M. Strassner and K. Streubel: Monolithic InP-Based 
Tunable Filter with 10-nm Bandwidth for Optical Data Interconnects in the 1550-nm 
Band. IEEE Photonics Technology Letters, vol. 11, pp. 584-586, 1999. 
 
[Cho02] S.J. Choi, K. Djordjev, S.J. Choi and P.D. Dapkus: CH4-based dry etching of 
high Q InP microdisks. Journal of Vacuum Science and Technologie B, vol. 20, pp. 301-
305, 2002. 
 
[Chu05] C.-K. Chung, M.-Q. Tsai, P.-H. Tsai and C. Lee: Fabrication and characteriza-
tion of amorphous Si films by PECVD for MEMS. Journal of Micromechanics and 
Microengineering, vol. 15, pp. 136-142, 2005. 
 
[Cla85] W.A.P. Claassen, W.G.J.N. Valkenburg, M.F.C. Willemsen and W.M. v. d. 
Wijgert: Influence of Deposition Temperature, Gas Pressure, Gas Phase Composition, 
and RF Frequency on Composition and Mechanical Stress of Plasma Silicon Nitride 
Layers. Journal of Electrochemical Society, vol. 132, pp. 893-898, 1985. 
 
[Col80] L.A. Coldren, K. Iga, B.I. Miller and J.A. Rentschler: GaInAsP/InP stripe-
geometry laser with a reactive-ion-etched facet. Applied Physics Letters, vol. 37, pp. 
681-683, 1980. 
 



134 

[Col81] L.A. Coldren and J.A. Rentschler: Directional reactive-ion-etching of InP with 
Cl2 containing gases. Journal of Vacuum Science and Technologie, vol. 19, pp. 225-
230, 1981. 
 
[Col95] L.A. Coldren and S.W. Corzine: Diode Lasers and Photonic Integrated Circuits. 
John Wiley & Sons, 1995. 
 
[Con90] C. Constantine, D. Johnson, S.J. Pearton, U.K. Chakrabarti, A.B. Emerson, 
W.S. Hobson and A.P. Kinsella: Plasma etching of III-V semiconductors in CH4/H2/Ar 
electron cyclotron resonance discharges. Journal of Vacuum Science and Technologie 
B, vol. 8, pp. 596-606, 1990. 
 
[Cro04] R.A. Crocombe: MEMS technology moves process spectroscopy into a new 
dimension. Spectroscopy Europe, vol. 16, pp. 16-19, 2004. 
 
[Cui97] Z. Cui and R.A. Lawes: A new sacrificial layer process for the fabrication of 
micromechanical systems. Journal of Micromechanics and Microengineering, vol. 7, 
pp. 128-130, 1997. 
 
[Dal02] J. Daleiden, N. Chitica and M. Strassner: Tunable InP-Based Microcavity De-
vices for Optical Communication Systems. Sensors and Materials, vol. 14, pp. 35-45, 
2002. 
 
[Dei91] P.P. Deimel: Micromachining processes and structures in micro-optics and op-
toelectronics. Journal of Micromechanics and Microengineering, vol. 1, pp. 199-222, 
1991. 
 
[Des92] G.C. DeSalvo, W.F. Tseng and J. Comas: Etch Rates and Selctivities of Citric 
Acid / Hydrogen Peroxide on GaAs, Al0.3Ga0.7As, In0.2Ga0.8As, In0.53Ga0.47As, 
In0.52Al0.48As, and InP. Journal of Electrochemical Society, vol. 139, pp. 831-835, 1992. 
 
[Dha01] R. Dhar and M. Lowry: Tunable lasers create dynamic networking capabilities. 
WDM Solutions, pp. 83-88, September, 2001. 
 
[Din98] J.A. Diniz, J.W. Swart, K.B. Jung, J. Hong and P.S. J.: Inductively coupled 
plasma etching of In-based compound semiconductors in CH4/H2/Ar. Solid-State Elec-
tronics, vol. 42, pp. 1947-1951, 1998. 
 
[Elb97] L. Elbrecht, U. Storm, R. Catanescu and J. Binder: Comparison of stress meas-
urement techniques in surface micromachining. Journal of Micromechanics and Micro-
engineering, vol. 7, p. 154, 1997. 
 
[Eri97] F. Ericson, S. Greek, J. Söderkvist and J.-Å. Schweitz: High-sensitivity surface 
micromachined structures for internal stress and stress gradient evaluation. Journal of 
Micromechanics and Microengineering, vol. 7, pp. 30-36, 1997. 
 



135 

[Fan96] W. Fang and J.A. Wickert: Determining mean and gradient residual stresses in 
thin films using micromachined cantilevers. Journal of Micromechanics and Microen-
gineering, vol. 6, pp. 301-309, 1996. 
 
[Feu97a] Y. Feurprier, C. Cardinaud and G. Turban: Influence of the gas mixture on the 
reactive ion etching of InP in CH4-H2 plasma. Journal of Vacuum Science and Tech-
nologie B, vol. 15, pp. 1733-1740, 1997. 
 
[Feu97b] Y. Feurprier, C. Cardinaud, B. Grolleau and G. Turban: Etch product identifi-
cation during CH4 - H2 RIE of InP using mass spectrometry. Plasma Sources Science 
and Technology, vol. 6, pp. 561-568, 1997. 
 
[Feu98] Y. Feurprier, C. Cardinaud, B. Grolleau and G. Turban: Proposal for an etching 
mechanism of InP in CH4-H2 mixtures based on plasma diagnostics and surface analy-
sis. Journal of Vacuum Science and Technologie A, vol. 16, pp. 1552-1559, 1998. 
 
[Fon85] S.J. Fonash: Advances in Dry Etching Processes - A Review. Solid State Tech-
nology, pp. 150-158, 1985. 
 
[Fow89] G.R. Fowles: Introduction to Modern Optics. Dover Publications, 1989. 
 
[Fuk01] K. Fukuchi, T. Kasamatsu, M. Morie, R. Ohhira, T. Ito, K. Sekiya, D. Ogasa-
hara and T. Ono: 10.92=Tb/s (273 x 40-Gb/s) triple-band/ultra-dense WDM optical-
repeatered transmission experiment. Optical Fiber Communication Conference and 
Exhibit (OFC2001), vol. 4, pp. 24-1-24-4, 2001. 
 
[Gra85] R.J. Graham, S. Myhajlenko and J.W. Steeds: High-resolution luminescence 
studies of indium phosphide under ohmic contacts. Journal of Applied Physics, vol. 57, 
pp. 1311-1316, 1985. 
 
[Gre99a] S. Greek, R. Gupta and K. Hjort: Mechanical Considerations in the Design of 
a Micromechanical Tuneable InP-Based WDM Filter. Journal of Microelectromechani-
cal Systems, vol. 8, pp. 328-334, 1999. 
 
[Gre99b] S. Greek and N. Chitica: Deflection of surface-micromachined devices due to 
internal, homogeneous or gradient stress. Sensors and Actuators A, vol. 78, pp. 1-7, 
1999. 
 
[Gre99c] S. Greek, F. Ericson, S. Johansson, M. Fürtsch and A. Rump: Mechanical 
characterization of thick polysilicon films: Young's modulus and fracture strength eva-
luated with microstructures. Journal of Micromechanics and Microengineering, vol. 9, 
pp. 245-251, 1999. 
 
[Guc92] H. Guckel, D. Burns, C. Rutigliano, E. Lovell and B. Choi: Diagnostic micro-
structures for the measurement of intrinsic strain in thin films. Journal of Micromechan-
ics and Microengineering, vol. 2, pp. 86-95, 1992. 
 



136 

[Hab94] F.H.P.M. Habraken and A.E.T. Kuiper: Silicon nitride and oxynitride films. 
Material Science and Engineering R, vol. 12, pp. 123-175, 1994. 
 
[Hal02] H. Halbritter, M. Aziz, F. Riemenschneider and P. Meissner: Electrothermally 
tunable two-chip optical filter with very low-cost and simple concept. Electronics Let-
ters, vol. 38, pp. 1201-1202, 2002. 
 
[Has05] A. Hasse: PhD Thesis (to be published), Department of Physics, University of 
Kassel, Kassel, 2005. 
 
[Hay89] T.R. Hayes, M.A. Dreisbach, P.M. Thomas, W.C. Dautremont-Smith and L.A. 
Heimbrook: Reactive ion etching of InP using CH4/H2 mixtures: Mechanisms of etching 
and anisotropy. Journal of Vacuum Science and Technologie B, vol. 7, pp. 1130-1140, 
1989. 
 
[He01] C. He, D. Ma and W.-Z. Li: Thin-film filters are the building blocks of multi-
plexing devices. WDM Solutions, pp. 39-43, May, 2001. 
 
[Hec02] J. Hecht: An introduction to optical networking. WDM Solutions, January, 
2002. 
 
[Hec03] J. Hecht: An unsolved mystery. Laser Focus World, February, 2003. 
 
[Hes84] D.W. Hess: Plasma-enhanced CVD: Oxides, nitrides, transition metals, and 
transition metal silicides. Journal of Vacuum Science and Technologie A, vol. 2, pp. 
244-252, 1984. 
 
[Hjo96] K. Hjort: Sacrificial etching of III-V compounds for micromechanical devices. 
Journal of Micromechanics and Microengineering, vol. 6, pp. 370-375, 1996. 
 
[Hoh03] D. Hohlfeld, M. Epmeier and H. Zappe: A thermally tunable, silicon-based 
optical filter. Sensors and Actuators A, vol. 103, pp. 93-99, 2003. 
 
[Hu80] E.L. Hu and R.E. Howard: Reactive-ion etching of GaAs and InP using 
CCl2F2/Ar/O2. Applied Physics Letters, vol. 37, pp. 1022-1024, 1980. 
 
[Hua03] J.S. Huang and C.B. Vartuli: Scanning transmission electron microscopy study 
of Au/Zn/Au/Cr/Au and Au/Ti/Pt/Au/Cr/Au contacts to p-type InGaAs/InP. Journal of 
Applied Physics, vol. 93, pp. 5196-5200, 2003. 
 
[Hua96] W.C. Huang, T.F. Lei and C.L. Lee: AuGePt ohmic contact to n-type InP. 
Journal of Applied Physics, vol. 79, pp. 9200-9205, 1996. 
 
[Hun99] E.S. Hung and S.D. Senturia: Extending the Travel Range of Analog-Tuned 
Electrostatic Actuators. Journal of Microelectromechanical Systems, vol. 8, pp. 497-
505, 1999. 
 



137 

[Ive94] D.G. Ivey, D. Wang, D. Yang, R. Bruce and G. Knight: Au/Ge/Ni Ohmic Con-
tacts to n-Type InP. Journal of Electronic Materials, vol. 23, pp. 441-446, 1994. 
 
[Jan02] K. Janiak and U. Niggebrügge: Investigation of macroscopic uniformity during 
CH4/H2 reactive ion etching of InP and its improvement by use of a guard ring. Journal 
of Vacuum Science and Technologie B, vol. 20, pp. 105-108, 2002. 
 
[Jer91] J.H. Jerman, D.J. Clift and S.R. Mallinson: A miniature Fabry-Perot interfer-
ometer with a corrugated silicon diaphragm support. Sensors and Actuators A, vol. 29, 
pp. 151-158, 1991. 
 
[Kak86] H. Kakinuma, T. Nishikawa, T. Watanabe and K. Nihei: Intrinsic stress and 
hydrogen bonding in glow-discharge amorphous silicon films. Journal of Applied Phys-
ics, vol. 59, pp. 3110-3115, 1986. 
 
[Kan02] N. Kanbara, K. Suzuki, T. Watanabe and H. Iwaoka: Precisely tunable Fabry-
Perot filter for optical communications. IEEE/LEOS International Conference on Opti-
cal MEMS, Conference Digest, pp. 173-174, 2002. 
 
[Kas96] B.E.E. Kastenmeier, P.J. Matsuo, J.J. Beulens and G.S. Oehrlein: Chemical dry 
etching of silicon nitride and silicon dioxide using CF4/O2/N2 gas mixtures. Journal of 
Vacuum Science and Technologie A, vol. 14, pp. 2802-2813, 1996. 
 
[Kas98] B.E.E. Kastenmeier, P.J. Matsuo and G.S. Oehrlein, Langan, J. G.: Remote 
plasma etching of silicon nitride and silicon dioxide using NF3/O2 gas mixtures. Journal 
of Vacuum Science and Technologie A, vol. 16, pp. 2047-2056, 1998. 
 
[Kat86] W. Katzschner, U. Niggebrügge, R. Löffler and H. Schröter-Janssen: Reactive 
ion beam etching of InP with N2/O2 mixtures. Applied Physics Letters, vol. 48, pp. 230-
232, 1986. 
 
[Kat89] A. Katz, W.C. Dautremont-Smith, P.M. Thomas, L.A. Koszi, J.W. Lee, V.G. 
Riggs, R.L. Brown and J.L. Zilko: Pt/Ti/p-InGaAsP nonalloyed ohmic contact formed 
by rapid thermal processing. Journal of Applied Physics, vol. 65, pp. 4319-4323, 1989. 
 
[Kat90] A. Katz, P.M. Thomas, S.N.G. Chu, W.C. Dautremont-Smith, R.G. Sobers and 
S.G. Napholtz: Pt/Ti Ohmic contact to p++-InGaAsP (1.3µm) formed by rapid thermal 
processing. Journal of Applied Physics, vol. 67, pp. 884-889, 1990. 
 
[Kim03] C.-K. Kim, M.-L. Lee, C.-H. Jun and Y.T. Kim: 47nm Tuning of Thermally 
Actuated Fabry-Pérot Tunable Filter with Very Low Power Consumption. IEEE/LEOS 
International Conference on Optical MEMS, pp. 38-39, 2003. 
 
[Kim98] C.-J. Kim, J.Y. Kim and B. Sridharan: Comparative evaluation of drying tech-
niques for surface micromachining. Sensors and Actuators A, vol. 64, pp. 17-26, 1998. 
 
[Koy00] F. Koyama, T. Amano, N. Furukawa, N. Nishiyama, M. Arai and K. Iga: Mi-
cromachined Semiconductor Vertical Cavity for Temperature Insensitive Surface Emit-



138 

ting Lasers and Optical Filters. Japanese Journal of Applied Physics, vol. 39, pp. 1542-
1545, 2000. 
 
[Kui00] S. Kuiper, M. de Boer, C. van Rijn, W. Nijdam, G. Krijnen and M. Elwen-
spoek: Wet and dry etching techniques for the release of sub-micrometre perforated 
membranes. Journal of Micromechanics and Microengineering, vol. 10, pp. 171-174, 
2000. 
 
[Kuo90] Y. Kuo: Reactive ion etching of plasma enhanced chemical vapor deposition 
amorphous silicon and silicon nitride: Feeding gas effects. Journal of Vacuum Science 
and Technologie A, vol. 8, pp. 1702-1705, 1990. 
 
[Köh98] M. Köhler: Ätzverfahren für die Mikrosystemtechnik. Wiley-VCH, 1998. 
 
[Lar95] M.C. Larson, B. Pezeshki and J.S. Harris, Jr.: Vertical Coupled-Cavity Micro-
interferometer on GaAs with Deformable-Membrane Top Mirror. IEEE Photonics 
Technology Letters, vol. 7, pp. 382-384, 1995. 
 
[Led99] R. Le Dantec, T. Benyattou, G. Guillot, A. Spisser, C. Seassal, J.L. Leclercq, 
P. Viktorovitch, D. Rondi and R. Blondeau: Tunable Microcavity Based on InP–Air 
Bragg Mirrors. IEEE Journal of Selected Topics in Quantum Electronics, vol. 5, pp. 
111-114, 1999. 
 
[Lee01] W.S. Lee, Y. Zhu, B. Shaw, D. Watley, C. Scahill, J. Homan, C.R.S. Fludger, 
M. Jones and A. Hadjifotiou: 2.56Tbit/s (32x80Gbit/s) polarisation-bit-interleaved 
transmission over 120km DSF with 0.8bit/s/Hz spectral efficiency. Electronics Letters, 
vol. 37, pp. 964-965, 2001. 
 
[Lee04] H.-K. Lee, K.-S. Kim and E. Yoon: A Wide-Range Linearly Tunable Optical 
Filter Using Lorentz Force. IEEE Photonics Technology Letters, vol. 16, pp. 2087-2089, 
2004. 
 
[Lee94] P.W. Leech, G.K. Reeves and M.H. Kibel: Pd/Zn/Pd/Au ohmic contacts to p-
type In0.47Ga0.53As/InP. Journal of Applied Physics, vol. 76, pp. 4713-4718, 1994. 
 
[Lee96a] B.-T. Lee, D.-K. Kim and J.-H. Ahn: Observation of oxide films on CH4/H2 
reactive ion etch processed InP mesa sidewalls and surfaces. Semiconductor Science 
and Technology, vol. 11, pp. 1456-1459, 1996. 
 
[Lee96b] B.-T. Lee, D.-K. Kim, J.-H. Ahn and D.-G. Oh: Investigation of surface oxide 
films on InP mesa sidewalls and flat surfaces reactive ion etched using CH4/H2. Eighth 
International Conference on Indium Phosphide and Related Materials (IPRM'96), pp. 
416-419, 1996. 
 
[Lee96c] J.W. Lee, J. Hong and S.J. Pearton: Etching of InP at >1 µm/min in Cl2/Ar 
plasma chemistries. Applied Physics Letters, vol. 68, pp. 847-849, 1996. 
 



139 

[Leg95] R. Legtenberg, H. Jansen, M. de Boer and M. Elwenspoek: Anisotropic Reac-
tive Ion Etching of Silicon Using SF6/O2/CHF3 Gas Mixtures. Journal of Electrochemi-
cal Society, vol. 142, pp. 2020-2028, 1995. 
 
[Leh78] H.W. Lehmann and R. Widmer: Profile control by reactive sputter etching. 
Journal of Vacuum Science and Technologie, vol. 15, pp. 319-326, 1978. 
 
[Leh80] H.W. Lehmann and R. Widmer: Dry etching for pattern transfer. Journal of 
Vacuum Science and Technologie, vol. 17, pp. 1177-1183, 1980. 
 
[Lig83] R.W. Light and H.B. Bell: Profile Control of Polysilicon Lines with an SF6/O2 
Plasma Etch Process. Journal of Electrochemical Society, vol. 130, pp. 1567-1571, 
1983. 
 
[Lin04] C.-C. Lin, J. Fu and J.S. Harris, Jr.: Widely Tunable Al2O3-GaAs DBR Filters 
With Variable Tuning Characteristics. IEEE Journal of Selected Topics in Quantum 
Electronics, vol. 10, pp. 614-621, 2004. 
 
[Lüs02] P. Lüsse: Optik statt Elektronik. Funkschau, pp. 57-58, 19, 2002. 
 
[Mab97] R. Maboudian and R.T. Howe: Critical Review: Adhesion in surface micro-
mechanical structures. Journal of Vacuum Science and Technologie B, vol. 15, pp. 1-20, 
1997. 
 
[Mac01] H.A. Macleod: Thin-film optical filters. Institute of Physics Publishing, 2001. 
 
[Mad99] C.K. Madsen and J.H. Zhao: Optical Filter Design and Analysis. John Wiley 
& Sons, 1999. 
 
[Mak89] L.K. Mak, C.M. Rogers and D.C. Northrop: Specific contact resistance meas-
urements on semiconductors. Journal of Physics E: Scientific Instruments, vol. 22, pp. 
317-321, 1989. 
 
[Mas93a] C.H. Mastrangelo and C.H. Hsu: Mechanical Stability and Adhesion of Mi-
crostructures Under Capillary Forces - Part I: Basic Theory. Journal of Microelectro-
mechanical Systems, vol. 2, pp. 33-43, 1993. 
 
[Mas93b] C.H. Mastrangelo and C.H. Hsu: Mechanical Stability and Adhesion of Mi-
crostructures Under Capillary Forces - Part II: Experiments. Journal of Microelectro-
mechanical Systems, vol. 2, pp. 44-55, 1993. 
 
[Mat02] C.F.R. Mateus, C.-H. Chang, L. Chrostowski, S. Yang, D. Sun, R. Pathak and 
C.J. Chang-Hasnain: Widely Tunable Torsional Optical Filter. IEEE Photonics Tech-
nology Letters, vol. 14, pp. 819-821, 2002. 
 
[McN86] S.C. McNevin: Chemical etching of GaAs and InP by chlorine: The thermo-
dynamically predicted dependece on Cl2 pressure and temperature. Journal of Vacuum 
Science and Technologie B, vol. 4, pp. 1216-1226, 1986. 



140 

 
[Mei02] P. Meissner, M. Aziz, H. Halbritter, F. Riemenschneider, J. Pfeiffer and T. 
Hermes: Micromachined two-chip WDM filters with stable half symmetric cavity and 
their system integration. Proceedings of the 52nd Electronic Components and Technol-
ogy Conference, pp. 34-41, 2002. 
 
[Moo01] J.-S. Moon and A.M. Shkel: Performance Limits of a Micromachined Tun-
able-Cavity Filter. International Conference on Modeling and Simulation of Microsys-
tems, pp. 278-281, 2001. 
 
[Mul93] G.T. Mulhern, D.S. Soane and R.T. Howe: Supercritical carbon dioxide drying 
of microstructures. 7th International Conference on Solid-State Sensors and Actuators 
(Transducers'93), pp. 296-299, Yokohama, 1993. 
 
[Nam95] H. Namatsu, K. Kurihara, M. Nagase, K. Iwadate and K. Murase: Dimen-
sional limitations of silicon nanolines resulting from pattern distortion due to surface 
tension of rinse water. Applied Physics Letters, vol. 66, pp. 2655-2657, 1995. 
 
[Neu01] A. Neukermans and R. Ramaswami: MEMS Technology for Optical Network-
ing Applications. IEEE Communications Magazine, pp. 62-69, January, 2001. 
 
[Neu05] M.H. Norbert Neumann, Hans-Jürgen Stegbauer, Karla Hiller and Steffen 
Kurth: Mikromechanisches durchstimmbares Fabry–Perot-Filter für die IR-Gasanalytik. 
tm - Technisches Messen, vol. 72, pp. 10-15, 2005. 
 
[Nig85] U. Niggebrügge, M. Klug and G. Garus: A novel process for reactive ion etch-
ing on InP, using CH4/H2. Institut of Physics Conference Series, vol. 79, pp. 367-372, 
1985. 
 
[Nig91] U. Niggebrügge: Recent Advances in Dry Etching Processes for InP-Based 
Materials. Third International Conference on Indium Phosphide and Related Materials 
(IPRM'91), pp. 246-251, 1991. 
 
[Nor02] M. Noro, K. Suzuki, N. Kishi, H. Hara, T. Watanabe and H. Iwaoka: CO2/H2O 
Gas Sensor with a Fabry-Perot Filter. IEEE/LEOS International Conference on Optical 
MEMS, pp. 27-28, 2002. 
 
[Oka91] H. Okada, S. Shikata and H. Hayashi: Electrical Characteristics and Reliability 
of Pt/Ti/Pt/Au Ohmic Contacts to p-Type GaAs. Japanese Journal of Applied Physics, 
vol. 30, pp. 558-560, 1991. 
 
[Oli03] M. Oliveira: Technologieentwicklung von durchstimmbaren dielektrischen Fil-
tern. Diplomarbeit II, Department of EE, University of Kassel, Kassel, 2003. 
 
[Ooi02] H. Ooi, K. Nakamura, Y. Akiyama, T. Takahara, T. Terahara, Y. Kawahata, H. 
Isono and G. Ishikawa: 40-Gb/s WDM Transmission With Virtually Imaged Phased 
Array (VIPA) Variable Dispersion Compensators. Journal of Ligthwave Technology, 
vol. 20, pp. 2196-2203, 2002. 



141 

 
[Pat97] J.D. Patterson: Micro-Mechanical Voltage Tunable Fabry-Perot Filters Formed 
in (111) Silicon. PhD Thesis, Langley  Research  Center, University of Colorado, Boul-
der, 1997. 
 
[Pea89] S.J. Pearton, U.K. Chakrabarti and F.A. Biaocchi: Electrical and structural 
changes in the near surface of reactively ion etched InP. Applied Physics Letters, vol. 
55, pp. 1633-1635, 1989. 
 
[Pee97] J. Peerlings, A. Dehé, A. Vogt, M. Tilsch, C. Hebeler, F. Langenhan, P. Meiss-
ner and H.L. Hartnagel: Long Resonator Micromachined Tunable GaAs-AlAs Fabry-
Pérot Filter. IEEE Photonics Technology Letters, vol. 9, pp. 1235-1237, 1997. 
 
[Pet01] J.-J. Petiote: Low-cost components give coarse WDM an edge. WDM Solutions, 
pp. 47-51, January, 2001. 
 
[Pet82] K.E. Petersen: Silicon as a Mechanical Material. Proceedings of the IEEE, vol. 
70, pp. 420-457, 1982. 
 
[Pio83] A. Piotrowska, A. Guivarch and G. Pelous: Ohmic contacts to III-V compound 
semiconductors: a review of fabrication techniques. Solid-State Electronics, vol. 26, pp. 
179-197, 1983. 
 
[Pla00] R. Plastow: Tunable Lasers and Future Optical Networks. Compound Semicon-
ductor, vol. 6, pp. 58-62, 6, 2000. 
 
[Pog83] H.B. Pogge, A. J. Bondur and P.J. Burkhardt: Reactive Ion Etching of Silicon 
with Cl2/Ar. Journal of Electrochemical Society, vol. 130, pp. 1592-1597, 1983. 
 
[Pro03] C. Prott, F. Römer, E.O. Ataro, J. Daleiden, S. Irmer, A. Tarraf and H. Hillmer: 
Modeling of Ultrawidely Tunable Vertical Cavity Air-Gap Filters and VCSELs. IEEE 
Journal of Selected Topics in Quantum Electronics, vol. 9, pp. 918-928, 2003. 
 
[Ram02] R. Ramaswami: Optical Fiber Communication: From Transmission to Net-
working. IEEE Communications Magazine, vol. 40, pp. 138-147, May, 2002. 
 
[Ram98] R. Ramaswami and K.N. Sivarajan: Optical networks. Morgan Kaufman Pub-
lishers, 1998. 
 
[Ran02] V.E. Rangelov: Technologieentwicklung und Charakterisierung von mikrome-
chanisch durchstimmbaren Filtern für DWDM-Anwendungen. Diplomarbeit II, De-
partment of EE, University of Kassel, 2002. 
 
[Ree95] G.K. Reeves, P.W. Leech and H.B. Harrison: Understanding the sheet resis-
tance parameter of alloyed ohmic contacts using a transmission line model. Solid-State 
Electronics, vol. 38, pp. 745-751, 1995. 
 



142 

[Rei84] R. Reif: Plasma enhanced chemical vapor deposition of thin crystalline semi-
conductor and conductor films. Journal of Vacuum Science and Technologie A, vol. 2, 
pp. 429-435, 1984. 
 
[Rid75] V.L. Rideout: A review of the theory and technology for ohmic contacts to 
group III-V compound semiconductors. Solid-State Electronics, vol. 18, pp. 541-550, 
1975. 
 
[Rie02] F. Riemenschneider, M. Aziz, H. Halbritter, I. Sagnes and P. Meissner: Low-
Cost Electrothermally Tunable Optical Microcavities Based on GaAs. IEEE Photonics 
Technology Letters, vol. 14, pp. 1566-1568, 2002. 
 
[Röm04] F. Römer, M. Streiff, C. Prott, S. Irmer, A. Witzig, B. Witzigmann and H. 
Hillmer: Transfer function simulation of all-air-gap filters based on eigenmodes. Pro-
ceedings of the 4th International Conference on Numerical Simulations of Optoelectro-
nic Devices (NUSOD), pp. 105-106, 2004. 
 
[Röm05] F. Römer: Charakterisierung und Simulation optischer Eigenschaften von 
mikromechanisch abstimmbaren Filterbauelementen. PhD Thesis, Department of EE 
and CS, University of Kassel, Kassel, 2005. 
 
[Sam82] G.M. Samuelson and K.M. Mar: The Correlations Between Physical and Elec-
trical Properties of PECVD SiN with Their Composition Ratios. Journal of Electro-
chemical Society, vol. 129, pp. 1773-1778, 1982. 
 
[Sch01] S. Schüler: Technologische Realisierung optischer Filter basierend auf Multi-
Airgapstrukturen in Indium-Phosphid. Diplomarbeit I, Department of EE, University of 
Kassel, Kassel, 2001. 
 
[Sch97] J.E. Schramm, D.I. Babic, E.L. Hu, J. Bowers and J.L. Merz: Fabrication of 
high-aspect-ratio InP-based vertical-cavity laser mirrors using CH4/H2/O2/Ar reactive 
ion etching. Journal of Vacuum Science and Technologie B, vol. 15, pp. 2031-2036, 
1997. 
 
[Sch99] C. Scheerer, C. Glingener, A. Färbert, J.-P. Elbers, A. Schöpflin, E. Gottwald 
and G. Fischer: 3.2Tbit/s (80x40Gbit/s) bidirectional WDM/ETDM transmission ober 
40km standard singlemode fibre. Electronics Letters, vol. 35, pp. 1752-1753, 1999. 
 
[Sea96] C. Seassal, J.L. Leclercq and P. Viktorovitch: Fabrication of InP-based free-
standing microstructures by selective surface micromachining. Journal of Microme-
chanics and Microengineering, vol. 6, pp. 261-265, 1996. 
 
[Seg80] A. Segmüller, J. Angilelo and S.J. La Placa: Automatic x-ray diffraction meas-
urement of the lattice curvature of substrate wafers for the determination of linear strain 
patterns. Journal of Applied Physics, vol. 51, pp. 6224-6230, 1980. 
 
[Sen01] S.D. Senturia: Microsystem Design. Kluwer Academic Publisher, 2001. 
 



143 

[Shu00] R.J. Shul and S.J. Pearton: Handbook of Advanced Plasma Processing Tech-
niques. Springer-Verlag, 2000. 
 
[Smi90] D.L. Smith, A.S. Alimonda, C.-C. Chen, S.E. Ready and B. Wacker: Mecha-
nism of SiNxHy Deposition from NH3-SiH4 Plasma. Journal of Electrochemical Society, 
vol. 137, pp. 614-623, 1990. 
 
[Spe02] M.W. van Spengen, R. Puers and I. de Wolf: A physical model to predict stic-
tion in MEMS. Journal of Micromechanics and Microengineering, vol. 12, pp. 702-713, 
2002. 
 
[Spi98a] A. Spisser, R. Ledantec, C. Seassal, J.L. Leclercq, T. Benyattou, D. Rondi, R. 
Blondeau, G. Guillot and P. Viktorovitch: Highly Selective and Widely Tunable 1.55-
µm InP/Air-Gap Micromachined Fabry–Perot Filter for Optical Communications. Elec-
tronics Letters, vol. 34, pp. 453-455, 1998. 
 
[Spi98b] A. Spisser, R. Ledantec, C. Seassal, J.L. Leclercq, T. Benyattou, D. Rondi, R. 
Blondeau, G. Guillot and P. Viktorovitch: Highly Selective and Widely Tunable 1.55-
µm InP/Air-Gap Micromachined Fabry–Perot Filter for Optical Communications. IEEE 
Photonics Technology Letters, vol. 10, pp. 1259-1261, 1998. 
 
[Sta03] J. W. Stafford: NEMI highlights areas of growth for optoelectronics in network 
technology. Optoelectronics Manufacturing, vol. 2, June/July, 2003. 
 
[Sto96] A. Stoffel, A. Kovács, W. Kronast and B. Müller: LPCVD against PECVD for 
micromechanical applications. Journal of Micromechanics and Microengineering, vol. 
6, pp. 1-13, 1996. 
 
[Str02a] M. Strassner: InP based Micromechanics for Vertical-Cavity Micro-Opto-
Electro-Mechanical Systems. PhD Thesis, Department of Microelectronics and Infor-
mation Technology, Royal Institute of Technology (KTH) Stockholm, Stockholm, 2002. 
 
[Str02b] M. Strassner, N. Chitica and A. Tarraf: Investigations of growth conditions for 
InP suited for Micro Opto Electro Mechanical Systems for data communication. 14th 
Indium Phosphide and Related Materials Conference (IPRM'02), Stockholm, Sweden, 
2002. 
 
[Str02c] M. Strassner, C. Luber, A. Tarraf and N. Chitica: Widely Tunable-Constant 
Bandwidth Monolithic Fabry-Pérot Filter With a Stable Cavity Design for WDM Sys-
tems. IEEE Photonics Technology Letters, vol. 14, pp. 1548-1550, 2002. 
 
[Str96] K. Streubel, S. Rapp, J. André and N. Chitica: 1.26µm vertical cavity laser with 
two InP/air-gap reflectors. Electronics Letters, vol. 32, pp. 1369-1370, 1996. 
 
[Str97] K. Streubel, S. Rapp, J. André and N. Chitica: Fabrication of InP/air-gap dis-
tributed Bragg reflectors and micro-cavities. Journal of Material Science and Engineer-
ing, vol. B44, pp. 364-367, 1997. 
 



144 

[Tab92] O. Tabata, R. Asahi, H. Funabashi, K. Shimaoka and S. Sugiyama: Anisotropic 
etching of silicon in TMAH solutions. Sensors and Actuators A, vol. 34, pp. 51-57, 
1992. 
 
[Tar00] A. Tarraf: Technologieentwicklung für vertikale mikro-opto-elektronische 
Bauelemente. Diplomarbeit II, Department of EE, University of Kassel, Kassel, 2000. 
 
[Tar01] A. Tarraf and T. Spehr: Spectral measurement of refractive index of deposited 
Si3N4 (data provided). 2001. 
 
[Tar04] A. Tarraf, J. Daleiden, S. Irmer, D. Prasai and H. Hillmer: Stress investigation 
of PECVD dielectric layers for advanced optical MEMS. Journal of Micromechanics 
and Microengineering, vol. 14, pp. 317-323, 2004. 
 
[Tas96] N. Tas, T. Sonnenberg, H. Jansen, R. Legtenberg and M. Elwenspoek: Stiction 
in surface micromachining. Journal of Micromechanics and Microengineering, vol. 6, 
pp. 385-397, 1996. 
 
[Tay98a] P. Tayebati, P.D. Wang, D. Vakhshoori and R.N. Sacks: Widely Tunable 
Fabry-Perot Filter Using Ga(Al)As-AlOx Deformable Mirrors. IEEE Photonics Tech-
nology Letters, vol. 10, pp. 394-396, 1998. 
 
[Tay98b] P. Tayebati, P. Wang, M. Azimi, L. Maflah and D. Vakhshoori: Microelec-
tromechanical tunable filter with stable half symmetric cavity. Electronics Letters, vol. 
34, pp. 1967-1968, 1998. 
 
[Tem98] P. Temple-Boyer, C. Rossi, E. Saint-Etienne and E. Scheid: Residual stress in 
low pressure chemical vapor deposition SiNsub x films deposited from silane and am-
monia. Journal of Vacuum Science and Technologie A, vol. 16, pp. 2003-2007, 1998. 
 
[Thi93] C. Thirstrup, S.W. Pang, O. Albrektsen and J. Hanberg: Effects of reactive ion 
etching on optical and electro-optical properties of GaInAs/InP based strip-loaded wa-
veguides. Journal of Vacuum Science and Technologie B, vol. 11, pp. 1214-1221, 1993. 
 
[Tra96] A.T.T.D. Tran, Y.H. Lo, Z.H. Zhu, D. Haronian and E. Mozdy: Surface Mi-
cromachined Fabry-Pérot Tunable Filter. IEEE Photonics Technology Letters, vol. 8, 
pp. 393-395, 1996. 
 
[Ung96] H.-G. Unger: Elektromagnetische Wellen auf Leitungen. Hüthig Telekommu-
nikation, 1996. 
 
[Vai95] E.C. Vail, M.S. Wu, G.S. Li, L. Eng and C.J. Chang-Hasnain: GaAs micro-
machined widely tunable Fabry-Perot filters. Electronics Letters, vol. 31, pp. 228-229, 
1995. 
 
[Ver91] P.A. Verlangieri, M. Kuznetsov and M.V. Schneider: Low-Resistance Ohmic 
Contacts for Microwave and Lightwave Devices. IEEE Microwave and Guided Wave 
Letters, vol. 1, pp. 51-53, 1991. 



145 

 
[Vik98] P. Viktorovitch, J.L. Leclercq, X. Letartre, T. Benyattou, S. Greek, K. Hjort, N. 
Chitica and J. Daleiden: Tunable microcavity based on III-V semiconductor micro-opto-
electromechanical structures (MOEMS) with strong optical confinement. IEEE/LEOS 
Summer Topical Meetings, vol. II, pp. 63-64, 1998. 
 
[Wal00] J.A. Walker: The future of MEMS in telecommunications networks. Journal of 
Micromechanics and Microengineering, vol. 10, pp. R1-R7, 2000. 
 
[Whe97] C.S. Whelan, T.E. Kazior and K.Y. Hur: High rate CH4:H2 plasma etch proc-
esses for InP. Journal of Vacuum Science and Technologie B, vol. 15, pp. 1728-1732, 
1997. 
 
[Wil03] K.R. Williams, K. Gupta and M. Wasilik: Etch Rates for Micromachining Pro-
cessing - Part II. Journal of Microelectromechanical Systems, vol. 12, pp. 761-778, 
2003. 
 
[Wil90] R. Williams: Modern GaAs Processing Methods. Artech House, 1990. 
 
[Win01] K.J. Winchester and J.M. Dell: Tunable Fabry-Pérot cavities fabricated from 
PECVD silicon nitride employing zinc sulphide as the sacrificial layer. Journal of Mi-
cromechanics and Microengineering, vol. 11, pp. 589-594, 2001. 
 
[Yan01] G. Yan, P.C.H. Chan, I.-M. Hsing, R.K. Sharma, J.K.O. Sin and Y. Wang: An 
improved TMAH Si-etching solution without attacking exposed aluminium. Sensors 
and Actuators A, vol. 89, pp. 135-141, 2001. 
 
[Yar97] A. Yariv: Optical Electronics in Modern Communications. Oxford University 
Press, 1997. 
 
[Yu02] J.S. Yu and Y.T. Lee: Parametric reactive ion etching of InP using Cl2 and CH4 
gases: effects of H2 and Ar addition. Semiconductor Science and Technology, vol. 17, 
pp. 230-236, 2002. 
 
[Zar03] H. Zarschizky and A. Richter: Mit Terabit pro Sekunde durch photonische 
Netze. Physik Journal, vol. 2, pp. 33-39, 4, 2003. 
 
[Zha02] Z. Zhang: Coarse Wavelength Division Multiplexing (CWDM). Optical Net-
works Magazine, pp. 5-6, July/August, 2002. 
 
[Zha92] Z.L. Zhang and N.C. MacDonald: A RIE process for submicron, silicon elec-
tromechanical structures. Journal of Micromechanics and Microengineering, vol. 2, pp. 
31-38, 1992. 
 
[Zub01] I. Zubel and M. Kramkowska: The effect of isopropyl alcohol on etching rate 
and roughness of (100) Si surface etched in KOH and TMAH solutions. Sensors and 
Actuators A, vol. 93, pp. 138-147, 2001. 
 
 



146 

 
 
 



147 

8. List of publications 

8.1. Journal contributions 
 

J. Daleiden, V. Rangelov, S. Irmer, F. Römer, M. Strassner, C. Prott, A. Tarraf and H. 
Hillmer: Record tuning range of InP-based multiple air-gap MOEMS filter. Electronics 
Letters, vol.38, pp.1270-1271, 2002. 
 
H. Hillmer, J. Daleiden, C. Prott, F. Römer, S. Irmer, V. Rangelov, A. Tarraf, S. Schü-
ler and M. Strassner: Potential for micromachined actuation of ultra-wide continuously 
tunable optoelectronic devices. Applied Physics B, vol.75, pp.3-13, 2002. 
 
H. Hillmer, J. Daleiden, C. Prott, F. Römer, S. Irmer, A. Tarraf, E. Ataro and M. 
Strassner: Potential of micromachined photonics: miniaturization, scaling, and applica-
tions in continuously tunable vertical air-cavity filters. Photonics Fabrication Europe, 
SPIE Proc.Series, vol.4947, Brugge, Belgium, 2002. 
 
S. Irmer, J. Daleiden, V. Rangelov, C. Prott, F. Römer, M. Strassner, A. Tarraf and H. 
Hillmer: Continuously tunable InP based multiple air-gap MOEMS filters with ultra 
wide tuning range. Photonics Fabrication Europe, SPIE Proc.Series, vol.4945, Brugge, 
Belgium, 2002. 
 
A. Tarraf, J. Daleiden, S. Irmer, V. Rangelov, F. Römer, C. Prott, E. Ataro, H. Hillmer, 
T. Fuhrmann, T. Spehr and J. Salbeck: Novel low-cost and simple fabrication technolo-
gy for tunable dielectric air-gap devices. Photonics Fabrication Europe, SPIE 
Proc.Series, vol.4945, pp.9-20, 2002. 
 
S. Irmer, J. Daleiden, V. Rangelov, C. Prott, F. Römer, M. Strassner, A. Tarraf and H. 
Hillmer: Ultralow Biased Widely Continuously Tunable Fabry–Pérot Filter. IEEE Pho-
tonics Technology Letters, vol.15, pp.434-436, 2003. 
 
H. Hillmer, J. Daleiden, C. Prott, S. Irmer, F. Römer, E. Ataro, A. Tarraf, H. Rühling, 
M. Maniak and M. Strassner: Bionics: Precise colour tuning by interference in nature 
and technology- applications in surface micromachined 1.55 um vertical air cavity fil-
ters. Photonics West, SPIE Proc.Series, vol.4983, pp.203-214, 2003. 
 
C. Prott, F. Römer, E.O. Ataro, J. Daleiden, S. Irmer, A. Tarraf and H. Hillmer: Mode-
ling of Ultrawidely Tunable Vertical Cavity Air-Gap Filters and VCSELs. IEEE Jour-
nal of Selected Topics in Quantum Electronics, vol.9, pp.918-928, 2003. 
 



148 

J. Daleiden, A. Tarraf, S. Irmer, F. Römer, C. Prott, E. Ataro, M. Strassner and H. Hill-
mer: Wide and continuous wavelength tuning of microcavity devices for optoelectronic 
applications. Journal of Microlithography, Microfabrication, and Microsystems, vol.2, 
pp.265-274, 2003. 
 
F. Römer, C. Prott, S. Irmer, J. Daleiden, A. Tarraf and H. Hillmer: Tuning efficiency 
and linewidth of electrostatically actuated multiple air-gap filter. Applied Physics Let-
ters, vol.82, pp.176-178, 2003. 
 
A. Tarraf, F. Riemenschneider, M. Strassner, J. Daleiden, S. Irmer, H. Halbritter, H. 
Hillmer and P. Meissner: Continuously Tunable 1.55 µm VCSEL implemented by Pre-
cisely Curved Dielectric Top DBR Involving Tailored Stress. IEEE Photonics Techno-
logy Letters, vol.16, pp.720-722, 2004. 
 
A. Tarraf, J. Daleiden, S. Irmer, D. Prasai and H. Hillmer: Stress investigation of 
PECVD dielectric layers for advanced optical MEMS. Journal of Micromechanics and 
Microengineering, vol.14, pp.317-323, 2004. 
 
S. Irmer, K. Alex, J. Daleiden, I. Kommallein, M. Oliveira, F. Römer, A. Tarraf and H. 
Hillmer: Surface micromachined optical low-cost all-air-gap filters based on stress op-
timized Si3N4 layers. Journal of Micromechanics and Microengineering, vol.15, 
pp.867-872, 2005. 

8.2. Conference contributions 
 

J. Daleiden, A. Tarraf, F. Römer, N. Chitica, S. Irmer, C. Prott, M. Strassner and H. 
Hillmer: Continuously Tunable Air Gap Devices. IEEE/LEOS International Conference 
on Optical MEMS, p.131, Okinava, Japan, 2001. 
 
C. Prott, F. Römer, J. Daleiden, S. Irmer, M. Strassner, N. Chitica, J. Jacquet and H. 
Hillmer: Vertical Cavity Devices for DWDM. Workshop on Microcavity Light Sources, 
Paderborn, 2001. 
 
J. Daleiden, S. Irmer, E. Ataro, C. Prott, V. Rangelov, F. Römer, M. Strassner, A. Tar-
raf and H. Hillmer: Continuously tunable air-gap micro-cavity devices for optical com-
munication systems. IT-COM 2002, SPIE Proc.Series, vol.4871, Boston, USA, 2002. 
 
J. Daleiden, S. Irmer, V. Rangelov, F. Römer, A. Tarraf, C. Prott, M. Strassner and H. 
Hillmer: Record wavelength tuning of 127nm for vertical cavity Fabry-Pérot filter. IE-
EE/LEOS International Conference on Optical MEMS, Conference Digest, pp.169-170, 
Lugano, CH, 2002. 



149 

 
A. Tarraf, J. Daleiden, F. Römer, C. Prott, V. Rangelov, S. Irmer, E. Ataro and H. Hill-
mer: A novel low-cost tunable dielectric air-gap filter. IEEE/LEOS International Confe-
rence on Optical MEMS, Conference Digest, pp.175-176, Lugano, CH, 2002. 
 
C. Prott, F. Römer, E. Ataro, J. Daleiden, S. Irmer, M. Strassner, A. Tarraf and H. Hill-
mer: Model calculations of vertical cavity air-gap filters and VCSEL’s for ultra-wide 
continuous tuning. Conference on Numerical Simulations of Semiconductor Optoe-
lectronic Devices (NUSOD), Zürich, Switzerland, 2002. 
 
F. Römer, C. Prott, J. Daleiden, S. Irmer, M. Strassner, A. Tarraf and H. Hillmer: Mic-
romechanically tunable air gap resonators for long wavelength VCSEL's. IEEE LEOS 
International Semiconductor Laser Conference, Garmisch, Germany, 2002. 
 
H. Hillmer, J. Daleiden, C. Prott, F. Römer, S. Irmer, A. E., A. Tarraf, D. Gutermuth, I. 
Kommallein and M. Strassner: Ultra-wide continuously tunable 1.55µm vertical air-
cavity wavelength-selective elements for VCSEL´s using micromachined electrostatic 
actuation. IT-COM 2003, 2003. 
 
J. Daleiden, S. Irmer, A. Tarraf, F. Römer, C. Prott, E. Ataro, M. Strassner and H. Hill-
mer: Multiple air-gap InP-based VCSELs and filters with ultra-wide wavelength tuning 
- lexibility and shape of the membranes. IEEE/LEOS International Conference on Opti-
cal MEMS, pp.36-37, Waikoloa, Hawai, 2003. 
 
F. Römer, M. Streiff, C. Prott, S. Irmer, A. Witzig, B. Witzigmann and H. Hillmer: 
Transfer function simulation of all-air-gap filters based on eigenmodes. Proceedings of 
the 4th International Conference on Numerical Simulations of Optoelectronic Devices 
(NUSOD), pp.105-106, 2004. 
 
H. Hillmer, F. Römer, B. Klepser, J. Daleiden, S. Irmer, C. Prott, M. Streiff, A. Witzig 
and B. Witzigmann: Nanoscale variations in bendings of optical elements in photonic 
devices: crucial influence on device properties and yield? IEEE/LEOS International 
Conference on Optical MEMS, 2004. 
 
H. Halbritter, F. Riemenschneider, B. Kögel, A. Tarraf, M. Strassner, S. Irmer, H. Hill-
mer, I. Sagnes and P. Meissner: MEMS-Tunable and Wavelength Selective Receiver 
Front End. accepted for 18th IEEE Conference on Micro Electro Mechanical Systems, 
Boulder (Colorado), 2005. 
 



150 

8.3. Presentations and posters 
 

S. Irmer, J. Ojha, H. Hohmann, J. Daleiden and H. Hillmer: Reaktives Ionenätzen mit 
CH4/H2 für InP basierende Materialien. Workshop "Trockenätzen für die III/V-
Halbleitertechnik", Kassel, 2000. 
 
J. Daleiden, S. Irmer, H. Hohmann, D. Feili, A. Tarraf, E. Ataro, F. Römer, C. Prott 
and H. Hillmer: Trockenätzen von phosphidischen III-V Halbleitern. Workshop dry et-
ching for III-V semiconductors, 2001. 
 
A. Tarraf, S. Irmer, E. Ataro, J. Daleiden, D. Gutermuth, C. Prott, V. Rangelov, F. 
Römer, H. Schröter-Hohmann and H. Hillmer: Bionik: Erfolgsrezepte der Natur - An-
wendungsbeispiele in der Mikrosystem- und Datenübertragungstechnik. Tag des wis-
senschaftlichen Nachwuchses, Universität Kassel, 2002. 
 
S. Irmer, J. Daleiden, V. Rangelov, C. Prott, F. Römer, M. Strassner, A. Tarraf and H. 
Hillmer: Continuously tunable InP based multiple air-gap MOEMS filters with ultra 
wide tuning range. Photonics Fabrication Europe, Brugge, Belgium, 2002. 
 
S. Irmer: Reaktives Ionenätzen für die Herstellung vertikaler, mikromechanisch aktu-
ierbarer, optischer Bauelemente. XI. Erfahrungsaustausch "Oberflächentechnologie mit 
Plasmaprozessen", Mühlleithen, 2004. 
 
A. Tarraf, M. Nestler, U. Poll, D. Roth, J. Dienelt, H. Neumann, B. Rauschenbach, S. 
Irmer, F. Römer and H. Hillmer: A novel dual ion beam sputter deposition system for 
implementing low defect density and high-quality EUVL masks. 3rd International 
EUVL Symposium, Yokohama, Japan, 2004. 

8.4. Patents 

S. Irmer, J. Daleiden, H. Hillmer and A. Tarraf: Leitfähige Haltepfosten in luftspaltba-
sierenden optoelektronischen Bauelementen. DE 103 53 546 A1, 2003  
 
H. Hillmer, J. Daleiden, C. Prott, F. Römer, S. Irmer, A. Tarraf, D. Gutermuth and E. 
Ataro: Mikromechanisches Bauelement und Verfahren zu seiner Herstellung. DE 103 
57 421 A1, 2003  
 
H. Hillmer, J. Daleiden, C. Prott, F. Römer, S. Irmer, A. Tarraf, S. Schüler and R. 
Ventzeslav: Mikromechanisch aktuierbares, optoelektronisches Bauelement. DE 103 18 
767 A1, 2003  
 
 
 



151 

9. Frequently used abbreviations 
  

AlGaAs Aluminium Gallium Arsenide 
Ar Argon 
Au Gold 
PECVD Plasma Enhanced Chemical Vapour Deposition 
CWDM Coarse Wavelength Division Multiplexing 
CH4 Methane 
CHF3 Trifluoromethane 
Cl Chlorine 
CO2 Carbon Dioxide 
CPD Critical Point Drying 
DBR Distributed Bragg Reflector 
DR Deposition Rate 
DWDM Dense Wavelength Division Multiplexing 
ER Etch Rate 
FeCl3 Iron (III) Chloride 
FPF Fabry-Pérot Filter 
FPI Fabry-Pérot Interferometer 
FSR Free Spectral Range 
FWHM Full Width at Half Maximum 
GaInAs(P) Gallium Indium Arsenide (Phosphide) 
Ge Germanium 
H2 Hydrogen 
HF High Frequency / Hydrofluoric Acid 
InP Indium Phosphide 
ITU International Telecommunication Union 
KOH Potassium Hydroxide 
LF Low Frequency 
MEMS Micro-Electro-Mechanical System 
MFC Mass Flow Controller 
MOCVD Metal Organic Chemical Vapour Deposition 
MOVPE Metal Organic Vapour Phase Epitaxie 
NH3 Ammonia 
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Ni Nickel 
O2 Oxygen 
OSA Optical Spectrum Analyser 
Pd Palladium 
Pt Platinum 
RF Radio Frequency 
RIE Reactive Ion Etching 
RTA Rapid Thermal Annealing 
sccm Standard Cubic Centimeters per Minute 
SEM Scanning Electron Micrograph 
SiH4 Silane 
SF6 Sulfur Hexafluoride 
Si Silicon 
Si3N4 Silicon Nitride 
Ti Titanium 
TLM Transmission Line Model 
TDM Time Division Multiplexing 
TMM Transfer-Matrix Method 
WDM Wavelength Division Multiplexing 
WLI White Light Interferometer 
Zn Zinc 
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10. Appendix 

10.1. Software development for spectral calculations  

Software was developed for the calculation of the spectral properties of filters or film 
arrangements. The program uses the TMM and the derivations made in chapter 2.1. The 
program was written using Microsoft Visual C++. The program can determine and show 
the spectral reflectance and transmittance of arbitrary sequences of layers with different 
thicknesses. It considers absorption as well as dispersion of the applied materials. Up to 
four film stacks can be calculated and depicted in parallel. If filter spectras are calcu-
lated, the filter dip properties (position, value, FWHM) are determined. The main view 
of the program after a calculation of four filters can be seen in Fig. 10-1. 

Fig. 10-1: Main view of the developed ShowSpec program showing the result of the spectral calculations 

The program has user-friendly interfaces to set the simulation parameters (see Fig. 
10-2). Up to 12 different film materials can be applied simultaneously for each simula-
tion. The material dispersion data are defined in simple text files whereas three values 
of wavelength, real part of refractive index and extinction coefficient are in one row 
(see Fig. 10-2, right top). In principle, an arbitrary wavelength resolution can be chosen 
within the file; data required between two wavelengths will be linearly interpolated.  
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By determining the simulation range is determined by start and end values. Within this 
range, the spectral calculations are performed for many points. The resolution, i.e. the 
number of points between the start and end value, can be adjusted.   

 

Fig. 10-2: Structure and simulation parameter editor (left and right bottom) of ShowSpec as well as an 
example for a material data file (right top)   

To perform the calculations, C++ objects to handle complex numbers and matrix opera-
tions with complex numbers were implemented. The program contains the following 
steps to calculate the spectrum: 

- The complex refractive index is determined for each wavelength and stored in a 
separate table. For example, if a spectrum has to be calculated between 1400nm and 
1600nm and a resolution of 2000 steps is chosen, a table containing 2001 complex 
values is generated. The complex refractive index for each value is determined by 
the given value of the dispersion data file or a linear interpolation based on the two 
adjacent values.            

- The characteristic matrix Mm of each layer is calculated for a certain wavelength. 
The determined refractive index at this wavelength from the table and the thickness 
of the layer are required. The results are multiplied and the matrix of the total stack 
Mtot is determined. Using the matrix elements of Mtot, the reflectance or transmit-
tance can be calculated. The calculation is performed for each predetermined wave-
length within the chosen range, i.e. using the example mentioned above, the deter-
mination is done for 2001 separate values.  

The result of the calculation is saved in output files comprising an appropriate number 
of rows, whereas each row contains values for wavelength, power reflectance and 
power transmittance. Additionally, the output is scaled and depicted in the main view of 
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the program. The program can consider waves with arbitrary angles of incidence. Apart 
from the computer power, the calculation time depends mainly on the number of stack 
layers as well as the chosen wavelength resolution. The spectrum of the InP filter de-
scribed in this work and calculated with a resolution of 10000 steps, is determined in 
few seconds (Intel Pentium III, 500MHz). 

10.2. Mask design 

Different mask sets are applied for the fabrication of the filters. A complete mask sets 
consist of several masks, for example for etching, metal layers or protection mask. For 
the fabrication of the filters, the mask sets IMA2, IMA3, IMA5 and DIELFI were ap-
plied. The IMA mask sets contain different lateral filter design implementations. DI-
ELFI is a specialised mask set for dielectric filters. The IMA2, IMA3 and DIELFI mask 
sets were implemented during student or diploma thesis works. Detailed descriptions 
can be found in [Sch01], [Arc03] and [Oli03], respectively. Details to the mask set 
IMA5 should be given briefly in the following. 
The mask set IMA5 consists of 6 different masks for the dry etching processes ("mesa", 
"mesametall2", "graben"), metal layers for tuning purposes ("metall1", "metall2"), and 
the protection mask ("schutz"). The masks were implemented using the script language 
of AutoCAD 2000.  
For the filters, a design comprising a membrane connected by suspensions of different 
lengths to four supporting posts of 160µm x 160µm is chosen (see Fig. 10-3). The 
membrane diameter is varied between 20µm and 40µm. In the most cases, a circular 
membrane shape is applied but few membranes are rectangular. 
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Fig. 10-3: Dimensions of the lateral 
filter design 

 

All objects are written using closed polylines, rectangles or circles. The parts of the fil-
ter (for example contacts or mesa) are implemented on different layers whereas each 
layer result in a separate mask later. A filter composed by different polylines, rectangles 
and circles in separate layers can be seen in Fig. 10-4.  
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mesa metall2  

Fig. 10-4: Parts of the filter are imple-
mented on different layers. The differ-
ent masks of the mask set originate 
from the separate layers. 

Many filters are arranged to form a field (see Fig. 10-5). Such a field consists of filters 
with different lateral designs (variations of membrane diameter and shape as well as 
suspension lengths), alignment marks, test structures and the field number. The align-
ment marks allow the alignment of successively masks in the processing but also of 
certain masks to each other. Hence, a processing applying all masks can be performed 
but also filters using only designated masks (for example filters with n-type backside 
contact) can be fabricated. 
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Fig. 10-5: Typical field structure consisting of many filters with varying designs as well as test structures 
and alignment marks. 
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The implemented filter designs are summarised in Tab. 10-1. The positions within the 
table correspond to the 4 x 5 possible locations within the field. The filter abbreviations 
enclose information about the membrane diameter and the suspension lengths as well as 
in some cases an "R", if the membrane shape is rectangular. 

M40S40 M40S30 M40S60 M40S20 
M40S50 M40S40 Align Align+Test
M40S20 M40S30 Test Test 
M20S10 M20S10 M40S30R M40S20R 
M20S30 M20S20 M20S10 M20S30  

Tab. 10-1: Filter arrangement 
within a field (M40S30R = 
membrane diameter 40µm, sus-
pension length 30µm, membrane 
shape rectangle) 

Apart from filter fields, separate fields are implemented (see Fig. 10-6) containing only 
test structures for process control and evaluation, strain / stress determination as well as 
contact characterisation. A second version of the fields allow the evaluation of the strain 
/ stress of the deeper located p-doped layers.  

Alignment 
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test structures

Cantilever
test structures

Resolution 
test structures

Contact 
characterisation
structures

Mean stress 
test structures

Star test 
structures

  

Fig. 10-6: Field with test structures for process, stress / strain and contact evaluation  

The underetch test structures are aligned in different directions to obtain information 
about the underetch progress or the etch rate depended on the crystal direction. Resolu-
tion test structures comprising of bars and gaps of different dimensions allow an as-
sessment of the results of the lithography. A detailed description of test structures can 
be found in [Sch01].  
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Fig. 10-7: A "Chip" = arrangement of 
16 fields. 4 chips are written for each 
mask. 

The fields containing the filters or the test structures are arranged in "chips". These 
chips comprise an area of 4 x 4 fields with 12 filters and 4 test structures fields. An ex-
ample of a chip can be seen in Fig. 10-7. A frame with ticks surrounds the chip. The 
ticks point to the alignment marks and facilitate the detection of the marks.   
The masks are generated using a DOS batch program. First, separate AutoCAD scripts 
called subsequently by the batch program implement the different filters and test struc-
tures. Afterwards, a further AutoCAD script is called which arranges the filters or test 
structures, respectively, within fields. Finally, the fields are summarised in chips. Up to 
4 x 4 chips can be arranged on a 2 inch wafer.  
The major advantage of the usage of scripts is the possibility of fast adaptations of the 
mask design. Since filters having similar designs are distributed on multiple locations, 
the change of a simple parameter, for example the membrane shape, would require 
many manual alterations of the separate filters normally. Instead of this, the parameter 
can be changed in the script and a new batch run results in a modified design of all ac-
cording filters.    
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