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1 Introduction 

Throughout the last years, the interest in optical sensing systems has rapidly increased 
due to their great potential in chemical, medical, industrial process controls, automatic 
identification and smart personal environments [1-3]. Regarding the medical field, some 
smart sensor arrays are able to diagnose diseases and detect characteristic biomarkers in 
a transcutaneous, non-invasive and user-friendly way [4, 5] based on the complex inter-
action of light propagation and absorption by human skin tissues [6-8]. However, to 
fulfill the rapidly increasing requirements in applications, the optical sensors need to be 
significantly miniaturized, cheaper, allowing redundancy, and short measurement time. 
Furthermore, they need to have the potential to be integrated into networked sensing 
systems, and should enable self-learning features as well as to reveal invisibility in 
smart personal environments.  

Concerning about the light interaction with human skin, spectral distribution which is 
measured in terms of reflection and transmission is of most importance for medical ap-
plications and is relatively complicated to measure. Therefore, an appropriate spectrom-
eter is one of the key factors to take the advantage of this phenomenon. However, pro-
ducing miniaturized and low-cost spectrometers of high precision are still a big chal-
lenge due to the strongly decreasing optical resolution when just shrinking the size of 
the traditional monochromator based spectrometers [9].  

To combine a small size and a high resolution Correia et al. [10] and Wang et al. [11] 
established a new approach: combining a Fabry Pérot (FP) filter array with a detector 
array which can act as a microspectrometer. Each detector corresponds to one individual 
filter to detect a very narrow band of wavelengths (filter lines) transmitted through the 
filter. An array of FP filters is used in which each filter selects a different spectral filter 
line. The spectral position of each band of wavelength is defined by each individual 
cavity height of the filter. These groups presented the methods to fabricate 16 and 128 
FP filters, respectively, based on 16 and 128 different cavity heights. The arrays were 
developed with filter sizes which are limited only by the dimensions of the individual 
detectors in the array [10-14]. In both works, however, these structures were fabricated 
by multiple processing steps to obtain the required various cavity heights [10-16]. These 
processes are obviously not cost efficient for industrial fabrication if a large number of 
different wavelength is envisaged. 

To reduce the cost, while maintaining the outstanding advantages of the FP filter struc-
ture, a novel methodology of fabricating the miniaturized FP filters using NanoImprint 
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technology is developed and introduced at INA [17-24]. Compared to the state-of-the-
art technology [10-14], the multiple cavity fabrication steps are replaced by one single 
step, using high vertical resolution 3D NanoImprint technology. Since NanoImprint 
technology is involved, the researchers at INA introduced it as nanospectrometer [17-
24]. 

NanoImprint technology can be used for patterning deformable materials e.g. polymers. 
Most of the scientific community considers that the modern NanoImprint technology 
was invented in 1995 by Stephen Y. Chou and his group. Soon after this invention, 
many variations and implementations for NanoImprint technology were developed and 
widely spread to applications in electronics, optics, photonics and biology [25-29]. 
However, nearly all of the researches in NanoImprint technology concentrate mainly on 
the improvement of the lateral resolution, thus, reporting on 2D NanoImprint [25, 28]. 

In order to satisfy the requirement of precisely performing multiple arbitrary cavity 
heights of the nanospectrometer, the development of 3D NanoImprint technology with 
high vertical resolution is demanded. By applying 3D NanoImprint technology during 
the fabrication process of FP f lter arrays, the implemented nanospectrometers become 
promising candidates to satisfy the above mentioned challenging requirements in optical 
sensing systems. They are very small, low cost, light weight and of high spectral per-
formance. Besides, they have a great potential to be integrated into existing mobile de-
vices as well as to networked sensing systems, thus, enabling smart personal environ-
ments. 

Due to the small lateral dimensions of a single FP filter, the filter arrays can contain 
thousands of individual FP filters. The functionality of the FP f lters and the arrays has 
to be verif ed. Therefore, a high quality characterization of the optical properties and 
tuning behaviors is demanded to provide an important feedback for the fabrication pro-
cesses and to optimize the f nal f lter quality.  

The goal of this thesis is to investigate the optical properties and tuning behaviors of FP 
filter arrays for nanospectrometers by installing, utilizing and designing characterization 
setups with high spectral quality. Based on the specific spectral and geometric proper-
ties of the FP filters, most of the required factors of the characterization setups are de-
fined. For instance, based on the broad spectral range of applications of the fabricated 
filter arrays, the characterization is focused on the visible and near infrared (NIR) re-
gion. Due to the micro structure of the filter membranes, the requirement of precisely 
detecting signals from such small dimensions is also addressed. Moreover, a minimum 
inspection time for each f lter, a fast “step and repeat”modus are further desirable fac-
tors which need to be treated with some caution in the setups.  
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In order to obtain the above mentioned goals, two characterization setups for spectral 
transmission and ref ection measurements in the visible and NIR range were installed, 
designed and implemented. The setups are the compact microscope spectrometer setup 

and the free beam broad band confocal setup. Both of them can provide adequate spec-
tral and spatial accuracy, high measurement speed and the ability of measuring micro-
structure dimensions.  

This thesis contains of seven chapters: 

Chapter 2 presents the foundation that helps the reader to understand, to follow the ar-
gumentation and the experimental results obtained from this thesis. It begins with an 
introduction to FP filter and its important characteristic optical parameters. It familiariz-
es the readers with the idea of FP filter based Nanospectrometers which are fabricated 
by 3D NanoImprint technology. A basis of static FP filter arrays and micromachined 
tunable FP filter arrays as well as a theory of tuning behaviors of tunable FP filters 
when applying an external voltage DC or AC are also presented in this chapter. After-
wards, the chapter provides the knowledge of optical characterization methodology for 
the FP filter arrays. Principles of some essential components and devices which are 
commonly implemented in an optical characterization setup are also described. Finally, 
it ends with the fundamental basis of white light interferometry to visualize 
micromachined displacements. 

Chapter 3 introduces three existing old characterization setups (the Lambda 900 spec-
trophotometers, the optical bench setup and the fiber based setup) which are commonly 
utilized to investigate optical and tuning behaviors of the FP filter arrays. It also ad-
dresses their advantages and disadvantages which are needed to be overcome by new 
characterization setups. Afterwards, the chapter describes the construction details and 
the working principle of the compact microscope spectrometer setup. A precise align-
ment and calibration of the setup which are the critical issues to obtain the reliable re-
sults is also presented in this chapter. 

Chapter 4 presents the geometric and compositional details of the samples including 
static and tunable FP filters which are studied in this work. 

Chapter 5 describes the experimental results using the compact microscope spectrome-
ter setup while characterizing the optical properties and tuning behaviors of static and 
tunable FP filter arrays. The accuracy of the setup is evaluated by comparing the spectra 
obtained from the setup with that of the existing old setups mentioned in chapter 3. The 
tuning behaviors of the tunable FP filters are investigated by the implementation of two 
kinds of experimental conditions concerning constant or temporally oscillating bias 
voltages: DC or AC actuation.  
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Chapter 6 presents the design, implementation and application of the free beam broad 
band confocal setup which can operate in both the visible and NIR range. It describes  
the  design  of  the  optical  measurement  system  as  well  as  the  mechanical construc-
tion that serves as a frame structure for the setup and defines the importance of  precise 
calibration and  alignment of the implemented optical components. Some experimental 
results obtained from the setup are also presented in this chapter. 

Chapter 7 concludes the results of this thesis and includes suggestions for the future 
optimization of the setups. 
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2 Theoretical basics 

The goal of this work is to characterize the optical properties and tuning behaviors of 
static and tunable FP filter array for Nanospectrometers by using and implementing 
measurement setups with high spatial spectral accuracy. This chapter provides the fun-
damentals for the readers to understand the basis concept of this work. Firstly, a brief 
introduction to the basic knowledge of FP filter and its important characteristic optical 
parameters such as Full Width at Half Maximum (����), Resolving power ���, Free 
Spectral Range (�	
) and Finess (�) is given. A basis of static FP filter arrays and 
micromachined tunable FP filter arrays fabricated by 3D NanoImprint technology as 
well as a theory of tuning behaviors of tunable FP filters are also introduced in this 
chapter. Afterwards the basic knowledge of optical characterization methodologies for 
the FP filter arrays and the working principles of the crucial elements and devices which 
are commonly used to investigate optical properties and tuning behaviors are finally 
presented. 

2.1 Foundations of the Fabry Pérot filter arrays 

2.1.1 The Fabry Pérot filter and its characteristic optical parameters 

A FP filter is an interferometer type and a special type of a thin film optical filter. Based 
on the phenomenon of multi beam interferences it can transmit a certain band of wave-
length and reflect wavelengths outside of that band. A standard FP filter consists of two 
parallel, highly reflective mirrors and a cavity formed between them. In this work, Dis-
tributed Bragg Reflectors (DBRs) are implemented as the highly reflective mirrors 
which are one of the key components of a FP filter. The discussion in this section will 
be started with DBRs then the theory of FP filter. Its characteristic optical parameters 
will be introduced in the following subsections. 

2.1.1.1 Distributed Bragg Reflectors 

DBRs are composed by a stack of layers with alternately high and low refractive index. 
In the design of FP filters, the DBRs are commonly used as high quality reflective mir-
rors due to their high reflectance and low absorption compared to metal mirrors. A well 
designed DBR can provide extremely high reflectance over a wide range in the optical 
spectrum, which is later called the stopband.  
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In order to understand the working mechanism of the DBRs, the propagation of light 
within periodic multiple layers of the DBRs is taken into account. If an incident light 
beam of a discrete wavelength � is illuminated on to alternating high and low refractive 
index layers of a DBR; it is partly reflected and partly transmitted at each layer inter-
face. Reflected light beams then recombine and interfere with each other as demonstrat-
ed in Fig. 2.1. According to wave optics, constructive interference occurs if the relative 
phase shift among the beams is: 

 ∆� � � · 2� 2.1 

Destructive interference, in contrast, occurs as the relative phase shift is: 

 ∆� � �2� � 1� · � 2.2 

where � is an integer. The same phenomenon is applied for transmitted light beams. 

 
Fig. 2.1. Reflection and transmission of incident light on many alternating high and low refractive 

index layers. 

In a DBR the optical height of each thin film layer is chosen to be a �/4 layer. Further-
more, an odd number of �/4 layers is chosen in total. Passing one of these �/4 layers 
the beam experiences a phase shift of π 2⁄ . If light is travelling in a medium of low re-
fractive index and it is reflected at a boundary to a higher refractive index layer it expe-
riences a phase shift of π in case of vertical incidence. Considering the selection of 
beams 1, 2, 3, 4 etc. depicted in Fig. 2.1 and the two different phase shift types men-
tioned above we are able to obtain constructive interference in reflection and are able to 
fulfill Eq. 2.1. The total phases of the beams 1, 2, 3, 4 etc. depicted in Fig. 2.1 are indi-
cated as δ�, δ�, δ�, δ� etc. The phases of all reflected light beams 1, 2, 3, 4 etc. after 
they passed the boundary a are additionally written in the following formula: 
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�� � � � � �� � � � � 2⁄ � � 2⁄ � � � � �� � � � � � � � � � � � 3� �� � � � 3� 2⁄ � 3� 2⁄ � � � 3� 

2.3 

Note, that a phase shift of π occurs at the boundaries a, c, e… where light reflects at a 
medium of a higher refractive index medium, as mentioned already above. 

Equation 2.3 demonstrates that all the reflected beams are in phase with the incident 
beam, and the relative phase shift among all reflected light ∆� always are a multiple 
of 2�. Thus, the condition in Eq. 2.1 is fulfilled, the constructively interference always 
occurs. That means the DBR can work as an ideal reflector. 

In fact, the optical thickness of a quarter wavelength is commonly described as: 

 "#$# � �4 2.4 

where "# represent the refractive index of the corresponding material, and $# represent 
the physical height of the layer.  

The reflectivity of a DBR is given as [30, 31]: 

 
 � %1 & '()(* +�, '(-.(/+
1 � '()(* +�, '(-.(/+0

�
 2.5 

where 1 is the number of thin layers, "2 is the refractive index of the high index layer, "3 is the refractive index of the low index layer, "4 and "5 are the refractive indices of 
the surrounding medium and the substrate, respectively. The expression shows that the 
reflectivity is determined by the contrast of refractive indices and the number of thin 
film layers. Theoretical calculations show that reflectivity of a DBR can be increased by 
increasing the refractive index contrast of the two materials, and the number of thin film 
layers [32, 33].  

The most interesting properties of the DBRs are their reflection and transmission spec-
tra. In this work, a stack of layers with alternately high and low refractive index of the 
DBRs can be considered as a 1D periodic structure, and their reflection and transmis-
sion spectra can be calculated by using the transfer matrix method (TMM). The main 
idea of this method is to describe the sequence of different optical layers equivalent to a 
chain of two-ports in electrical engineering. Therefore each thin film layer of the DBR 
structure is characterized by a 2 x 2 matrix to describe the ingoing and outgoing electri-
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cal and magnetic fields, thus, the electromagnetic waves in each interface. In this way it 
is possible to describe the propagation of light through a layered medium of 1 individu-
al layers by a matrix multiplication of 1 individual 2 x 2 matrices. The advantage of 
using matrix representation of the electromagnetic field of light is that now for a se-
quence of layers only matrices for each layer type has to be defined including all the 
specific physical aspects. As a result, reflectance and transmittance of the light through 
multi thin film layers are derived directly from the components of the transfer matrix. 

Based on the TMM the reflection spectrum and transmission spectrum of a DBR is cal-
culated and presented in Fig. 2.2 (a) and (b). Here, a spectrum region where the DBR 
provides extremely high reflectance is called the stopband. In the reflection spectrum 
Fig. 2.2 (a) the stopband results from the constructive interference of the reflected light 
waves whereas in the transmission spectrum Fig. 2.2 (b) the stopband is generated by 
the destructive interference of the transmitted light waves and thus its transmittance is 
close to zero [34]. In case of dielectrics or semiconductors with very low absorption 
losses, maximum reflectance can very closely reach 100 % at the design 
wavelength [33].  

Neglecting loss the width of the stopband can be written as [30]: 

 Δ� � 4� � 89":� ;"2 & "3"2 � "3< 2.6 

where �  is the center wavelength of the stopband.  

   
(a) (b) 

Fig. 2.2. Reflection spectrum (a) and transmission spectrum (b) of a DBR consisting of 9.5 periods 

of Si4N4 and SiO2. 

As derived from the equation, the width of the stopband grows with increasing of re-
fractive index contrast of two materials. The sharpness of its edges is determined by the 
number of layers. The higher the number of layers in use is, the sharper the edges can 
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be. However, increasing the number of layers also leads to the increase of losses in ma-
terial and in practicable fabrication processes.  

2.1.1.2 Fabry Pérot filters 

A FP filter consists of two DBRs and a cavity in between as shown in Fig. 2.3 (a). It is 
also based on the principle of multiple beam interference. If the cavity height of less 
than a couple of wavelengths, it can be considered as a defect in the periodic structure 
of a DBR which adds an extra phase shift when light propagates through it. The height 
of the cavity is discussed later in the following part.  

  
(a) (b) 

Fig. 2.3. (a) Schematic view of a FP filter with two cavity modes, and (b) scheme of reflected and 

transmitted light in a FP filter. The figure is not in scale since the cavity is enlarged at the expense 

of the =/> layers [32].  

Assume that the physical height of the cavity is ?, the refractive index of the cavity is "@. Light propagating through the cavity gains a phase shift of: 

 � � 2�"@� ? 2.7 

So the phase difference of transmitted beams (e.g. the beam 1, 2, 3 in Fig. 2.3 (b)) 
caused by the reflections at the border of the filter cavity is 2�. Assuming that two iden-
tical mirrors are ideal and there is no absorption in the cavity, the transmittance A of the 
FP filter is denoted in Eq. 2.8 below: 

 A � 11 � �89"�� 2.8 

where 
 is the reflectance of the two DBRs and � is set as: 
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 � � 4
�1 & 
�� 2.9 

It is obvious that when � � 0, D �, D 2�… then 89"�� � 0, the transmittance A reaches 
its maximum AEFG � 1.  

This condition can be expressed as: 

 ? � ��2"@ 2.10 

where � � 1, 2, 3 … is the order of interference. 

Under this condition, light waves resonating inside the cavity form standing waves.  

This phenomenon can be explained when considering the cavity itself as a defect in pe-
riodic structure of a DBR. Compared to the normal case of a DBR in which the height 
of each layer is a quarter of wavelength resulting in a phase shift of � 2⁄ , the implemen-
tation of a half wavelength height cavity leads to a phase shift of �. That means the cav-
ity adds an extra phase shift of � 2⁄  i.e. adding another quarter wavelength layer. 
Whereas all waves reflected by the interfaces in a DBR superpose in form of an imagi-
nary, exponentially decaying mode the extra phase shift results in constructive interfer-
ence and the corresponding real cavity mode as seen in Fig. 2.4. This can only be under-
stood when considering the whole filter structure. 

 
Fig. 2.4. Electric field of the fundamental mode in a FP filter and the related refractive index profile 

[33]. 

From Eq. 2.8, the transmittance can be concluded as a function of the reflectivity of the 
DBRs and the cavity mode. A plot of the transmittance of a FP filter cavity is presented 
in Fig. 2.5. Here, the transmittances of the filter with different DBR reflectivities are 
taken into account. The rising peaks defining resonant wavelengths are called transmit-
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ted modes, or filter transmission lines. As seen from the figure, the higher the reflectivi-
ty of the DBR, the narrower the filter transmission lines become.  

 
Fig. 2.5. Transmittance of a FP filter with variable DBR mirror reflectivity. 

2.1.1.3 Characteristic optical parameters of Fabry Pérot filters 

In order to characterize the spectral properties of the FP filter arrays, several important 
parameters are commonly utilized to evaluate the spectral qualities of the FP filters such 
as: the Full Width at Half Maximum (����), the Resolving Power ���, the Free 
Spectral Range (�	
) and the Finesse (�).  

The first important parameter is the Full Width at Half Maximum (����) which is the 
separation between the points on either side of a maximum where the intensity has fall-
en to half the maximum value. As seen in Eq. 2.11 the ���� strongly depends on the 
reflectivity 
 of the DBR. With increasing reflectivity, the ���� is decreased. 

 ���� � ���1 & 
�2�?√
  2.11 

The ���� of the filter at a given wavelength determines the resolving power which is 
the second parameter of interest: 

 � � ����� 2.12 

The third parameter is the distance between adjacent transmitted modes known as the 
Free Spectral Range (�	
) (as seen in Fig. 2.5)  

 �	
 � ��2? 2.13 
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The above relationship implies that the �	
 is inversely proportional to the cavity 
height ? and, hence, for a given wavelength it can be increased by reducing the cavity 
height to the order of magnitude of the wavelength. For a FP filter used in optical spec-
troscopy, the ���� is required to be small enough to resolve the spectrum. The �	
, 
in contrast, has to be large enough to avoid overlap of different filter transmission lines. 

The ratio of �	
 and ���� of an individual filter transmission line contributes to the 
third important parameter: the Finesse � [30]. As seen from Eq. 2.12 the reflectivity 
 
of the DBR mirrors is the only factor which influences the Finesse value. 

 � � �	
���� � �√
1 & 
 2.14 

2.1.2 State of the Art: Fabry Pérot Filter based Nanospectrometers 

Concerning medical applications, optical spectrometers, which are spectroscopic devic-
es, play an important role in measuring the interaction of light with specific molecules 
or solid state matter involving reflection and transmission phenomena. Since conven-
tional spectrometers are normally expensive, bulky laboratory equipments which often 
do not fit the requirements of medical applications, it is necessary to develop miniatur-
ized spectrometers. However, producing miniaturized and low-cost spectrometers of 
high precision is still a big challenge due to the strongly decreasing optical resolution 
when just shrinking the size of the traditional monochromator based spectrometers [9].  

In order to miniaturize spectrometers, great efforts have been made in the last decade, 
and different approaches of miniaturized microspectrometers have been developed. 
These microspectrometers are based on optical gratings [35, 36], or interferometric 
principles such as Mach-Zehnder types or FP types [11, 13, 15]. Among those ap-
proaches, recently the implementation of FP filter based microspectrometers has been 
paid more attention due to the great potential in spectral resolution, intrinsically com-
pact structures, flexibility in spatial distribution and compatibility with commercially 
available detectors. The idea of this approach is to combine a FP filter arrays and a de-
tector array which can act as a microspectrometer. Here, each detector corresponds to 
one individual filter to detect a very narrow band of wavelengths (filter lines) transmit-
ted through the filter. An array of FP filters is used in which each filter selects a differ-
ent spectral filter line. The spectral position of each band of wavelength is defined by 
each individual cavity height of the filter.  

Based on this idea, Correia et al. firstly combined FP filter arrays including 16 cavity 
heights and photodiodes to detect 16 different  wavelengths [10]. Similarly, S.W. Wang 
et  al. implemented a similar structure and extended to 128 different wavelengths in the 
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range of 722 nm to 880 nm [11]. The above-mentioned FP filter based 
microspectrometers, however, have common drawbacks: their fabrication requires mul-
tiple processing steps to obtain specific nanosize geometric structures. It that case vari-
ous cavity heights [10-16] differ in vertical direction in the nm scale. For example, to 
fabricate 2M different cavity heights, at least M individual steps including lithography 
and etching (or deposition) processes are required. These processes are obviously ex-
tremely cost efficient in industrial fabrication if a large number of different wavelength 
is envisaged. 

To reduce the cost, while maintaining the outstanding advantages of the FP filter struc-
ture, a novel methodology of fabricating the miniaturized FP filter based spectrometers 
using NannoImprint technology is developed and introduced at INA [17-22, 37]. Com-
pared to the state-of-the-art technology [10-14], the multiple cavity fabrication steps are 
replaced by one single step, using high vertical resolution 3D NanoImprint technology. 
Since NanoImprint technology is involved, the researchers at INA introduced it as a 
nanospectrometer  [17-24]. By applying 3D NanoImprint technology during the fabrica-
tion process of FP f lter arrays, the implemented nanospectrometers become promising 
candidates to satisfy the growing requirements in medical applications and optical sens-
ing systems. They are very small, low cost, of light weight and of high spectral perfor-
mance. Besides that they have a great potential to be integrated into existing mobile 
devices as well as to networked sensing systems, thus, enabling smart personal envi-
ronments. 

There are two types of nanospectrometers which have been implemented at INA: the 
static nanospectrometers and the micromachined tunable nanospectrometers. The static 
nanospectrometers are the combination of static FP filter arrays and commercially 
available detectors e.g. CCDs, CMOS-chips or photodiode arrays. Similarly, the tunable 
nanospectrometers consist of tunable FP filter arrays and commercially available detec-
tors. Details about the static FP filter arrays and tunable FP filter arrays are introduced 
later in section 2.1.4 and 2.1.5, respectively. 

2.1.3 3D NanoImprint technology 

NanoImprint technology is a parallel lithography technique, based on the molding of a 
soft polymer by a template. It is commonly considered to be invented in 1995 by Ste-
phen Y. Chou and his group [38]. Soon after this invention, many variations and im-
plementations for NanoImprint lithography were developed and widely spread for ap-
plications in electronics, optics, photonic and biology. In MEMS, one of the most attrac-
tive applications of NanoImprint technology is to structure different cavity heights of 
Fabry Pérot filter arrays. In this case, FP filters with different cavity heights can be per-
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formed by only one step NanoImprint. Here, the key issue is the template. Conventional 
templates, however, typically consist of only two different height levels [25, 28]. There-
fore, in order to generate a flexible 3D cavity structure, the conventional NanoImprint 
templates had to be considerably enhanced towards 3D NanoImprint templates [18, 21, 
24].  

 
Fig. 2.6. White Light Interferometer (WLI) measurements of a 3D NanoImprint template. A selec-

tion of filters is framed and magnified below together with the designed sink depths and the meas-

ured depths in brackets [22, 39]. 

At INA, a novel methodology to fabricate 3D NanoImprint templates with ultra high 
vertical resolution has been developed [18, 22, 37, 39, 40]. For the proof of concept, the 
3D templates contain arrays of “negative” or “positive” mesa structures with up to 64 
different sink depths. To meet the requirements of different filter applications, the dif-
ferences of the sink depth are variable from several nanometers to several hundred na-
nometers. The fabrication process of 3D templates requires a multiple repetition of pho-
tolithography process, reactive ion etching (RIE) and white light interferometry (WLI) 
measurements (for etching depth control and surface inspection).  

Figure 2.6 (top) shows a WLI image of a transparent template that contains an array of 
sink structures (“negative mesa”) of 64 different depths. Figure 2.6 (bottom) depicts a 
selection of different filters together with the designed sink depths and the measured 
sink depths in brackets below. The corresponding dimensions are given in nm. WLI 
measurements indicate ultra high vertical resolution < 1nm of the 3D patterns on the 
template. 

The fabrication process of structuring different cavity heights in an array using 3D 
NanoImprint technology is illustrated in Fig. 2.7. First, a soft thin material layer is de-
posited on the bottom DBR by spincoating or dispensing. A 3D NanoImprint template 
is pressed into the material to mold the different cavity heights. The material has to be 
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hardened thermally (Thermal NanoImprint) or by exposing to UV light (UV 
NanoImprint). After structuring the cavity, the top DBR is deposited to finish the pro-
cess. 

 
Fig. 2.7. Schematic fabrication process for FP filter / detector arrays: (a) defining bottom DBR on a 

detector array, (b) 3D NanoImprint template above soft cavity layer, (c) NanoImprint and curing of 

the polymer, (d) removal of template and deposition of the top DBR [22]. 

2.1.4 Static Fabry Pérot filter arrays 

A static nanospectrometer consists of a static FP filter array on top of a detector array as 
shown in Fig. 2.8. Each FP filter in an array composes of a bottom DBR, a resonance 
cavity and a top DBR. The top and bottom DBR are identical and consist of periodically 
arranged thin dielectric films of materials with alternating high and low refractive in-
dexes. The optical thickness of each dielectric thin film layer included in the DBR is a 
quarter of the design wavelength. The DBRs are deposited by either by Plasma En-
hanced Chemical Vapor Deposition (PECVD) or by Ion Beam Sputter Deposition 
(IBSD). For spectral detection, the deposition of the DBRs is carried out on a transpar-
ent substrate which is later bonded on a detector array such as CCD, CMOS-chip or 
photodiode array. Each FP filter is assigned to a defined area of the detector array. This 
area can contain single detector elements or groups of them. Therefore, the lateral ge-
ometries of the cavities are designed to match the detector. The lateral and vertical di-
mensions of the cavities are precisely structured by 3D NanoImprint technology. The 
cavities only have a few nanometer differences in the vertical direction. The precision 
of the cavity in the vertical direction is a key factor which influences the accuracy of the 
spectral position and transmittance of the filter transmission line. 
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Figure 2.8  (top) depicts a cross section of a part of a static FP filter array with four dif-
ferent cavity heights and the corresponding calculated transmission spectra Fig. 2.8 
(bottom). The filter transmission lines within the stopband are characterized by the ���� and their spectral positions depend on the filter cavity heights. By changing the 
cavity height, the transmission wavelengths can be precisely chosen.  

 
Fig. 2.8. Schematic cross section of an 3D NanoImprinted FP filter array on top of a detector array 

and corresponding calculated transmission spectra [22, 39]. 

In principle, static FP filter arrays can include 256, 512, 1024 or more pixels on an area 
of only a few square millimeters. A specific spectral pixel (filter transmission line, e.g. �� in Fig. 2.8) can occur several times and at different positions in the arrays just as 
required for redundancy or special requirements. 

For a proof of concept a FP filter array with 64 different cavity heights (64 spectrally 
different pixels) on a substrate was implemented by 3D NanoImprint technology as 
shown in the WLI image below (Fig. 2.9). The cavity heights range from approx. 80 nm 
to 240 nm in vertical direction, and cover a lateral area of 100 x 100 µm2 each. The im-
plemented DBRs are designed for a central wavelength of �  = 575 nm to enable the 
filter arrays to detect in the visible spectral range. 5.5 periods of � 4⁄  TiO2 and � 4⁄  SiO2 
layers are deposited by ion beam sputter deposition to define the DBRs. � 2⁄  cavities are 
formed by UV NanoImprint using mr-UVcur 21 as organic cavity material. After the 
3D imprinting and the deposition of the top DBRs, a FP filter array with 64 different 
cavity heights is created. The individual sinks (hollow structures) characterized by indi-
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vidual sink depths are transformed in their surface morphology into mesa (elevated 
structures) characterized by mesa heights. 

The low surface roughness of less than 1 nm and the conservation of important geomet-
rical parameters is maintained during the 3D NanoImprint process [39].  

 
Fig. 2.9. WLI characterization of an imprinted filter array with 64 different heights. The colors in 

the 3D diagram indicate the different heights. The surface roughness on each individual cavity 

(mesa) is approx. 0.6 nm rms1 [22, 39]. 

2.1.5 Basics of micromachined tunable FP Filters 

The basics of micromachined tunable FP filters are introduced in this part. It first recalls 
a theoretical model calculation of the ideal static tuning function of a micromachined 
tunable FP filter reported already in a previous research. Afterwards, an introduction of 
the tunable FP filter arrays for applications in nanospectrometers is given and a simple 
mechanical oscillator model is described. For the applications of the micromachined 
tunable FP filter arrays in future, both, high temporal stability and high actuation effi-
ciency are preferable. For this thesis there is a strong motivation to identify an optimum 
microelectromechanical actuation method. In this chapter the foundations of a time-
invariant (DC) and a time-variant actuation (AC) are presented to define the basis for 
chapter 5, including experimental studies and a detailed study of advantages and disad-
vantages of different microelectromechanical actuation methods. 

2.1.5.1 Ideal static tuning function 

Micromachined tunable FP filters have been reported in the past based on different ma-
terial systems and on several designs. The one which is closest to this work is described 
in the PhD thesis of A. Tarraf [41]. It consists of a dielectric DBR mirror, an air gap 
cavity and a dielectric top DBR fixed via three or four suspensions to supporting posts. 
While the FP filters were actuated by thermal tuning in previous works, in this thesis, 
                                                 
1 rms: Root mean square 
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the tuning is implemented by using electrostatic actuation which is as also described in 
Ref. [24, 42-44]. The membranes of micromachined tunable FP filters whose cavities 
are air gaps can be varied by a few nm in heights by electrostatic actuation [24, 45]. 
This reveals a spectral shift of the filter line which is well known as spectral FP filter 
tuning by micromachined actuation. The mechanical efficiency of displacement strong-
ly depends on the suspension geometry (lengths, width, thickness, bending, and number 
of suspensions), the material parameters (composition, number of periods) and the 
membrane geometry. The static mechanical displacement function J�K� describes the 
displacement of the membranes of FP filters as a function of a varying DC actuation 
voltage K. That mechanical displacement function is not equal for all tunable filters. On 
the other hand the impact of a cavity height change J on wavelength is also not at all 
equal for all tunable filters. This impact depends on the cavity height, the refractive in-
dex contrast, the number of periods, loss etc. For details see Ref. [41, 43, 46, 47]. Thus, 
the optical tuning efficiency depends on three main parameters: the DBR design, the 
cavity height and the filter’s lateral geometry.  

In the following only some important aspects are recalled, the optical tuning efficiency L� J⁄  and the optical tuning function ��?�. The mechanical displacement behavior of 
the FP filter affects directly the wavelength tuning. By actively actuating the position of 
the upper DBR, the optical height of the cavity can be tuned, and thus different filter 
transmission lines can be selected.  

Using a simple one dimensional model capacitor model a simple relation of Δ� �Δ��K� was derived [48] in which the complicated influence of the suspension geometry 
(lengths, width, thickness, bending, number of suspensions), the material parameters 
(composition, number of periods) and the membrane geometry can be incorporated 
approximatively via first, the spring constant M and second, the optical tuning efficiency N � Δ� J⁄ .  

 K � ?O 2MPQN Δ� & O 2MPQN� Δ�� 2.15 

In this formula ? denotes the cavity height at K � 0, Q the membrane area, P the permit-
tivity of the air, and J is the change of the air cavity height which is equal to the dis-
placement of the movable plate according to Fig. 2.14 and Fig. 2.16. Generally, the val-
ue of tuning efficiency is calculated by means of TMM. For R S ℓ, J S ? and R S U, 
the spring constant can be approximated from the equation M � VUR� 4ℓ�⁄  where U, R, ℓ, V are the width, the thickness, the length, and the Young modulus of the equiva-
lent materials of the membrane, respectively [49].  



Chapter 2. Theoretical basics 

19 

 

According to Eq. 2.15, as an example of micromachined tunable FP filter (? �325 "�, Q � 5206 Y��, M � 413 Z �⁄ , N � 0.7) the relation Δ� � Δ��K� has been 
calculated and displayed in Fig. 2.10. Note that the values chosen for M and N are arbi-
trary, just for an example. The calculation is implemented when considering an DC 
voltage actuation is applied. As seen from the figure, with growing applied voltage, the 
air-gap cavity is decreased and thus, the wavelength of the filter transmission line de-
creases.  

 
Fig. 2.10. Tuning of an electrostatically actuated FP filter device: transmission line wavelength as a 

function of applied DC voltage. 

The optical tuning efficiency depends on three main parameters: the DBR design, the 
cavity height, the filter’s lateral geometry and the spectral position of the DBR central 
frequency relative to the design wavelength. A simple simulation of the dependence of 
tuning efficiency on the cavity height is illustrated in Fig. 2.11 [32]. The simulation is 
applied for the filters with 5.5 periods of TiO2/SiO2, the height ? of air gap cavity is of 
550 nm, the filter’s lateral geometry is not considered in this case. The change of cavity 
height is depicted as ] · ? with - 0.4 ^ ] ^ 0.4. As seen from the figure, increasing the 
height of the air gap ? results in the decrease of the tuning efficiency. In fact, tuning 
efficiency also depends strongly on other parameters, much more than shown in the 
figure with the dependence on the cavity height. Theoretical calculations and experi-
mental results demonstrate that a better tuning efficiency is achieved if the filter is im-
plemented with a laterally extended , with a low number of suspensions, and with long, 
laterally bent-shaped suspensions [48, 50, 51].  
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Fig. 2.11. Tuning of FP filters: Wavelength of filter transmission line as a function of cavity height 

[32]. 

2.1.5.2 Tunable Fabry Pérot filter arrays 

Tunable FP filter arrays can be considered as a derivative type of static filter arrays. The 
micromachined tunable nanospectrometers is composed of a detector array and a corre-
sponding array of different micromachined tunable FP filters whose cavities are air gaps 
that can be varied by a few nm in heights by electrostatic actuation [24, 45]. The basic 
motivation of developing tunable filter arrays is to fabricate cost-efficient 
nanospectrometers for the IR or the UV range. In the UV range, the involved dielectric 
layers suffer from increasing absorption with decreasing wavelength. Air gap cavities 
have no absorption, and thus, offer superior performance in UV spectroscopy and offer 
tuning options. For wavelengths  > 1 µm, Si-based detector arrays have to be replaced 
e.g. by much more expensive InGaAs detectors [52]. Nevertheless, low cost IR 
nanospectrometers are possible by considerably reducing the number of individual de-
tectors (and filters in the array). Therefore, a tunable nanospectrometer with different 
tunable FP filters can be designed to detect a broad wavelength range. 

The scheme of a tunable FP filter array illustrating its working principle is shown in 
Fig. 2.12. Different initial air cavity heights (i.e. the air cavity heights without tuning) 
are designed to obtain different initial wavelengths of the corresponding filter transmis-
sion lines of FP filters. Similar to the static filter arrays, 3D NanoImprint technology is 
used to structure the dimensions of all the supporting posts and sacrificial layers (subse-
quently the air gaps) of different heights together in only a single NanoImprint step. 
Afterwards a process to pattern the micromachined structure including lithography, ver-
tical etching, and protection layer fabrication and finally sacrificial layer underetching is 
performed to implement air cavities with different heights. At the end, top and bottom 
electrodes are deposited [44]. The tuning is performed by electrostatic actuation, i.e. 
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applying a voltage between the contact electrodes. The electrostatic forces between the-
se electrodes move the upper suspended DBRs and alter the cavity heights appropriately 
[22, 53]. 

Figure 2.13 depicts an electron micrograph of a tunable FP filter with 9.5 periods of 
Si3N4/SiO2 DBRs deposited by PECVD. The cavity layer is the polymer mr-UVcur06 
which is suitable for UV NanoImprint technology. The polymer which is used as a sac-
rificial material has been removed selectively by oxygen plasma to create an air cavity 
after underetch. Outside the suspensions and membrane region, the polymer still exists 
in the supporting post region. 

 

 
Fig. 2.12. Scheme of an tunable FP filter array design: (a) top view of a single tunable filter, (b) top 

view of a filter array, (c) cross sectional view without (top) and with electrostatic tuning 

(bottom) [22]. 



 

Fig. 2.13. SEM micrograph of a micromachined tunable FP filter

2.1.5.3 A simple elastic capacitor model 

In micrometer and nanometer scale, the elec
MEMS devices in general and FP filters
against other fundamental forces. In order to investigate the 
ical properties of a FP tunable 
trostatic actuation efficiency, a simple
mation (Fig. 2.14). The 
tor where one plate is typically fixed and the other is suspended by 
which are here combined into a single

Fig. 2.14. Scheme of a one dimensional capacitor model

The initial height of the air gap cavity is 
trostatic force is generated and pushes the movable plate to move down in the vertical 
direction (z direction) which results in the decrease of the air gap. T
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SEM micrograph of a micromachined tunable FP filter

A simple elastic capacitor model of a micromachined 

In micrometer and nanometer scale, the electrostatic force is often used for actuating 
in general and FP filters in particular [54-56] due to its dominance 

against other fundamental forces. In order to investigate the static and dynamic mecha
properties of a FP tunable filter in terms of temporal membrane stability and ele

trostatic actuation efficiency, a simple elastic capacitor model is applied as an approx
 two DBRs can be considered as two parallel plates of a capac

tor where one plate is typically fixed and the other is suspended by several suspensions, 
which are here combined into a single mechanical elastic spring.  

 
Scheme of a one dimensional capacitor model. The initial cavity height when the applied 

voltage is zero is depicted as L [57]. 

The initial height of the air gap cavity is . When a voltage is applied, an attractive ele
enerated and pushes the movable plate to move down in the vertical 

direction (z direction) which results in the decrease of the air gap. T

SEM micrograph of a micromachined tunable FP filter [22]. 
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. When a voltage is applied, an attractive elec-
enerated and pushes the movable plate to move down in the vertical 

direction (z direction) which results in the decrease of the air gap. The position of the 
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movable plate in the z direction is called membrane displacement J, and is controlled by 
the equilibrium between the electrostatic and mechanical restoring forces of the suspen-
sions, respectively. Each different applied voltage establishes another equilibrium be-
tween the forces and provides another distinct displacement J resulting in another dis-
tinct cavity height and, thus, in another filter transmission line wavelength. 

Using Newton’s Law, a movable plate capacitor can be described by a mechanical os-
cillator model including inertia, friction, elastic feedback and gravity which is complet-
ed by an electrostatic force: 

 � $�J$R� � _ $J$R � MJ & �̀ & �a � 0 2.16 

where � is the mass of the moving plate or in this case the top DBR including an effec-
tive part of the suspensions, _ is the damping coefficient and M is the spring constant. 
The distortion J indicates the displacement of the movable plate in the vertical direc-
tion. The mechanical restoring force acting on the moving plate is defined by the prod-
uct MJ. �̀  is the electrostatic force. �a  describes the forces that the capacitor experienc-
es such as ambient gravity or other external forces [58, 59]. This differential equation is 
well known from physics as a damped oscillator with external excitation. In the quasi 
static analysis of the considered oscillator, the variation of the movable plate (top mem-
brane) is slow enough, so that the top membrane is in equilibrium all the time i.e. the 
time dependent terms in Eq. 2.16 vanish. 

When a voltage K is applied across the capacitor, the charge b relates to the external 
voltage K as follows: 

 b � PQK? & J 2.17 

The electrostatic force can be expressed by the following formula: 

 �̀ � b�2PQ � & $$J ;12 cK�< � PQK�2�? & J�� 2.18 

where P  is the permittivity of free space. c the capacitance, Q the membrane area ? the initial cavity height of the air gap and K the DC applied voltage. 

The capacitance of the parallel plate is: 
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 c � PQ? & J 2.19 

Assume that there is only an electrostatic force and no other external forces, i.e. �a � 0. 
At equilibrium, the electrostatic force is balanced by the elastic restoring force so 
Eq. 2.16 is simplified as: 

 
PQK�2�? & J�� � MJ 2.20 

By solving Eq. 2.20, the voltage K is achieved as [47]: 

 K � O2�? & J��MJPQ  2.21 

The maximum of external voltage which can be reached without finishing reversible 
displacement operations of the capacitor is called pull-in voltage K,# as shown below: 

 KaFG � K,# � O8M?�27c  2.22 

where c � PQ ?⁄  is the initial capacitance when J � 0. 

The maximum plate displacement J,# at the pull-in voltage is: 

 J,# � ?3 2.23 

The relation between voltage K and the displacement J is shown graphically in Fig. 
2.15:  

 
Fig. 2.15. Voltage of a movable plate capacitor as a function of displacement. The applied voltage 

reaches a maximum efg if the displacement is approximately h i⁄  one third of the initial air gap 

[58]. 
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When the applied voltage is increased above the pull-in voltage, the electrostatic force 
will exceed the elastic restoring force, the equilibrium is lost and the movable plate col-
lapses on the fixed plate. Eq. 2.22 and Eq. 2.23 show the stability limit of a tunable FP 
filter actuated by an electrostatic voltage. The filter is only stable below the pull-in volt-
age, and below approximately the displacement ? 3⁄  [58]. For a precise calculation of 
the critical displacement see [47]. The pull-in limitation originates from the fact that the 
charge b depends on the remaining gap �? & J� as shown in Eq. 2.17. As a result, the 
electrostatic force becomes nonlinear due to its dependence in 1 �? & J��⁄  whereas the 
elastic restoring force �̀ � MJ is linear with J. As the remaining gap decreases, the 
electrostatic force increases nonlinearly while the restoring force increases linearly 
which leads to the instability of the system.  

In consequence, the instability in mechanical tuning behavior of the filter affects direct-
ly its spectral performance e.g. maximum wavelength tuning, ���� etc. In fact, the 
stability of a system is influenced by many factors such as: the material, the lateral filter 
geometry, the geometry of the mechanical construction of the system and the dielectric 
charging [60]. Among those above mentioned factors, dielectric charging has received a 
lot of attention in the field of micro-electro-mechanics (MEMS field). It has been prov-
en that the dielectric charging is also crucial for micromachining involving dielectric 
and is increasing of the pull-in voltage [58]. Since the first observation of charging ef-
fect by Tang et.al. in a stacked oxide-nitride dielectric of polysilicon [61], many re-
searchers have been conducted to find ways to reduce the effect of the dielectric charg-
ing, and thus stabilize the system [62-66].  

In tunable FP filter arrays, reducing the dielectric charging will not only help to stabilize 
the system but also increases the efficiency of electrostatic actuation [58]. That means it 
can provide the possibility of reducing the required applied voltage to obtain a desired 
spectral tuning range. This is an important issue in the applications of the 
micromachined tunable FP filters in nanospectrometers.  

In the following part, the mechanical behavior of the tunable FP filters is studied for 
two different electrostatic actuation cases: a quasi static time-invariant actuation (DC) 
and a time-variant actuation (AC). This will be the basis for chapter 5, in which experi-
mental studies using DC and AC actuation are presented. The focus on the DC and AC 
actuation are (i) the dielectric charging and (ii) the temporal stability of the FP filter 
membrane. Note that the basics of the two sections DC and AC actuation are repeated 
also in chapter 5 during the description of the DC and AC actuation experiments. It will 
be shown that if a DC bias voltage is used to micromachined actuated a FP filter, dielec-
tric charging is considered as the main reason which results in the temporal instability 
of the system. 
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DC actuation 

Since in this work, micromachined tunable FP filters including dielectric DBRs 
(SiO2/Si3N4 or SiO2/TiO2) in this chapter includes the basics of possible charge transfer 
from conductive electrodes into the DBR dielectrics, which is called charging effect. 
Those materials have high insulation resistance, however they include also traps for 
positive and negative charges both deep in volume and at the multiple interfaces in mul-
tilayer stacks [66]. A schematic and simplified charge distribution inside a dielectric 
tunable filter with two dielectric surfaces against an air gap is demonstrated in Fig. 2.16 
below. To study charging effects we have chosen a design where the charging effects 
are extremely active, in order to prepare a scientifically most interesting situation, 
which is displayed in Fig. 2.16. This is due to the fact that charges preferentially occupy 
central surfaces of a plate capacitor; therefore, they are cordially invited to charge the 
dielectrics, since the conductive electrodes are located at the outer borders of the dielec-
tric DBRs.   

A new model based on rate equations will be presented in chapter 5 to explain the ex-
perimental data observed in the experiments.  

 
Fig. 2.16. Simplified model of charge distribution after a DC voltage has been applied for a long 

time. The charging effect is studied in this specially designed FP filter geometry which is superior to 

study charging since the dielectrics are located in the center. This geometry will provide a situation 

where charging is revealed extremely.  

If a DC voltage is applied between the top and bottom electrode of the tunable filter 
(one electrode has always a positive potential, the other electrode has always a negative 
potential), an electric field is generated between the two electrodes. Immediately after 
the DC voltage is applied, the positive or negative charges are located at the central in-
terfaces of the conductive electrodes. After some time, some the charges are continu-
ously transferred into the dielectric layers and then are relaxing into interface or bulk 
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traps in the dielectrics (trapping). The amount of charges trapped in the dielectric mate-
rials increases gradually with time. This has an influence on the electrostatic force be-
tween the DBR mirrors covering the transparent electrodes outside moves, thus, the 
filter behavior becomes temporally unstable. Note that the detailed very much depend 
on the geometry and the involved materials [65].    

Another effect also may occur in addition: Due to the distance between the top DBR 
and the bottom DBR is not larger than one micrometer; already a few volts will generate 
a very high electric field. When the applied voltage is increased further, exceeding the 
breakthrough voltage of the air, the air is ionized which leads to the generation of an 
avalanche of free electrons and ions. These free electrons and ions traverse through the 
gap and are stopped and neutralized by the trapping charges in the bottom DBR [65, 
66]. As a result, the electric field is reduced further. The electrostatic force drops drasti-
cally and the membrane is further released.  

Beside the effect of trapping charges in dielectric layers and the breakthrough of the air 
gap, the effect of leakage current arising from undesired imperfections of dielectric ma-
terials also give rise to the discharging of the filter. As a result of imperfect isolation, 
the dielectric materials have some non-zero conductivity. This allows a leakage current 
to flow; the filter is slowly discharged; then the system becomes unstable, and the top 
DBR moves backward towards the initial position.  

Obviously, the effect of charging on the dielectric leads to a temporal instability of the 
micromachined tunable FP filter. Furthermore, since the electric field is reduced gradu-
ally, it is required to increase the applied voltage in order to compensate the reduction. 
This undesirable effect is troublesome in the application of the tunable FP filter where 
low applied voltages with high efficiency of electrostatic actuation are required. There-
fore, in order to enhance the temporal stability of the system and to decrease the applied 
voltage, a proper method to eliminate the dielectric charging effect has to be addressed. 
In the next section, a method used for significantly reducing the charging effect by us-
ing an AC voltage actuation is presented and discussed in detail. 

AC actuation  

Studies of micromachined electrostatically actuated devices have indicated that the 
presence of DC voltage driving gives rise to the appearance of trapped charges in die-
lectric layers which will may considerable degrade the device. The devices become 
temporally unstable and require after some time gradually increased DC voltages ap-
plied. In order to eliminate this phenomenon, a straightforward way is to use an AC 
voltage actuation instead of DC voltage.  
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In general, positive charges are trapped if a positive potential exists. On the contrary, 
negative charges are trapped if a negative potential exists. When only an AC actuation 
voltage is applied, the two electrodes alternate continuously between positive and nega-
tive potential. Even though the polarities of the two electrodes change alternatively, the 
direction of the electrostatic force generated between the two electrodes does not 
change. The electrostatic force is always attractive which forces the top DBR to move 
down which results in the reduction of the air gap cavity.  

Since the polarities at the two electrodes alternatively change from positive to negative 
values, at each electrode positive charges are trapped during a period of positive poten-
tial and negative charges are trapped in the subsequent period of negative potential. The 
trapped charges will be partially neutralized, and the influence of dielectric charges can 
be partly reduced by this way [65]. As a consequence of the strong reduction in charg-
ing effect, the required (temporally compensating) increasing voltage for electrostatic 
actuation can be maintained small or can be even omitted.   

In deriving Eq. 2.21, it has been assumed that the displacement J is static, i.e. the filter 
does not oscillate mechanically due to the applied voltage. This is naturally valid for 
DC. In the case of AC voltage, displacement is approximatively static if the frequency 
of the applied voltage is much higher than the mechanical resonance frequency of the 
oscillator. In this case the top DBR cannot follow the fast oscillation of the electrostatic 
actuation frequency, the membrane becomes almost stationary.  

In the applications of micromachined tunable FP filter arrays in nanospectrometers, a 
high temporal mechanical stability and a low voltage applied are the priorities. There-
fore, the utilization of AC actuation voltage at frequencies much higher than the reso-
nance frequency of the FP filter is preferable. In order to investigate the behavior of the 
FP filters when a DC or an AC voltage actuation is applied, in this work, spectral and 
mechanical characterizations of the FP tunable filter have been performed and reported 
in chapter 5. There, details of the obtained experimental results in these two cases are 
analyzed and presented.  

In fact, even in the absence of an external DC voltage, when the ideal AC voltage is 
applied, the filter still experiences a small effective DC voltage. This DC part originates 
from parasitic capacitances which are typical for all devices: transistors, laser diodes, 
LEDs, photodiodes etc. Those parasitic capacities also exist and cannot be avoided in 
micro-electro-mechanical devices [58], [59]. As an AC voltage is applied, the parasitic 
capacitances are first charged gradually after the filter is biased. The transfer of charge 
from the capacities to the dielectric is going on permanently but always is proportional 
to the currently remaining charge in the capacities. In some cases the parasitic capaci-
tance acts as a parasitic DC voltage source applying on the tunable filter [59]. Thus, 
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even without an externally applied DC voltage in many situations the filters have a par-
asitic DC biasing. The total voltage is in this case:      

 K � Kjk � K 89"�lR� 2.24 Kjk is the DC voltage arising from parasitic capacities. This undesirable DC voltage 
results in the reduced temporal stability of the filter. This phenomenon is also discussed 
further in chapter 5. 

2.2 Optical characterization methodology 

Optical spectroscopy is attractive for the investigation of the optical functionality of the 
FP filter arrays due to its high sensitivity, spectral selectivity and nondestructive fea-
tures. It is useful for long-term and real time inspection without contaminating the sam-
ple. A common optical characterization setup, shown schematically in Fig. 2.17, is 
composed of (i) an illumination system, (ii) a collimation and magnification system, 
(iii) a sample stage, and (iv) a data recording and analysis system.  

 
Fig. 2.17. Scheme of a characterization setup. 

The light source is the main component of the illumination system, which could be a 
laser, an LED or a lamp and has to be adapted to the desired spectral properties. The 
collimation and magnification system includes either a series of optical elements or a 
microscope which is vitally important for forming a collimated or focus light beam. In 
this system, the objective lens is a key part which determines the diameter of the fo-
cused light spot and the limit of image resolution. The sample stage is used for carrying 
the filter arrays, defining the exact position to be characterized within the array and al-
lows for scanning through the whole filter arrays in a step and repeat modus. The data 
recording and analysis system contains either an optical grating spectrometer, or an op-
tical spectrum analyzer (OSA), or a charge coupled device (CCD), allowing quantitative 
analytical data processing and quantification. 
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2.2.1 llumination systems for optical spectroscopy 

In spectroscopic studies, the light source plays a key role. It is needed to generate a 
beam of radiation with sufficient power for measurement and detection signal. In addi-
tion, the light intensity should be stable. Any fluctuation in light intensity which causes 
a significant variation in the spectral accuracy should be avoided. In optical spectrosco-
py, both continuous and line sources are used. However, due to the wide range applica-
tions of our FP filter arrays, continuous light sources with broad spectral range, suffi-
cient power, and wide dynamic range which can operate in both spectral ranges such as 
the visible and NIR range are required. In this study, we utilize a Halogen (HAL) lamp 
and a continuum laser as continuous light sources which can fulfill the requirements of 
efficient power and large spectral working range.  

2.2.1.1 Halogen lamp as illumination system 

Halogen (HAL) lamps are the most common forms of thermal and incoherent sources 
for visible and NIR radiation. The HAL lamps operate as thermal radiators i.e. light are 
emitted by heating the filament at high temperature. The radiative emission of HAL 
lamps is approximated as a black body spectrum and is thus temperature dependence. 
As a property of black body radiation, the spectral distribution is shifted to shorter 
wavelengths when the temperature is increased. In Fig. 2.18 various temperatures are 
taken into account to illustrate the spectral behaviors of the HAL lamps. The higher the 
temperature (only up to 6500 K) the more the maximum peak shifts to shorter wave-
lengths corresponding to the enhancement of the portion of the visible light. In contrast, 
the lower the temperature results an increasing part of longer wavelength appears in the 
spectrum. As seen in the figure, at 3200 K the spectrum is continuous over the range 
between about 300 nm and 2500 nm, however the red region dominates the whole spec-
trum. The majority of the emitted energy (approx. 85 %) is distributed in the NIR and 
IR range, the rest falls into the visible (approx. 15-20 %) and UV range (less than 1 %). 
Therefore, the HAL lamp is an ideal radiation source for applications with sufficiently 
high optical power in both the visible and NIR working range. When compared with 
other light sources, the HAL lamps are relatively cost efficient, easy to replace, and 
provide adequate illumination [67]. It is also considerably stable in long term experi-
ments; therefore, spatial and spectral fluctuations under normal operating conditions are 
nearly suppressed. Besides these advantages, the main disadvantages of the HAL lamps 
are their poor beam quality and their low coupling efficiency into an optical fiber which 
often results in a low power at the detectors. 
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Fig. 2.18. Spectral distribution of a Tungsten Halogen lamp [68]. 

In this work, two HALs are utilized in the illumination system. Figure 2.19 presents the 
broad and continuous spectrum of the HAL lamps for the light propagating through the 
compact microscope spectrometer setup (which is discussed in chapter 3). The spectrum 
is captured in the range of 350 – 1150 nm. Note that, the compact microscopes spec-
trometer setup is designed to work in the visible range. Therefore, the reduction of the 
optical power in the NIR range displayed in the spectrum is referred to the attenuation 
of the light when it propagates through the internal optical elements of the microscope. 
The HAL lamps provide an adequate and stable illumination in long term experiments. 
These features help to eliminate spatial and spectral fluctuations during measurements.  

 
Fig. 2.19. Spectrum of the HAL lamps propagating through the compact microscope spectrometer 

setup. 

2.2.1.2 Supercontinuum white light laser as illumination system 

As compared to the properties of HAL lamps, laser produce a beam of extremely high 
intensity, spatially narrow and with remarkable spatial and temporal coherence that can 
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be coupled efficiently into fibers [69, 70]. The laser beam, however, is usually mono-
chromatic with a narrow bandwidth of 0.01 nm or less. To cover a broader spectral 
range, a tunable laser is commonly utilized. In fact, there are several tuning principles, 
Ti-Sapphire laser, dye laser, and others [71]. Another approach to broaden the spectral 
range is a combination of several different lasers emitting at different wavelengths is 
established. This combination, however, makes an illumination system even more so-
phisticated and large in volume.  

A supercontinuum white light laser source (SCWLL) which takes advantages of broad 
spectral range of incandescent lamps and high intensity of lasers is another suitable ap-
proach for spectroscopy studies [72]. SCWLL can be described as “broad as a lamp and 
bright as a laser” [73] with broad spectral range covering over the visible and NIR and 
considerably higher intensity than other kind of broadband sources. Figure 2.20 depicts 
a comparison in spectrum between a photonic crystal fiber based supercontinuum 
source and different broad band sources such as: an amplified spontaneous emission 
source (ASE source), an incandescent lamp, and four superluminescent diodes (SLEDs). 

 
Fig. 2.20. A comparison of spectra of a supercontinuum white light laser based on a Ti-Sapphire 

pump laser and different broad band sources [74]. 

Since the SCWLL produces the light already inside a photonic crystal fiber using main-
ly stimulated emission processes this method of light generation is superior to that of 
e.g. a halide lamp, which often requires coupling the light into a fiber after the genera-
tion based on mainly spontaneous emission.  

A supercontinuum generation is defined as a formation of a broad continuous spectral 
band when a pulse with high peak power propagates through a nonlinear medium. The 
first observation of supercontinuum radiation was first reported in 1970 by Alfano and 
Shapiro [75]. They observed a continuous broadening of spectral output (from 400 nm 
to 700nm) by launching a neodymium laser beam with energy of about 5 mJ through a 
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borosilicate glass. This initial finding, as well as later research on stimulated radiations 
from solid state materials, liquid, gas medial, and optical fiber created a new generation 
of a powerful artificial white light source with unique spectral properties [76-78]. The 
generation of supercontinuum radiation can be explained in many aspects such as self 
phase modulation, stimulated Raman scattering, four wave mixing and soliton fission.  

As a property of nonlinear medium, when a strong field of laser light is launched into 
the medium, the refractive index of the medium is modulated by the incident beam 
which leads to the self phase modulation. This effect is realized as the main source of 
the broadening of spectra in nonlinear media such as: calcite, quartz, sodium chloride, 
Ti-sapphire etc. 

In addition to self phase modulation, stimulated Raman scattering and four wave mixing 
also contribute to the broadening of the output spectrum [79]. Those effects are consid-
ered as the basic to interpret the generation of the continuum radiation in optical fibers. 
Compared to other case of supercontinuum spectral generation, the radiation intensity 
generated in optical fibers is rather low. The emitted spectra, in contrast, cover the en-
tire visible and a considerable part of the NIR [80]. 

Besides those mentioned effects, the fission of soliton was recently implemented as an 
origin of the supercontiuum radiation in photonic crystal fibers or highly nonlinear fiber 
by Ranka et. al in 2000 [81]. Compared to other supercontiuum generation in other 
kinds of matter, the supercontiuum spectra in photonic crystal fiber is regarded as the 
widest spectra which can be obtained by propagating a femto second laser spectrally 
close to the wavelength where we have zero dispersion [82]. Solitons are generated if a 
balance between self phase modulation and group velocity dispersion occurs during the 
propagation of the soliton femto second pulse. The femtosecond pulse is considered as a 
high order soliton, consequently it rapidly broadens and then fissions into fundamental 
solitons [83-86]. Since all fundamental solitons and their corresponding nonsolitonic 
radiation have different frequencies, the width of the generated spectrum increases with 
increasing soliton numbers or with pulse durations [87]. 

Due to a broad range of application of the FP filter arrays (from the visible to NIR 
range), at INA a SuperK EXTREME supercontinuum white light lasers2 [73] is utilized 
as a light source for optical characterization of the FP filter arrays. In contrast to Fig. 
2.20 our SCWLL uses a Nd-YAG laser as a pump laser. The laser delivers a very wide 
spectral output covering from 460 to 2400 nm while still providing a high average pow-
er of about 4.3W as shown in Fig. 2.21. Since the pump laser has very good beam quali-
ty it can be very efficiently coupled in the photonic crystal fiber where the 

                                                 
2 SuperK Extreme Supercontinuum laser, Koheras 
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supercontinuum is generated. Therefore, there is no need for coupling light into a fiber, 
involving very weak coupling efficiencies. The laser output is a single mode Gaussian 
beam with the beam quality M2 less than 1.1, and the beam divergence is less than 
5 mrad. Furthermore, the supercontinuum laser produces high optical powers in the fi-
ber, which still provides enough intensity per wavelength interval and therefore allows 
measuring the weak signals passing FP filters of very small linewidths. 

 
Fig. 2.21. Spectra of the supercontinuum laser based on a Nd-YAG laser as a pump laser which is 

used in chapter 6 [73]. 

The spectral emission profile of the SCWLL sensitively depends on the pump laser 
wavelength and power, the kind of photonic crystal fiber and other optical components. 
The spectrum shown in Fig. 2.21 corresponds to an Nd-YAG laser pumping at its max-
imum. Reducing the pump power strongly modifies the spectral extension of the emis-
sion profile. With increasing pump power the spectrum is increasingly extending to the 
short wavelength range.  

2.2.2 Collimation and magnification systems for optical spectroscopy 

In optical spectroscopy, the collimation and magnification system is important to form a 
focus or a collimated light beam and magnify or de-magnify the image. The main com-
ponents of the collimation and magnification system are lenses that can be used either to 
focus a parallel beam of light into a spot or in a reverse way to spread a point source of 
light into a parallel beam.  

In the process using FP filter arrays for spectroscopic characterization, a collimation and 
magnification system is required to create both, a collimated light beam and a parallel 
wave front at the filter surface. This can be obtained in the beam waist of a focus. Due 
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to the fact that the FP filters consist of multi optical layers, this feature make them very 
susceptible to the angle of incident beam illuminating the filters [88]. The transmission 
peak will widen if the angle of incidence is not vertical. Theoretical calculation of dif-
ferent incident angles on the transmission spectra is presented in Fig. 2.22. The filter 
consists of 9.5 periods of Si3N4/SiO2 as top and bottom DBRs, the central wavelength is 
of 650 nm, the material for cavity is mr-UVCur 06, the cavity height is chosen as � 2⁄ . 
As the incidence angle increases, the center wavelength of the FP filter will shift to 
smaller wavelengths. As a result, the spectrum achieved from oblique incidence pre-
sents a significant difference from the spectrum from perpendicular incidence. It can be 
seen that at less than 1° of incidence angle there is below 0.1 nm wavelength shifts in 
the spectral response as compared to the vertical incidence case. At 3° angle the wave-
length shift is increased to 0.35 nm, and the value of 1nm shift is obtained in the case of 
6°.  

 
Fig. 2.22. Transmission spectra of a multiple thin film FP filter illuminated by different incident 

angles. 

In this study, several kinds of lenses and complex optical lens systems which are com-
monly used in optical spectroscopy to create a beam waist with parallel wave fronts i.e. 
a “perpendicular beam” with respect to the sample surface such as: objective lens, con-
denser, and microscope are taken into account. Their functionalities of creating such a 
beam are discussed in detail in the following parts. 

2.2.2.1  Objective lenses for optical spectroscopy 

An objective lens is a system of several lenses which gather light from an object being 
observed, focuses the light beam and produces a real image. Depending on the degree of 
aberration correction, objective lenses are divided into three classifications such as:  
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Achromatic, Fluorites and Apochromatic. Optical aberrations are caused by artifacts 
arising from the interaction of light with glass lenses such as coma, astigmatism, distor-
tion, vignetting, geometrical and chromatic aberrations [89]. Among these optical aber-
ration, geometrical aberrations and chromatic aberrations are the primary cause of aber-
ration in an optical system [89, 90].  

The most common objective lenses are Achromatic objectives which can correct the 
chromatic aberration for two wavelengths (e.g. red and blue). They also correct spheri-
cal aberration for one wavelength (e.g. green). The higher level of correction is 
Fluorites objectives which enable to chromatically and spherically correct for two wave-
lengths. The highest level of correction is Apochromatic objectives, which are able to 
chromatically correct for three wavelengths or even more (e.g. red, green and blue) and 
spherically correct for two wavelengths. Due to higher level of correction, Apochro-
matic objectives can provide a better resolving power, and a higher degree of contrast 
than the others [91]. 

Every objective lens has parameters representing the most important specifications such 
as: numerical aperture (ZQ), magnification of the object, working distance, and immer-
sion. Among of them, numerical aperture is a critical parameter which defines one of 
the most important optical features: the resolving power. Generally speaking, the nu-
merical aperture is defined as a dimensionless number that defines the range of angles 
under which the objective lens can gather the light. The numerical aperture is calculated 
by the following equation: 

 ZQ � " 89"�m� 2.25 

In which " is the refractive index of the environment between the specimen and the 
objective lens, and m is the maximum angle under which the objective lens can gather 
the light. 

When the specimen is illuminated by an incident beam, the light beam is diffracted by 
the specimen. The light diffracted is brought into focus at the image plane by the objec-
tive lens. Here, the direct and diffracted lights cause constructive and destructive inter-
ference resulting in bright and dark areas. These patterns of bright and dark are recog-
nized as an image of the specimen. 

Figure 2.23 represents the diffraction patterns resulting from two circular apertures have 
a bright region in the centre and some dark regions on both sides. The patterns are 
known as Airy disk. When the Airy disks are far apart, their images are well resolved 
(Fig. 2.23 (a)). When two disks are so close (Fig. 2.23 (c)) then the sum of two diffrac-
tion Airy disks is indistinguishable from one, thus, the images are not resolved. The 
limit at which two Airy disks can be resolved into separate entities is called the Ray-
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leigh criterion. At the limit of resolution, the first minimum of one diffraction image 
overlaps with the central maximum of the neighboring diffraction image as can be seen 
in Fig. 2.23 (b) [92]: 

 $ � 1.22 �2ZQ 2.26 

where $ is the smallest detectable distance between two adjacent points on a 
men, � is the wavelength, and ZQ is the numerical aperture of the objective.  

 
Fig. 2.23. (a) Individual diffraction patterns of two Airy disks (solid curves) and the resultant pat-

terns (dashed curves). The Airy disks are far apart, and the patterns are well resolved. (b) The Airy 

disks are on the limit of resolution according to Rayleigh’s criterion, the patterns are just resolved. 

(c) The Airy disks are so close together that their central spots overlap, thus the patterns are not 

resolved [93]. 

It is apparent that the higher the numerical aperture, the shorter the incident wave-
lengths, the smaller and finer the structure which the objective lens can resolve. There-
fore, increasing the numerical aperture and using shorter incident wavelengths is crucial 
in microscope implementation technology and microscopic research.  

This equation can be used to estimate the size of the spot focused by the objective lens 
on the specimen. At focus, the beam forms an Airy disk pattern. If the full aperture of 
the objective lens is illuminated, the smallest spot size is determined by the size of the 
middle spot of an Airy disk. As a consequence we can consider that the spot size is 
equivalent to the resolving power of the objective lens [91]. 

In any characterization setup, the objective lens is a critical part which is assigned to 
project a light beam on the sample. At the beam waist, the wavefront is almost planar 
and the beam “almost hits the sample perpendicularly”. Therefore, it can sufficiently 
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limit the effect of shifting to shorter wavelengths in the optical characterization of the 
FP filter arrays. 

2.2.2.2 Optical microscopes and condensers for optical spectroscopy 

The optical microscope has emerged as an indispensable, powerful tool for many fields 
of applications. In spectroscopy, the microscope with its magnifying power is useful to 
characterize optical properties of microscopic samples or microscopic features of a large 
scale sample. In fact, a hybrid instrument which integrates an optical microscope with a 
grating spectrometer is capable of measuring transmission and reflection spectra of 
samples on a micro scale or smaller [53, 94]. It can even be configured to measure fluo-
rescence and luminescence spectra. 

In order to understand microscopy operation methodology, the working principle of a 
microscope is described in the following part. A modern microscope includes a series of 
optical elements such as objective lens, condenser system, eyepieces, tube lens, beam 
splitter, mirror, etc.. The basic operating principle of an infinite microscope is repre-
sented in Fig. 2.24 below. An objective lens which is a high magnifying lens with a 
short focal length is implemented. A specimen (O) being examined is brought very 
close to the objective lens. The light from the specimen comes to a focus at an interme-
diate image plane located at a fixed distance inside the microscope tube. This creates an 
enlarged and inverted image of the subject (O’ ). The image is then magnified further by 
an eyepiece, produces an image of the specimen on the retina which appears inverted to 
the users.    

 
Fig. 2.24. Optical ray traces of a microscope system corrected to infinity. 

In microscopy, the homogeneous illumination of the specimen is crucial to achieve high 
resolution images. In order to fulfill this requirement, in 1893 August Köhler introduced 
a predominant method which can provide optimum illumination on the specimen by 
creating a parallel and collimated beam illuminating the specimen [95]. Compared to 
the conventional microscope, modern scientific microscopes which are designed based 
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on the Köhler illumination require additional optics such as: field lens, field diaphragm, 
and condenser.  

The functionality of creating parallel light beam using Köhler illumination is illustrated 
in Fig. 2.25. The field lens projects an image of the lamp filament into the aperture dia-
phragm of the condenser. The condenser lens then projects an image of the filament to 
infinity. Each point on the filament gives rise to a parallel bundle of rays inclined at a 
certain angle to the axis of the microscope, as shown in the ray path. Points far from the 
axis give rise to steeply inclined bundles, whereas points near the axis results in a small 
inclination. These bundles are then illuminated on the plane of the specimen. However, 
the number of the bundles which can fall onto the plane of the specimen is determined 
by the condenser aperture diaphragm. Note that, if the illumination source covers a large 
angle, it can be considered as a spatially incoherent source. In contrast, if it covers a 
small angle, it is spatially coherent. Therefore, the closing or opening of the illuminat-
ing aperture diaphragm, or in other words choosing lower or greater numerical aperture, 
can define the spatial coherence feature of the microscope [96]. In order to provide a 
high resolution image, the aperture diaphragm is opened to the correct position with 
respect to the objective lens’ numerical aperture. The numerical aperture of the conden-
ser is typically set as equal to that of the objective lens. 

In the optical characterization process of the FP filter arrays, creating a beam which is 
perpendicular to the filter surface is the priority which is dominant over the need of ob-
taining high resolution image. The transmission peak will widen and the center wave-
length of the FP filter will shifts to smaller wavelengths if the angle of incident is large 
(chapter 2.2.2). Therefore, the condition that the numerical aperture of the condenser is 
equal as to that of the objective lens can be neglected.  

In this work, to create a perpendicular beam which is projected on the filters being char-
acterized, an optical microscope3 is utilized. The condenser of the microscope is an ap-
lanatic–chromatic condenser4. In order to assure the incident beam hits the sample sur-
face perpendicularly, the condenser diaphragm of the microscope is adjusted until it is 
small enough to block the entire tilted incident light and allow only the collimated light 
passing through.  

                                                 
3 Imager D1m Zeiss 
4 Achromatic-aplanatic universal condenser 0.9H D Ph DIC Carl Zeiss 
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Fig. 2.25. Light part in Köhler illumination. The condenser creates a parallel beam. By adjusting 

the condenser diaphragm properly a well collimated beam which is perpendicular with respect to 

the filter layers is performed. 

2.2.3 Methodology of spectral analysis and recording 

Generally, the spectral analysis and recording methodology considered in the optical 
characterization procedure of the FP filter arrays requires a dispersal of polychromatic 
radiation into monochromatic bands. The most common way of producing such bands is 
with a device called a monochromator. Based on different constructions, 
monochromator falls into two main classes: prism monochromators and grating mono-
chromators. However, grating monochromators generally dominate over prism mono-
chromators due to the higher resolution and much weaker systematic errors arising e.g. 
temperature shifts as compared to prism monochromators [97]. Based on grating mono-
chromators, different instruments are implemented and developed for spectral analysis 
and recording. Grating spectrometers and optical spectrum analyzers (OSA) based on 
grating monochromators are two kinds of these implemented instruments which are 
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commonly used in many optical characterization setups. In the following part, a brief 
review of the grating monochromator and the two alternative devices mentioned above 
are discussed in more detail. 

2.2.3.1 Grating monochromator for spectral dispersion 

A standard grating monochromator contains an entrance slit, two concave mirrors, a 
diffraction grating and an exit slit as illustrated in Fig. 2.26 below. An incident light is 
guided to the entrance slit. The width and height of the entrance slit define the amount 
of light available for use. The entrance slit is located at the effective focus of concave 
mirror 1, so that the incident light is reflected, and collimated onto a diffraction grating. 
The diffraction grating is used to separate the different wavelengths of light. The dif-
fracted light is then refocused on the exit slit by concave mirror 2. In order to scan the 
whole spectrum the diffraction grating is rotated relatively to the incident beams. Due to 
this rotation, different bands of wavelengths are diffracted and projected toward the exit 
slit. The widths of the entrance and exit slit are variable and are used to determine the 
wavelength resolution of the instrument. The narrower the slits are, the better the resolu-
tion the monochromator can provide [97]. However, since the slit width is reduced, it 
will cut down the amount of light available for use. In practice, the widths of the en-
trance and exit slits are chosen by balancing the spectral resolution and the output light 
intensity (optical throughput). In any optical instrument, the formation of aberration 
gives rise to the blurring of the image when light propagates through optical elements. 
In a monochromator, aberrations are not introduced by the planar diffraction grating, 
however, mostly contributed by the use of spherical mirrors [97]. 

 
Fig. 2.26. Scheme of a grating monochromator consisting of a light source, an entrance slit, two 

concave mirrors, a diffraction grating and finally an exit slit.  By rotating the diffraction grating 

relatively to the incident beam, the whole spectrum is scanned. 
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To determine the spectral analytic quality of a grating monochromator, there are two 
important parameters that are commonly used e.g. the resolving power � and the wave-
length resolution ��. The resolving power � of a monochromator describes the limit of 
its ability to separate adjacent spectral line of average wavelength �, and it is given by 
the expression [98]: 

 � � ��� � �Z 2.27 

where � is the diffraction order and Z is the number of grating lines illuminated by the 
radiation from the entrance slit. As expressed by (Eq. 2.27), the resolving power � de-
pends on the diffraction order and the number of grating lines. The resolving power of 
typical UV-visible monochromators ranges from 103 to 104. While the resolving power 
can be considered as a characteristic of the grating, the ability to resolve two wave-
lengths �� and �� � �� � ��  generally depends not only on the grating but also on the 
dimensions and locations of the entrance and exit slits, the aberrations in the images, 
and the magnification of the images. The minimum wavelength difference �� between 
two wavelengths that can be resolved is called the wavelength resolution. It has been 
proved that the wavelength resolution increases with an increase in number of grating 
lines Z, and it also increases as the slit width decreases. The narrower the slits are, the 
better the resolution the monochromator can provide. However, since the slit width is 
reduced, it will cut down the amount of light available for use. In practice, the widths of 
the entrance and exit slits are chosen by balancing spectral resolution and output light 
intensity. Compared to the resolving power, the measurement of wavelength resolution 
is more relevant, since it takes into account the image effects of the system [97]. 

2.2.3.2 Grating spectrometer for spectral dispersion 

The grating spectrometer is a type of instrument employing a grating monochromator 
commonly used to measure spectra, i.e. the light intensity profile over a specific range 
of wavelengths. In principle, the design structure of a grating spectrometer is nearly 
identical to that of the monochromator. It includes a mechanism to scan the light by a 
grating monochromator and to record the intensity by a detector [98]. In this case, the 
detector is located behind the exit slit.  

In this work, for spectral analysis and recording of optical FP filter arrays in the visible 
range (from 400 to 900 nm), a grating spectrometer HR 2000 with wavelength resolu-
tion of 0.5 nm is utilized. The construction of the spectrometer is the same as described 
above. However, the spectrometer is designed so as its components (including the grat-
ing) are fixed. A narrow spectral band as a small part of the spectrum passes the 
rectangularly shaped area of the exit slit. Thus the left hand side slit border corresponds 
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to one border wavelength of that narrow spectral band and the right hand side slit border 
corresponds to the opposite wavelength border. The width of the exit slit is chosen as a 
compromise between intensity and resolution. It is narrow enough to enable the required 
resolution and wide enough to obtain an acceptable signal to noise ratio. In this case a 
single detector is sufficient. However, in order to use the multiplex advantage instead of 
the exit slit a relatively wide rectangular exit aperture is used in combination with a de-
tector array, in most of the cases a CCD array, which is fitting precisely in its dimen-
sions to the exit aperture. In this case the whole spectrum is recorded simultaneously. 
Each pixel of the CCD arrays detects a small band of the spectrum. Also in the second 
case n��� · Δ� is measured, where � are the individual center wavelengths of the differ-
ent pixels. The spectrum is then assembled from different pixels. 

2.2.3.3 Optical spectrum analyzers for spectral dispersion based on grating 

monochromators 

Optical spectrum analyzers (OSA) based on grating monochromators may contain either 
a single monochromator, a double monochromator, or a double path monochromator. 
Although OSAs based on single monochromator have relatively low cost, and high sen-
sitivity, they have a small dynamic range5. In many spectroscopes with high wavelength 
resolution, thus, OSAs based on double monochromators are preferable due to their dy-
namic range improvement as compared with OSAs based on single monochromator. 
However OSAs based on double monochromators are comparably large and contain 
many drawbacks e.g. the reduction of spanning width due to the limitation of 
monochromator-monochromator tuning match; and degraded sensitivity which gives 
rise from the doubled losses in the monochromators [97]. Furthermore, they are re-
quired to be placed on a stable vibration isolated optical bench to avoid shock absorb-
ance which results in a smaller sensitivity to vibration. These above mentioned draw-
backs can be avoided by the use of OSAs based on double pass monochromator which 
provide the dynamic range advantage of the double monochromators and the sensitivity 
and size advantages of the single monochromators.  

Figure 2.27 presents the optical configuration of a modern OSA based on double pass 
monochromator. The OSA uses a monochromator with only one diffraction grating and 
a return reflection component to diffract the light twice. As illustrated in the figure, the 
light beam coming from the incident connector is collimated by concave mirror 1, and 
dispersed by the grating. The dispersed light is collimated, and then guided to the return 
reflection component by concave mirror 2. Thereby, the first optical operation of the 

                                                 
5 In General, the dynamic range is the ability of an analyzer to measure 
harmonically related signals and the interaction of two or more signals. 
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first monochromator is finished. The light reflected from the return reflection compo-
nent is guided back to the concave mirror 2, and the grating. It is diffracted the second 
time, then becoming the incident beam on the concave mirror 1 and the photodiode. 
This defines the second optical operation equivalent to the function of the second 
monochromator. 

In a modern double pass monochromator, the return reflection component is a critical 
part which can improve the spectral resolution and reduce the actual length of the 
monochromator. The return reflection component is structured with a combination of 
either planar mirrors and a slit; or planar mirrors, reflectors and a slit [99]. The slit of 
the reflective optical component is used to eliminate stray light. The function of the re-
turn reflection component is to reverse the dispersion direction6 X of the incident light 
before leaving it (as demonstrated in the figure). This function assures that the grating 
diffracts the light at different dispersion direction. Due to this function, it increases the 
wavelength resolution of the OSAs.  

 
Fig. 2.27. Optical configuration of Double Path Monochromator which is equipped with a polariza-

tion scrambler, and a return reflection component. The return reflection component consists of two 

planar mirrors, two reflectors and an intermediate slit [99]. The direction of light propagation is 

illustrated as 1a – 1h. 
                                                 
6 Direction of diffraction 
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Furthermore, the construction of the return reflection component ensures that incident 
light 1d and the reflected light 1e are parallel. Thus, the angles ξ and Φ, the angles θ and 
δ are identical. As a result, the incident light 1b and diffracted light 1g with respect to 
the grating are parallel. These behaviors do not change no matter what the angle of the 
grating is set. These features are advantages of the modern double pass monochromator 
based OSA compared with the conventional ones in which the angle of the light 
changed slightly in the first and the second optical operation with respect to the optical 
elements. Because of this, extra optical elements and extra mechanical alignment for 
maintaining high spectral resolution were required. Thus, the body of the conventional 
double pass monochromators became long and the aberrations increase [99]. By using 
the return reflection component, these problems were overcome which results in the 
elimination of optical aberration, and the reduction of the actual volume of the modern 
double pass monochromator.  

In fact, the efficiency of the diffraction grating is dependent on the polarization of the 
incident light. As a result, the amplitude of the diffracted light beam may vary for input 
of light beams of constant amplitudes but different polarizations. This phenomenon re-
sults in an intensity uncertainty for measurements of polarized light. In order to elimi-
nate the polarization dependence of the instrument, the OSA is developed with the use 
of a polarization scrambler to depolarize light. Here, the degree of polarization of the 
incident beam 1a and outgoing 1h can be reduced to zero by modulating the birefrin-
gence of the medium inside the polarization scrambler in which the light passes. As a 
result, the light beam is then rendered completely unpolarized [100]. Besides the use of 
a polarization scrambler, another approach to reduce the polarization sensitivity of an 
OSA is the use of a half wave plate which was first introduced by Wildnauer et al [101].  

In this work, two double pass monochromator based OSAs namely the Yokogawa AQ 
6375 and AQ 6373 are utilized for data recording [102]. The two OSAs effectively 
work in a range of 350 – 1200nm, and 1200 – 2400 nm respectively with high optical 
measurement capabilities.  They provide a variable wavelength resolution of 0.02 nm to 
10 nm, selected by the user. The polarization dependency is small, approximately 0.1 
dB. These features significantly improve the reliability of the characterization process. 

2.2.4 Basics of white light interferometry to visualize micromachined 

displacements 

In the investigation of tuning behaviors, the displacement of FP filter’s membrane is the 
focus of the mechanical investigations. The displacement measurements can be carried 
out by using a White Light Interferometry (WLI). White light interferometry (WLI) has 
been widely used as a fast, non contact optical technology for investigating the surface 
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geometry, and surface roughness of the mesa structures with high vertical resolution 
(within 0.1 nm) [103-105]. Surface roughness measurements can be also conducted by 
the use of scanning probe microscopy in which an image of the surface is obtained by 
mechanically scanning a physical probe through the whole sample. This would lead to a 
noticeable damage of the sample surface. Therefore, WLI is more adequate technique 
than scanning probe microscopy for characterizing the topography of the optical FP 
filter arrays.  

In this work, a vertical scanning has been used to measure the vertical heights of the 
static filter arrays, as well as the displacement of the top DBR of a tunable FP filter in 
an array. The WLI includes a white light source, a Mirau interferometer, a magnifica-
tion selector, and a camera which are shown in Fig. 2.28. The incoming light from the 
white light source is split by the beam splitter into two beams which are later coupled 
onto the sample and a reference mirror, respectively. The reflected beams recombine in 
the interferometer, undergoing constructive and destructive interference, and then gen-
erating a pattern of bright and dark interference fringes. This pattern is known as 
interferogram. 

 
Fig. 2.28. Experimental setup of the white light interferometry for measuring surface roughness 

and mechanical displacement of the static and tunable filter arrays, respectively. To investigate the 

tuning behavior of the tunable filter during actuation, two kinds of voltage supply, DC and AC, are 

implemented with the WLI. Two needles are connected to the top and bottom electrodes of the 

filter. 
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During operation, the Mirau reference interferometer is vertically translated by a piezoe-
lectric transducer. Thus, the distance between the objective lens and the sample is 
slightly varied while the distance between the objective lens and the reference mirror 
remains fixed. A phase shift generated during the vertical movement results in a new 
pattern of dark and bright fringes. The camera stores the intensity variation as a function 
of vertical scanning position. By processing the interferogram of each pixel in the cam-
era, a 3D image of the sample surface can be generated. 

In WLI, a white light source is implemented instead of a laser source. It is due to the 
fact that the while light source has a much smaller coherence length compared to a laser 
light source. Hence, the orders of the interference fringes are limited and able to be cal-
culated.  

The WLI in use in this work is a NewView 5000 scanning white-light interferometer 
from Zygo Corporation. The system has a maximal vertical step height of 100 µm, and a 
maximum vertical resolution of 0.1 nm. The field of view and the lateral resolution are 
determined by the objectives as well as the image zoom setting. The field of view is up 
to 3.525 mm × 2.65 mm by a 5 x Michelson objective, while the lateral resolution is 
down to 0.32 µm by a 50 x Mirau objective. The above-mentioned technical parameters 
can adapt all the requirements in lateral and vertical dimensions for surface roughness 
measurement of the 3D templates or 3D static filter structures, as well as displacement 
measurement of the tunable filter arrays. 

In order to investigate the tuning behavior of the tunable filter during actuation, two 
kinds of voltage actuations, DC and AC, are implemented with the WLI. Two needles 
are placed on the motion stage and contacted to the top and bottom electrodes of the 
filter. The displacements of the filter membrane are recorded when different values of 
voltage and frequency are applied.  
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3 Previous optical setup designs to characterize 

optical properties of Fabry Pérot filter arrays 

For the experimental investigation of the functionality of FP filter arrays, optical spec-
troscopy is attractive due to its high sensitivity, selectivity and nondestructive features. 
It is useful for both, a long-term and real time inspection without contaminating the 
sample. In fact, there are several options to design corresponding optical characteriza-
tion systems. Concerning the sequence of the optical components there are two different 
options: (i) tunable monochromatic light source/ sample/ detector, (ii) broadband light 
source/ sample/ monochromator/ detector. Based on this sequence, different approaches 
have been developed to characterize the optical properties and tuning behaviors of the 
FP filter arrays. Firstly, three existing old characterization setups: a commercial Lambda 
900 spectrophotometer, an optical bench setup, and a fiber based setup are introduced 
and described. The advantages and disadvantages of the setups occurring during charac-
terizing optical and tuning properties of the FP filter arrays of each setup are also dis-
cussed in detail. Afterwards, the chapter describes the construction details and the work-
ing principle of a new characterization setup: the compact microscope spectrometer 
setup which by far overcomes the current drawbacks of the previous setups. A precise 
alignment and calibration of the compact microscope spectrometer setup which are the 
critical issues to obtain the reliable results is also presented in this chapter. 

3.1 Lamdba 900 spectrophotometer 

The Lambda 900 UV/Visible/NIR spectrophotometer7 is a commercial system common-
ly used to characterize the transmission and absorption spectra of samples in the UV, 
visible and NIR spectral regions. Concerning to the sequence of optical components, the 
structure of the Lambda 900 spectrophotometer is considered as tunable monochromatic 
light source/ sample/ detector. The functionality of the spectrophotometer is similar to 
that of a standard spectrometer. It contains two radiation sources, a double grating 
monochromator and detectors. Two radiation sources, a deuterium lamp and a halogen 
lamp, are used to cover the spectral working range of the spectrophotometer. A combi-
nation of the two lamps with a double monochromator presents as a wide spectral range 
tunable monochromatic light source which typically works in the range of 300 – 
3000 nm. Within the double monochromator, the light is collimated by several mirrors. 
This feature ensures that the monochromatic light coming out from the source is well 
                                                 
7 Lambda 900 UV/Visible/NIR spectrophotometer, Perkin Elmer 
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collimated to illuminate the sample being measured. The light passing through the sam-
ple is guided by a system of mirrors to the detectors. The maximum resolution of the 
device is 0.5 nm [106]. 

The schematic diagram of the system is illustrated in Fig. 3.1. In general, the basic op-
eration of the system is to split the beam into two beams of equal intensity: the refer-
ence beam and the sample beam. Firstly, two identical glass substrates which are em-
ployed to deposit the filter on top of them are introduced into the beams. The subse-
quent measurements under this situation provide a “spectral reference” which is called 
“baseline”. After recording the baseline, the desired transmission measurement of the 
samples can be done by in our case simply replacing one of glass substrate by a FP filter 
structure. Then a division of two spectra: one from the transmitted beam through the 
sample and the other from the reference beam is recorded and denoted as transmission 
spectrum of the characterized filter.  

 
Fig. 3.1. Schematic setup of the Lambda 900 spectrophotometer [107]. 

As observed from the schematic setup, both transmission curves are recorded in paral-
lel. The benefit of monitoring both beams during this measurement helps to eliminate 
any intensity fluctuations of the light source. The main advantages of the Lambda spec-
trophotometer 900 are (i) characterizing optical properties of FP filter in a wide spectral 
working range from the UV to the NIR and (ii) elimination of any intensity fluctuations 
of the light source by monitoring both beams simultaneously. However, these ad-
vantages can be only applied for unstructured FP filter which are laterally large enough. 
For the filters with a lateral structure design in the µm rang, the device is incapabe to 
characterize the optical properties without overlapping it with the properties of the lat-
erally neighboring filters. It is unable to monitor the details of surface structures of the 
filter, and thus could not identify which area in the sample is measured. Furthermore, 
the impossibility to operate in reflected measurement also addresses other disadvantages 
of the spectrophotometer Lambda 900. 
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3.2 Optical bench setup 

Concerning the sequence of tunable monochromatic light source/ sample/ detector, the 
optical bench setup8 is another advanced approach which can overcome the current 
drawback of the spectrophotometer Lambda 900 in characterizing micro structured FP 
filter. Similarly to the previous case, the tunable monochromator light source is imple-
mented by the combination of a halogen lamp and a monochromator. To measure the 
spectral transmission of the filter arrays, the wavelength is scanned over the spectral 
region where the FP filter arrays were designed to function. In this case, the smallest 
scanning step is 0.2 nm and the wavelength resolution is in the range of 0.5 to 1 nm. 
Figure 3.2 presents the schematic diagram of the optical bench setup.  

As seen in the figure, the monochromatic light is collimated with lenses to illuminate 
the filter arrays. On both sides of the arrays, two pinholes are utilized. They limit the 
angles of the incident beams until they are small enough not to degrade the filter spec-
tral quality. Only a very narrow band of wavelengths can pass monochromator. This 
band is spectrally tunable and is used to characterize the spectral transmission behavior 
of the FP filters. The transmitted light is captured by an objective lens which then fo-
cuses and directs the light on to a CCD camera. The CCD camera is assigned as a detec-
tor which measures the amount of light that passing the filter. Here, a group of pixels 
with the size of 7.4 x 7.4 µm, each, corresponds to a single filter in an array. After scan-
ning thoroughly the total spectral range, a curve of the filter transmission intensity is 
obtained by combining all the intensities recorded by the pixels. Finally, the transmis-
sion spectrum of the characterized filter is defined from a division of two spectra: one 
from the filter and the other only from the halogen lamp as a reference. The monitoring 
of the filter image is conducted by an objective lens which magnifies and projects the 
sample surface’s image on the CCD camera with qualified image resolution. Thus, it is 
well defined which area of the sample is measured. 

 
Fig. 3.2. Schematic diagram of the optical bench setup. 

                                                 
8 The optical bench setup is implemented at Opsolution Nanophotonics GmbH, Kassel, Germany. 
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The main advantage of this setup is to characterize FP filter with micro structures as 
compared to the spectrophotometer Lambda 900. Moreover, the setup alternatively also 
provides a possibility of creating a high uniform large area of illumination. However, 
the setup presents some disadvantages. For instance: the two transmission spectra from 
the lamp and from the sample are not recorded in parallel. Therefore, any intensity fluc-
tuation of the light source during the setup operation may cause adverse effects on the 
quality of the final transmission spectra. Furthermore, due to the horizontal orientation 
of the setup, it reveals some difficulties to accurately position the tunable filter. Other 
current drawbacks of the optical bench setup are (i) poor resolution spectra as a result of 
light divergence when light propagates through the setup and (ii) the impossibility to 
operate in reflection measurement. 

3.3 The fiber based setup 

The fiber based setup is another approach to characterize the optical properties and tun-
ing behaviors of FP filter arrays [42, 46]. In contrast to the two previous ones, the fiber 
based setup is developed according to the sequence of: broadband light source/ sample/ 
monochromator/ detector. The setup is optimized for NIR wavelengths and is vertically 
oriented which is beneficial for actuation of tunable filter. The schematic of the meas-
urement apparatus is depicted in Fig. 3.3. In this design, a broadband LED9 working in 
the NIR spectral range is used as a light source. In this case always the whole spectrum 
of the light source illuminates the filter arrays. Light is guided from the LED by a single 
mode fiber to the 50:50 3dB coupler which divides it into two separated beams of iden-
tical intensity and spectrum. One beam travels to the matched end, where it is extin-
guished. The second beam is coupled into another single mode fiber and guided to the 
sample that is located very close to the tip of the fiber.  

In order to characterize the properties of micro structured FP filter, the fiber based setup 
makes advantage of the close proximity of the fiber with the sample, as it shown in the 
Fig. 3.3. A single mode fiber having a fiber core of 9 µm which is approximately lateral 
the size of the characterized filter is placed closely to the filter membrane. This feature 
ensures that the incident light only illuminates one filter, and thus, each FP filter in an 
array is characterized separately. The wavelengths transmitted or reflected through the 
filter are then collected and analyzed by an OSA. In order to characterize other filters, 
the sample stage is translated in the horizontal direction (xy direction) to define the new 
positions to be characterized.  

                                                 
9 Agilent 83437A 
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Fig. 3.3. Schematic diagram of the fiber based setup for reflection measurement [46]. 

Besides the possibility of characterizing each FP filter separately, the fiber based setup 
offers an opportunity of conducting both transmission and reflection measurements. For 
reflection measurements, the reflected light from the sample is coupled back to the same 
fiber and propagates through the coupler into the OSA, where the spectral properties of 
the reflected light are analyzed. For transmission measurements, the transmitted light is 
recorded by a detector which is located underneath the sample stage. The spectral prop-
erties of the transmitted light are analyzed by the OSA afterwards. 

The system is technically noteworthy to perform the tuning effect of tunable filters by 
applying a voltage. However, the setup itself presents several limiting factors that are 
coming from the optical losses during operation and the alignment between the fiber 
and the sample. For reflection measurement, the light has to pass twice the coupler 
which means that finally only 25 % of the light from the source is delivered to the OSA. 
Other disadvantages of this method are (i) the time consuming positioning of the fiber 
tip into the proximity of the filter surface in vertical and lateral directions and (ii) the 
ease of damage to the filters, since the filter tip is very close to the top DBR mirror.  As 
a consequence of accidental mechanical vibrations on the optical table, the fiber can 
easily come in contact with the filter surface during the alignment and measurement 
procedure and damage the structures. Moreover, the cladding surrounding the fiber core 
which has diameter of 125 µm also makes it troublesome to align the fiber core with the 
filter membrane since the total fiber covers a very large area of the filter surface. 

Obviously, each of the previously mentioned setups for characterization optical proper-
ties and tuning behaviors of FP filter arrays has some advantages and disadvantages. 
The major disadvantages of these setups are the above mentioned limitations in charac-
terizing optical properties and tuning behaviors of the FP filter in both reflection and 
transmission measurement with high spectral quality. The fiber based setup which is 
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able to operate in both transmission and reflection measurement, however, it reveals a 
difficulty in aligning the fiber tip without damaging the FP structure. 

In order to overcome the current drawbacks of these setups, new characterization setups 
which can effectively work in both transmission and reflection measurement with high 
spectral quality, short inspection time while not contaminating the micro structure of the 
FP filter are highly requested. In this work, two characterization setups: the compact 
microscope spectrometer and the free beam broad band confocal setup have been devel-
oped and will be introduced in the following parts. 

3.4 Compact microscope spectrometer setup 

This compact microscope spectrometer setup was installed within this thesis. The other 
setups mentioned in this chapter were state of the art when this thesis was started.  

In this section, the compact microscope spectrometer setup which can by far overcome 
the drawbacks of the previous setups is introduced. The setup is based on a microscope 
and a spectrometer or optical spectrum analyzer (OSA). Concerning the sequence of the 
optical components the setup is arranged as: broad band light source/ sample/ 
monochromator/ detector. In the setup, a Halogen lamp (HAL) is utilized as a broad 
band light source; a grating spectrometer or an OSA plays the role as a combination of a 
monochromator and a detector. The setup can provide high spectral and spatial accura-
cy, high measurement speed, ability of measuring microstructure dimensions, and capa-
bility of actuating the tunable FP filter arrays. Furthermore, it is easy to use and possible 
to replace optical elements inside the system to meet further requirements. In the fol-
lowing part, the construction details, the working principle and the calibration procedure 
of the compact microscope spectrometer meter setup are presented. 

3.4.1 Construction details of the compact microscope spectrometer 

setup 

As described in chapter 2.2, in a setup used for optical spectroscopy, there are four main 
parts which are needed for conducting experimental measurements such as (i) an illu-
mination system, (ii) a collimation and magnification system, (iii) a sample stage and 
finally (iv) a data recording and analysis system. In the case of the compact microscope 
spectrometer setup, the setup utilizes two halogen lamps as broad band light sources. 
The collimation and magnification system and sample stage are implemented by an op-
tical microscope. A grating spectrometer or an OSA is assigned as the data recording 
and analysis system. The construction detail of the setup is illustrated in Fig. 3.4 below. 
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Fig. 3.4. Scheme of the experimental setup of the compact microscope spectrometer for the meas-

urement of transmission and reflection spectra. 

3.4.1.1 The illumination system of the setup 

Due to the wide range applications of our FP filter arrays (from the visible to NIR 
range), in this setup, two HALs10 are chosen for the illumination system. Details about 
the HAL lamps are described in chapter 2.2.1.1. Here, one lamp is assigned for reflec-
tion measurement; the other is for transmission measurement. 

3.4.1.2 The collimation and magnification system and the sample stage of the 

setup 

In order to obtain high spectral accuracy, one thing which must be carefully considered 
when designing a setup to characterize optical properties of FP filter arrays is the inci-
dent angle of the illumination beam. The transmission peak will widen and the center 
wavelength of the FP filter will shifts to smaller wavelengths if the angle of incident is 
large (chapter 2.2.2). In order to create a perpendicular light beam with respect to the 
filter surface and magnify the sample image, the setup is developed with the use of an 
optical microscope11. The microscope consists of an aplanatic–chromatic condenser12. 
The function to create a parallel beam which is perpendicular to filter surface is ob-
tained by adjusting the condenser diaphragm until it is small enough to block the entire 
tilted incident light and allow only the collimated light passing through (as discussed in 
chapter 2.2.2.2).  

                                                 
10 HALs 100 Carl Zeiss 
11 Imager D1m Zeiss 
12 Achromatic-aplanatic universal condenser 0.9H D Ph DIC Carl Zeiss 
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An objective lens is an important part of the collimation and magnification system. It is 
utilized to gather light from the sample being observed and focus the light rays to pro-
duce a real image. The microscope contains three EC Epiplan Neofluar objective lenses 
(2.5 x/0.0613, 10 x/0.2514  and 50 x/0.815) which can considerably constrain optical aber-
ration phenomena. The high numerical apertures (ZQ8) of the lenses result in high reso-
lution and bright image with rich contrast of the sample being measured. The objective 
lenses are color corrected from 350 to 1200 nm with transmission efficiency of above 
80 % in the VIS range, and above 40 % in the NIR range. The high transmittance of the 
objective lens assures the main optical power of transmitted or reflected light coming 
from the characterized filter is guided to data recording and analysis system. Hence, it 
significantly reduces losses during the operation of the setup. 

In any characterization setup, the sample stage is always an important part which carries 
the filter arrays, and scanning the whole sample. Due to the fact that each FP filter in an 
array has a slight difference in vertical dimension. Thus, to assure the sample surfaces 
are always laid at the focal point of the objectives lenses, the sample stage is required to 
precisely translate in vertical direction (z direction). As described in the previous parts, 
each sample being measured may contain a thousand of individual FP filters, and each 
filter requires a systematic optical characterization. Therefore, to investigate the optical 
properties of the whole sample, the sample stage is assigned to accurately move in the 
lateral direction (xy direction). In this setup, accurate translations of the sample stage in 
xyz direction is conducted by using a motorized translation stage16 with the travel range 
of 100 x 80 mm in lateral direction, and the smallest step size of 0.1 µm. These features 
lead to a fast and precise lateral positioning thus, different positions that address differ-
ent individual filters for characterization are quickly reached. This function significantly 
minimizes the total measurement time, thus enables immediate feedback to the techno-
logical fabrication. When the calibration and alignment process of the setup is accom-
plished, the measurement time for each filter takes around ten to twenty seconds. 

During the measurement, in order to capture the picture of the structure, as well as to 
define the exact positions of the filter in an array, the setup imaging system is equipped 
with a CCD camera17. In fact, the image of the HAL lamp is set to infinity; hence, it is 
not visible in the detector screen of the camera. Therefore, only the image from the 
sample surface is obtained and captured by the camera.   

                                                 
13 Epiplan-Neofluar 2.5X/0,075 HD DIC M27 Zeiss 
14 Epiplan-Neofluar 10X/0,25 HD DIC M27 Zeiss 
15 Epiplan-Neofluar 50X/0,8 HD DIC M27 Zeiss 
16 Scan 100 x 80-1 mm Märzhäuser Wetzlar 
17 DFK 41AF02 Imaging source 
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3.4.1.3 The data recording and analysis system of the setup 

The data recording system consists of a coupling device18 together with a grating spec-
trometer or an OSA based on double pass monochromator. The coupling device is used 
to select and couple the transmitted or reflected light from the FP filter being measured 
into an optical fiber. The received signal is then analyzed by the spectrometer or the 
OSA. The construction detail of the coupling device is depicted in Fig. 3.5. The rectan-
gular adjustable diaphragm has the minimum and maximum width and height of 
0.1 mm and 7 mm respectively. By adjusting the diaphragm, users can control the 
amount of light to pass and then reach to a single lens. This amount of light corresponds 
to the size of inspected area in an array. The single lens having a focal length of 10 mm 
is assigned to focus and couple the light into the optical fiber.  

 
Fig. 3.5. Scheme of the setup for reflection measurement. 

Two main issues that are needed to be concerned in coupling light into an optical fiber 
are the radius of the fiber and its numerical aperture. This is inferred from the fact that 
light is collected only from an area of the optical fiber radius; and the maximum angle 
coupled into the fiber is restricted by its numerical aperture. In this setup, the coupling 
procedure involves in focusing the light from a spatially incoherent source, the HAL 

                                                 
18 J&M Mic – out 3 for microscopy 
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lamp, onto a fiber core. This leads to significant losses of optical power during cou-
pling. Therefore, to achieve maximum coupling efficiency, a multimode fiber with a 
very large core diameter and a largest available numerical aperture according to the core 
diameter is required. Furthermore, using multimode fiber also provides the advantage of 
less sensitivity to misalignment during the operation of the setup. In order to fulfill these 
requirements, a multimode fiber19 has a diameter of 600 µm and ZQ of 0.22 is utilized 
to coupling the light and sent it to the grating spectrometer or the OSA.  

The data recording system is accomplished with the use of a grating spectrometer or an 
OSA based on double pass monochromator. The utilized grating spectrometer20 provides 
a spectral resolution of 0.5 nm and a working range of 400 to 900 nm which is adequate 
for visible range application of the FP filter arrays. For broader spectral range operation 
and more precise characterization supply, the use of an OSA is necessary. In this setup, 
the OSA based on double pass monochromator 21 which is well suited for a broad range 
operation from 350 nm to 1200 nm is chosen. Due to its ability of offering high speed, 
accurate analysis and variable wavelength resolutions from 0.02 nm to 10 nm, the OSA 
can efficiently organize in many different characterization conditions in short inspected 
time, thus, providing very fast feed back to fabrication processes.  

During operation, the compact microscope spectrometer setup can function in such a 
way that the processes of measuring and imaging the filter being investigated can be 
carried out at the same time. This can be done by the utilization of a beam splitter which 
is indicated in Fig. 3.5 as beam splitter 01. In the operating wavelength range, the beam 
splitter can reflect 80 % of the entire optical power while transmit only 20 %. Thus, the 
main optical power of the transmitted or reflected light coming from the characterized 
filter is delivered to the data recording system. Only a small amount of the entire optical 
power is delivered to the imaging system for capturing the image of the filter array, this 
eliminates glare in the forming of image during the illumination of the incandescent 
HAL lamp. 

In order to perform reflection measurement, the setup is developed with the use of an-
other beam splitter defined as beam splitter 02 in Fig. 3.5. The division ratio of the 
beam splitter is 35:65 i.e 65 % of the entire power is reflected whereas only 35 % is 
transmitted. Therefore, the main optical power is remained to illuminate the filter ar-
rays. 

                                                 
19 AS 600/660 IRA, J&M 
20 HR 2000 Ocean Optics 
21 Yokogawa AQ 6373 
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For characterizing micromachined tunable filter arrays, two contact needles22 are uti-
lized for electrostatic actuation. These needles are connected to the top and bottom elec-
trodes and securely fixed on the sample translation stage (see Fig. 3.6). An electrical 
power supply delivering variable voltages for filter tuning is applied. In this study, two 
kinds of power supply, AC and DC are applied for further investigations of the filter 
tuning behaviors.  

 
Fig. 3.6. Two needles for electrostatic actuation in the microscope spectrometer setup. 

For further purposes; e.g. measurements in the UV, NIR or IR range, the HAL, objec-
tive lenses and other optical elements can be replaced to fulfill other new requirements.  

3.4.2 Working principle of the compact microscope spectrometer setup 

In this part, the working principle of the compact microscope grating spectrometer setup 
for investigating the optical properties and tuning behaviors of the static and tunable FP 
filter arrays is introduced. The properties are measured in both reflection and transmis-
sion. To perform an accurate measurement, it is demanded to precisely calibrate the 
whole setup every time a new lateral geometry of the characterized FP filter is request-
ed. Hence, the procedures of calibrating the setup, aligning and measuring samples are 
later described in detail. 

3.4.2.1 Working principle of the setup in reflection measurement 

A scheme of primary parts of the system while measuring in reflection measurement is 
displayed in Fig. 3.5. The light from the upper lamp is directed onto beam splitter 02, 
which divides the light into two beams. One fraction strikes vertically to the objective 
lens which illuminates the sample surface as a field of a few millimeters in diameter. 
Some light passes through the filters; some reflects backward. The reflected light is col-
                                                 
22 MicroTech 
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lected by the objective lens, passed through beam splitter 02 one more time and then 
split into two parts at the upper beam splitter 01. The transmitted part is guided to the 
CCD camera to capture the top view of the filter structure. The reflected part illuminates 
an adjustable rectangular diameter diaphragm and finally it is coupled into an optical 
fiber by the coupling device. The reflected spectrum can now be analyzed by the grating 
spectrometer or the OSA. To perform a reference spectrum, a 100 % reflected mirror (a 
full mirror) is applied. The full mirror is actually a substrate coated with Aluminum 
which has high reflectivity in the visible range and NIR. The broad band spectrum from 
the HAL lamp is reflected 100 % by the full mirror which is then regarded as a refer-
ence spectrum. 

In an ideal case, the absorbance of light in the optical elements and the full mirror is 
negligible, and the coupling efficiency into the multimode fiber is considered maxi-
mum. The spectrometer or OSA just receives 18 % of the light source’s optical power 
due to the losses when light propagates through beam splitter 02 twice, then strikes 
beam splitter 01 before coupling into the fiber. 

3.4.2.2 Working principle of the setup in transmission measurement 

In the case of transmission measurement, the light beam is provided by the lower HAL 
lamp, which illuminates the system from underneath. A mirror reflects the beam upward 
and leads it to the condenser diaphragm. After passing through the filter arrays, trans-
mitted or diffracted light is gathered by the objective lens and directed to beam splitter 

01. In this case, beam splitter 02 which is only necessarily requested in reflection meas-
urement is removed to eliminate looses. The remained beam splitter 01 splits the beam 
into two parts. One fraction which carries only 20 % of the entire optical power strikes 
the CCD camera vertically to display the top view image of the filter structure. The oth-
er fraction containing the majority of the entire optical power of about 80 % is reflected 
to the rectangular adjustable aperture diaphragm. Afterwards, it is focused by a single 
lens and coupled into the optical fiber. Comparing to the case of reflection measure-
ment, only beam splitter 01 is assigned in use for transmission configuration, this gives 
rise to the considerable reduction of losses when light travels inside the setup. The 
schematic of the system for transmission measurement is depicted in Fig. 3.7. 
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Fig. 3.7. Scheme of the sytem for transmission measurement. 

As proposed in the previous part, the compact microscope spectrometer is assigned to 
characterize the filter membrane with the lateral size of ten up to hundred micrometers. 
This leads to a challenge of precisely detecting the signal from such a small structure. In 
order to solve this problem, the setup presents a function of spacially selecting filter 
being measured. The spacial selective function of the setup utilizing in both transmis-
sion and reflection measurement is illustrated in Fig. 3.8. As mentioned before, light is 
focused on the filter arrays as a circle of a few millimeters in diameter. That means the 
light spot covers a certain area in the arrays. Due to the objective lens and the beam 
splitter, all the illuminated filters in that area can create magnified images on the image 
plane of the aperture diaphragm. Light from only one filter, placed at position AB, 
whose image is projected to the position A′B′ on the open part of the adjustable aperture 
diaphragm, can be coupled into the fiber. Light originating from other filters which are 
not measured is suppressed. This feature assures the characterization and data recording 
processes are applied on only one FP filter in each measurement. By adjusting the aper-
ture diameter of the rectangular diaphragm to fit with different image sizes, the entire or 
just a small part of the considered filters with alternative lateral dimensions can be 
measured. 
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Fig. 3.8. Ray paths in the compact microscope grating spectrometer setup. By properly adjusting 

the adjustable aperture diaphragm, only the light coming out from one filter located at position AB 

can be coupled into the fiber. The others are neglected. 

3.4.3 General spectral features in calibrating setups and correcting 

spectra 

In measurement setups all optical components reveal more or less pronounced wave-
length dependences: 

- The applied light sources (lamps, lasers, LEDs) emit strongly different intensity spec-
tra.  

- Optical lenses, prisms and fibers reveal different spectral absorption spectra. 

- Mirrors have different spectral reflectance characteristics, depending on materials and 
geometrical data. 

- Grating spectrometers have different spectral diffraction efficiencies. 

- Detectors have a different spectral sensitivity. 

Therefore, all the components participate in the measurement process with a different 
characteristic dependence on wavelength. By all the components of the measurement 
setup, the real spectrum (intensity as a function of wavelength) is sequentially modified 
by all these optical components. Therefore, the measured spectrum has to be corrected 
to obtain the real spectrum. This is done by the spectral calibration profile which is 
different and characteristic for each setup. 
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Correcting reflectance spectra: we have to use the identical total setup and record both, 
the reflectance spectrum of the sample and the reflectance spectrum of an ideal mirror 
(having 100% reflectivity over the whole wavelength range considered). Further correc-
tion profiles have to be applied if the mirror is not ideal. Since no reflectance measure-
ments are shown in this thesis the mathematical procedure of correction using the cali-
bration profile is not shown in detail. 

Correcting transmission spectra: is much simpler. Again we have to use the identical 
total setup and record both, the transmission spectrum of the sample including the sub-
strate and the transmission spectrum of the isolated pure substrate (reference spectrum) 
over the whole wavelength range considered. Roughly spoken, the correction is done by 
dividing the reference spectrum by the reflectance spectrum related to the sample. For 
each setup the calibration and correction procedure is like this, but details are different. 
Therefore, the calibration and correction is explained in detail during the presentation of 
each individual setup.  

3.4.4 The calibration procedure of the setup 

As described previously, adjusting the diameter of the rectangular diaphragm is a criti-
cal step to define and configure the dimension of inspected area. In order to precisely 
adjust the diaphragm, an additional calibration process is required in this setup. The 
calibration procedure is described in detail below. The calibration procedure is divided 
into two main steps.  

Firstly, a filter with a predefined lateral membrane is inserted into the light part of the 
setup. The filter is oriented so that the membrane centre is placed in the optical axis of 
the setup. The objective lens together with the beam splitters project a real image of the 
magnified filter membrane A1B1 onto the image plane of the camera which is then dis-
played on a computer screen. At the same time, a magnified image A2B2 having the 
exact same size as A1B1 is created in the image plane of the rectangular adjustable aper-
ture diaphragm. The interested lateral dimension of the magnified image which is de-
picted as a white square on the computer screen is defined in Fig. 3.9 (b). This dimen-
sion is stored, and acts as a reference which later will help to properly adjust the dia-
phragm. 

Secondly, the filter is replaced by the full mirror (Aluminum coated mirror). A tungsten 
lamp23 connecting to the multimode optical fiber functions as an external light source 
for calibration. Light emitted from the tungsten lamp is projected on the adjustable dia-
phragm, propagating through its open part, reaching the beam splitter, objective lens, 

                                                 
23 Tungsten halogen lamp LS-1 Ocean Optics 
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For each measurement the spectral characteristic of the HAL lamp is initially measured 
without the samples to obtain the spectral intensity profile as a reference spectrum of 
the lamp ?#���. For reflection characterization, the reference spectrum of the lamp ?o��� is measured using the full mirror reflecting 100 % within the spectral range of 
interest. For transmission characterization the reference spectrum of the lamp ?p��� is 
measured using a substrate without filters, identical in material and thickness to those 
used for the FP filter arrays.  

In case the grating spectrometer is utilized, the spectral calibration of the grating spec-
trometer is done with a spectrally narrow laser line, which is precisely known in wave-
length. Firstly, a spectrum is measured without any optical excitation (dark spectrum q#���). Afterwards, all the desired reflection spectra 	o��� or transmission spectra 	p��� of the FP filter arrays are captured and numerically corrected using Eq. 3.1. This 
can compensate for all the thermal drift in the detector of the spectrometer and the aging 
of the lamps.  

 

A��� � 	p��� & qp���?p��� & qp��� r 100%         
        
��� � 	o��� & qo���?o��� & qo��� r 100%                

3.1 

 

In case the OSA is implemented, the transmission spectrum A��� is obtained by divid-
ing the spectrum measured with the sample 	p��� by the reference spectrum  ?p���. 
With other words the measured data are subtracted logarithmically from the reference 
spectrum ?p���.  These processes reveal the calibration of the A, 
 and � axis. The spec-
tra 
��� and A��� are in percentage units �%�. 
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4 Geometric and compositional details of the 

samples studied 

In this chapter, the geometric and compositional details of the samples including static 
and tunable FP filters which are studied in the following chapters are presented. 

4.1 Geometric and compositional details of unstructured 

Fabry Pérot filters 

An unstructured FP filters consists of a top DBR, a bottom DBR and a polymer cavity. 
Details about materials for DBR, cavity, number of DBR periods and the predefined 
central wavelengths of the unstructured FP filters characterized in this work are listed in 
table 1. 

Table 1. Geometrical parameters of the characterized unstructured FP filters. 

 

Physical parameters for 

filter device 
UF1 UF2 

Cavity material mr-UVcur06 mr-UVcur21 

DBR materials  Si3N4/SiO2 Si3N4/SiO2 

DBRs periods 9.5 9.5 

Central wavelength 650 nm 650 nm 

4.2 Geometric and compositional details of static Fabry Pérot 
filters 

Geometric and compositional details of three static FP filter arrays and one static FP 
filter in an array are demonstrated in table 2. The filters are structured by 3D 
NanoImprint technology. The parameters which are important to define the spectral 
properties of static FP filter are the cavity and DBRs materials, the number of DBR pe-
riods, lateral dimension of one filter, the central wavelength of the DBR �jso and of the 
cavity λuvw. 
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Table 2. Geometrical parameters of the characterized static FP filters and arrays. 

 

Physical parameters 

for filter device 
SF1 (arrays) SF2 (filter) SF3 (arrays) SF4 (arrays) 

Cavity material mr-UVcur21 mr-UVcur21 mr-UVcur06 So-gel 

DBR materials TiO2/SiO2 TiO2/SiO2  TiO2/SiO2 SiO2/Nb2O5  

DBRs periods 5.5 5.5 5.5 6.5 

Central wavelength of 
the DBR �jso (nm) 

575 575 575 950 

Lateral dimension of 
one filter (µm x µm ) 

100 x 100  100 x 100 100 x 100 100 x 100  

Central wavelength of 
the cavity λuvw 

---- 618 nm ---- ---- 

4.3 Geometric and compositional details of tunable Fabry 
Pérot filters 

Fig. 4.1 illustrates a 3D side view of a tunable FP filter. The filter top view is demon-
strated in Fig. 4.2. The vertical dimensions are corresponding to their dimension in z 
direction. Similarly, lateral dimensions of the filters are corresponding to their dimen-
sions in xy direction. Note that, in the design of our filters, a thin layer of ITO is depos-
ited over the filter substrate and it functions as the bottom electrode. The top electrode 
is created either by depositing a thin layer of ITO or Al on top of the DBR. In the case 
of ITO top electrode, a thin layer of ITO is deposited over the whole membrane, the 
suspensions as seen in Fig. 4.1. In the case of Al top electrode, the deposited Al layer 
covers the suspensions and only a part of the membrane which form as the donut shape 
in Fig. 4.3.  

Important geometric parameters of the filter are the number of suspensions, the suspen-
sion geometry (e.g. straight, bent, angled), the suspension width R, the suspension length 
ℓ and finally the membrane radius x. The suspension thickness R is calculated by the 
sum of top electrode’s thickness and the thickness of the top DBR. In case the filter has 
Al as top electrode, the radius of the open part which is not covered by the Al layer is 
denoted as y (see Fig. 4.3). Other parameters are defined by the mask design of the tun-
able filter. Those parameters are described in detail in table 3. 
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Fig. 4.1. 3D side view of a tunable FP filter with ITO as bottom and top electrodes.  

 
Fig. 4.2. Top view of several tunable FP filters with ITO as the top and bottom electrodes. 

 
Fig. 4.3. 3D side view of a tunable FP filter with ITO as bottom electrode and Al as top electrodes. 
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Table 3.  Geometrical parameters of the characterized micomachined tunable FP filters. 

 

Physical parameters for filter de-

vice 
TF1 TF2 TF3 TF4 

Number of suspensions 4 3 3 3 

Suspension geometry Straight Bent Bent Straight 

Suspension length ℓ 30 µm 73 µm 73 µm 65 µm 

Suspension width R 8 µm 10 µm 10 µm 6 µm 

Membrane radius x 12.5 µm 10 µm 15 µm  30 µm  

Inner radius y ---- ---- 10 µm 25 µm 

DBR materials Si3N4/SiO2  Si3N4/SiO2  Si3N4/SiO2 Si3N4/SiO2   

DBRs periods 9.5 9.5 9.5 9.5 

DBR central wavelength λz{| 650 nm 650 nm 650 nm 650 nm 

Electrode material ITO/ITO ITO/ITO ITO/Al ITO/Al 

 

The area acting in the electrostatic actuation is that area part of the membrane which is 
covered by a conductive material and a weighted part of the suspensions. Note that it is 
impossible to calculate from the geometry an area A which has been used in the simple 
elastic models of chapter 2. For the complicated 3D geometries occurring during the 
displacement and buckling of the membranes a simple model as used in chapter 2 is not 
accurate enough. A 3D mechanical model such as described in [47] has to be used.
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5 Experimental results using the compact 

microscope spectrometer setup for 

characterization of Fabry Pérot filter arrays 

The experimental results obtained from the compact microscope spectrometer setup 
reveal the optical properties and tuning behaviors of the static and tunable FP filter ar-
rays and are presented in this chapter. Some parameters of interest such as the ����, 
the spectral position of the filter transmission line, and the total spectral bandwidth of 
the arrays are described. The tuning behaviors in term of mechanical temporal stability 
and efficiency of electrostatic actuation of the tunable filter arrays while a DC and an 
AC voltage are applied are further characteristic factors that are needed to determine. 

As mentioned in chapter 2, the fabrication process of FP filter arrays requires complex 
fabrication steps. In fact, each fabrication step may cause a small deviation in the centre 
wavelength. Therefore, optical characterization is not only applied to accomplished FP 
filter arrays, it is used after finishing each important fabrication step. For example, after 
accomplishing the deposition of the first DBR, the unstructured sample is characterized 
to define its center wavelength. If any variation in centre wavelength is observed, the 
later fabrication process of depositing the cavity and the top DBR is adjusted properly 
to compensate this variation, and thus optimize overall optical filter performance. Af-
terwards, since the whole filter arrays are already structured, each filter is again charac-
terized to investigate its optical properties and tuning behaviors. 

5.1 Optical characterization of laterally unstructured Fabry 
Pérot filters 

In this part, optical characterizations of unstructured FP filter UF1 (see table 1, chapter 
4) are taken into account. The filter consists of a cavity and two DBRs with Si3N4/SiO2 
as high and low refractive index materials. Si3N4/SiO2 materials were chosen due to the 
low mechanical stress when comparing with other pair of materials e.g. poly-Si/SiO2 
and low-cost fabrication by plasma enhanced chemical vapor deposition (PECVD). To 
increase the filter’s reflectivity and thus obtaining a small ���� of the filter transmis-
sion line, each DBR is designed with 9.5 periods (19 layers) of Si3N4 and SiO2. The 
deposition of the DBRs is carried out by PECVD. The mr-UVcur06 which is suitable 
for depositing the cavity is implemented for the fabrication of the cavity with an optical 
thickness of  � 2⁄ .  
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As the cavity features an optical thickness of � 2⁄ , the �	
 is significantly large. The 
separation between filter transmission lines is larger than the filter stop band. Therefore, 
there is only one filter transmission line presenting within the stopband. Figure 5.1 pre-
sents the experimental transmittance spectrum of the filter obtained by the compact mi-
croscope spectrometer setup. For spectral analysis the grating spectrometer with the 
resolution of 0.5 nm is utilized. The spectrum shows a stopband of 110 nm (from 
590 nm to 700 nm) in which the transmittance of 58 % at wavelength of 653 nm. The ���� of the filter transmission line is 2.8 nm. 

 

 
Fig. 5.1. Experimental and simulated spectrum of a nonstructured FP filter: 9.5 periods of 

Si3N4/SiO2 DBR, mr-UVcur 06 for = ~⁄  cavity, central fabricated wavelength of 650 nm. 

In order to verify the optical quality of the characterized filter as well as the accuracy of 
the characterization setup, a transmission spectrum of the filter is theoretically calculat-
ed and then utilized for simulated and experimental spectral comparisons. The simulat-
ed transmission spectrum is presented in Fig. 5.1 showing a stop band of 120 nm, and a 
filter transmission line at centre wavelength 650 nm with 93 % transmittance, the 
achieved ���� is 1.2 nm. 

Comparing simulated data and experimental data, correlations in the spectral band-
width, and the spectral position of the filter transmission line are observed. A small shift 
to longer wavelength of the filter transmission line inside the stopband is most likely 
caused by variation of the real cavity thickness. Due to the high number of layers for top 
and bottom DBR and the cavity, a marginal material absorption in Si3N4 and SiO2 layers 
lead to the decrease of maximum transmittance of the filter transmission line within the 
stopband. A broader filter transmission line in experimental spectrum with a ���� of 
2.8 nm is observed, whereas the optical simulation predicts a ���� of only 1.2 nm for 
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this filter. The reason of this broadening probably comes either from the inhomogeneity 
of the deposited layers, or from some defects such as dust occurring during fabrication 
processes. These defects are able to scatter the incident light which leads to the increase 
of the incident angle.  

For any new technique to be used, it must be demonstrated that it gives results in 
agreement with more established techniques. In this case, a comparison of the compact 
microscope spectrometer system and the spectra from Lambda 900 spectrophotometer24 
(see chapter 3.1) are treated with some caution (Fig. 5.2). In both cases, the spectral 
resolutions are chosen as 0.5 nm. Spectrum achieved from Lambda 900 spectrophotom-
eter also shows the stopband of 110 nm, a filter transmission line transmittance of only 
30 % and a ���� of 5 nm.  

 
Fig. 5.2. Spectrum achieved from the compact microscope spectrometer and the Lambda 900 spec-

trophotometer when measuring the nonstructured FP filter. 

The observed resemblances in the spectral positions of the filter transmission line and 
the stopband between two spectra indicate the reliability of the compact microscope 
spectrometer setup. The different transmittance of the filter transmission line and the 
narrower ���� is referred to the difference in the inspected position and in the size of 
the inspected area. Note that, the filter is not perfectly homogenous; it always contains 
some defects which causes the reduction of the transmittance and the expansion of the ����. Therefore, measuring in different positions leads to a slight variation in the 
transmittance and the ���� of the peak. Even though the same position is selected for 
characterization, the inhomogeneity of the filter still gives rise to the variable transmit-
tance and ���� when the size of the inspected areas are different in the two setups. 

                                                 
24 Lambda 900 UV/Visible/NIR spectrophotometers PerkinElmer 
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The size of the inspected area in the compact microscope spectrometer is varied from 
ten up to hundred micrometers whereas the inspected area in the Lambda 900 spectro-
photometer is approx. 5 mm x 5mm [106].  

5.2 Optical characterization of static Fabry Pérot filter arrays 

Static FP filter arrays can contain thousand FP filters whose lateral dimensions may 
vary from ten up to hundred square micrometers. Each filter is required to be character-
ized separately. The transmission spectra of several static filters in the array are illus-
trated in Fig. 5.3. 

 
Fig. 5.3. (a) Static filter structure from the side view, (b) topview, and (c) its corresponding spectra. 

The side view structure is taken from the WLI, the top view structure is taken from the compact 

microscope spectrometer setup. 

Characterized static filter arrays SF1 (see table 2, chapter 4) are implemented with 5.5 
periods of TiO2/SiO2 for top and bottom DBRs. The cavities are structured by 3D 
NanoImprint technology using mr-UVcur21 as UV-curable polymer. The lateral filter 
size is 100 x 100 µm2. The central wavelength is of 575 nm. For data recording, the 
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grating spectrometer with 0.5 nm resolution is addressed. The white square in the inset 
defines the measured area of about 100 x 100 µm2 which is also the actual size of the 
filter. The measured ����8 range between 3 nm and 5 nm. The desired variations of 
transmitted wavelengths are due to the intentionally varied cavity heights. The thicker 
the cavity, the longer are the transmitted wavelengths. The variances in transmittance of 
the filter transmission lines are partly related to (i) the difference in material absorption 
at different wavelengths of the DBRs and cavity material, to (ii) non homogeneous 
DBRs concerning individual layer thicknesses and composition inhomogeneities known 
as undesired chirping effects and (iii) different spectral position with respect to the de-
sign center wavelength. 

In order to validate the accuracy of the setup in characterizing micro structure dimen-
sions, comparisons of transmission spectra from the compact microscope spectrometer 
setup and from the simulated calculation in addition with the spectrum obtained from 
the optical bench setup (see chapter 3.2) are carried out. For this purpose, a static filter 
in an array SF2 is chosen to characterize. The experimental spectrum of the filter shows 
a stopband of 190 nm, including a filter transmission line at 618 nm with the transmit-
tance of 62 %. The ���� of the filter transmission line is 3.7 nm. Comparing the ex-
perimental and simulated spectrum (Fig. 5.4), good resemblances in the stopband width 
and the ���� are obtained. Again, a deviation in filter transmission line of about 2 
nm is observed, which is most probably due to the variation of the cavity heights be-
tween the designed and fabricated filter. Another reason which may contribute to the 
shift to short wavelength is the occurrence of a small tilted angle of incident which leads 
to a small shift to shorter wavelength of the spectrum. The broader in ���� and lower 
in transmittance might be attributed from material absorption and from the imperfection 
of the DBRs.  

 
Fig. 5.4.  Experimental and simulated spectra of a single FP filter in an array. 
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The spectra comparison obtained from the two setups the optical bench setup (circular 
symbols) and the compact microscope spectrometer setup (solid line) is illustrated in 
Fig. 5.5. The optical bench utilizes a monochromator combined with a HAL lamp as a 
tunable wavelength monochromatic light source. The wavelengths are swept from 
460 nm to 628 nm with 0.2 nm incremental step. The spectra agree very well in the 
stopband width and the spectral position of the filter transmission line. Furthermore, the 
higher transmittance of the filter transmission line and the narrower ���� achieving 
from the compact microscope spectrometer setup prove the high accuracy of the system 
in micro structure characterization.  

 
Fig. 5.5. Spectra from the compact microscope spectrometer and the optical bench setup. 

5.3 Optical characterization of micromachined tunable Fabry 
Pérot filter arrays 

In this part, the optical characterization of tunable FP filter arrays is presented. Com-
pared to the case of a static filter, a micromachined tunable FP filter generally reveals 
filter transmission lines of broader linewidths. The reason for the broader spectral 
linewidth is the undesired and sometimes unavoidable buckling and bending of the re-
leased membrane. In case of compressive stress, after the underetching of the filter 
membranes and suspensions, the residual stress forces the structures to expand. Since 
the membrane is fixed on 3 or 4 sides, it will be deformed in vertical direction. Primari-
ly, this causes a noticeable vertical buckling of the membrane as demonstrated in the 3D 
image of the characterized filter in Fig. 5.6 (a). Since the membrane is deformed verti-
cally, the surface curvature can be considered as spherical. This spherical feature ob-
served in Fig. 5.6 (b) represents the variation in a cavity height over the horizontal ref-
erence. By applying a Gaussian beam model these deformations cause a significant 
widening of the incident beam during the multiple reflections within the cavity. It leads 
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to lateral irradiations of the optical field and cavity losses, results in an increase of the 
linewidths and in a low transmittance of the filter transmission lines.  

However, under certain geometrical conditions of the filter structure, the buckling of the 
membrane can be utilized as a beneficial point for obtaining better optical performance. 
Due to the buckling, the top DBR has a certain curvature; it becomes a concave mirror. 
The filter itself can be considered as a plano-concave resonator which can provide a 
stable configuration for the confinement of light within the cavity. The confinement 
condition of the light in a plano-concave resonator occurs when the radius of the mem-
brane sphere is identical to the radius of the curvature of the beam wavefront. This con-
dition refers to the geometrical condition of the filter which is the distance between the 
top and bottom DBR must be less than the radius of the curvature of the membrane 
sphere. Under this condition, the tunable filter behaves as a stable resonator [108].  

In the following part, these spectral behaviors are investigated further by considering 
and comparing two different kinds of filter geometries: first a filter with four straight 
suspensions and second a filter with three bent suspensions.  

A tunable FP filter TF1 (see Fig. 4.1 and table 3 in chapter 4) having a 12.5 µm mem-
brane radius (corresponding to 25 µm membrane diameter) mounted by four straight 
suspensions as illustrated in Fig. 5.6 (a), (b) is characterized first. The suspension length 
ℓ and suspension width R are 30 µm and 8 µm, respectively. The filter is implemented 
with 9.5 periods DBRs of Si3N4/SiO2 and an air-gap cavity. In this case, the filter has 
ITO as top and bottom electrode, and the centre wavelength of 650 nm. The inspected 
area in this case is 20 µm x 20 µm in diameter denoted as the white square in Fig. 5.6 
(c). Again, the spectrometer with 0.5 nm resolution is utilized to analyze the data. The 
spectrum of a non-actuated filter is denoted as the curve of 0 V in Fig. 5.6 (d).  

To actuate the filter, two electrode needles are placed on the microscope translation 
stage. A DC voltage supply is assigned for electrostatic actuation. The tuning is per-
formed by varying the applied voltage between 0 V to 25 V. Due to electrostatic force, 
the air cavity height is decreased a few nanometers that corresponds to the movement of 
the filter transmission line to shorter wavelengths. Fig. 5.6 (d) displays spectra of 
micromachined tuned filters revealing a total spectral tuning range of 75 nm within a 
stopband of 125 nm. During the tuning the stopband width and its spectral position did 
not change.  

As seen in the spectrum, the filter transmittances are varied around 50 %. This variation 
is referred to the optical losses of the tunable filter. Due to the implementation of an air 
gap cavity, losses which are caused by the cavity such as the wavelength dependent 
material absorption are considerably reduced. However, optical losses still occur in this 
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case in the DBR mirrors and as a result of membrane buckling. This buckling gives rise 
to the lateral radiation of the propagating light beam inside the structure.  

 
Fig. 5.6. (a) 3D image of the characterized tunable filter TF1 and (b) its measured cavity height 

captured by WLI, (c) top view of a tunable FP filter with 4 straight suspensions and membrane 

radius of 12.5 µm, inspected area is 20 µm2 (white square), (d) corresponding electrostatic actuation 

results of the tunable FP filter where the applied voltage is increased from 0 V to 25 V. 

During actuation, a variation in the ���� of the filter during tuning is also observed. 
As described in chapter 2.1.1.3, the ���� is directly proportional to the absolute 
wavelength value. Subsequently, for a more detailed evaluation of the filter tuning be-
havior, the investigation in resolving power � of the filter transmission line is per-
formed. Table 4 represents the calculated spectral resolution � of five different filter 
transmissions lines corresponding to five different applied tuning voltages. 

In this filter, the resolving power �  is increased gradually when the applied voltage is 
increased in the range of 0 to 21 V. This behavior can be explained by considering the 
change in the radius of the curvature of the membrane. As seen in the Fig. 5.6 (b), be-
fore actuation the spherical radius of the membrane is considerably smaller than the 
cavity height. Since a voltage is induced, an electrostatic force is applied on the whole 
membrane to push it down. Thus, the air gap is reduced, the bending of the membrane is 
decreased which results in the increase of the radius of the membrane curvature. If the 
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applied voltage is increased further, the difference in length between the radius of the 
membrane curvature and the air gap height is reduced. The increase of the applied volt-
age also gives rise to the enhancement of resemblance between the radius of curvature 
of the membrane and that of the Gaussian beam wavefront. This leads to a better con-
finement of the light within the cavity. As a result, a better spectral resolution of the 
filter transmission line is achieved. The highest confinement of light is obtained when 
the radius of the membrane sphere and that of the beam wavefront are identical. And the 
distance between two DBRs are less than the radius of curvature of the membrane 
sphere. This condition is depicted in Fig. 5.7.  

Table 4. Comparision of resolving power of five filter transmissions lines corresponding to five 

applied voltages. 

 

Applied Voltage (V) 0 10 15 21 25 � (nm) 653.51 645.38 635.29 612.19 584.34 ���� (nm) 4.5 4.0 3.5 3.0 7.8 � 145.2 161.3 181.5 204 74.9 

 

 
Fig. 5.7. Schematic diagram of the tunable FP filter TF1 and the Gaussian beam wavefront propa-

gation. The filter is considered as a plano-concave resonator. When the confinement condition is 

satisfied, the radius of the membrane sphere is the same as the radius curvature of the beam wave-

front. The air gap cavity length h must be equal or less than the radius of the curvature of the top 

membrane sphere �~. 

Since the applied voltage is increased further to 25V, here, an obvious decrease of the 
resolving power � ; i.e. an increase of ���� is observed. At this voltage, the filter 
transmission line locates near the edge of the stopband where the reflectivity of the mir-
ror is decreasing. Thereby, it results in the increase of the ���� value according to 
Eq. 2.11 in chapter 2.1.1.3. 
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Another example of spectral tuning behaviors of the tunable FP filter is demonstrated in 
Fig. 5.8. A tunable filter TF2 (see also Fig. 4.1 and table 3 in chapter 4) with three bent 
suspensions consisting of 9.5 periods of Si3N4/SiO2 DBRs with three bent suspensions 
is taken into account. Similarly to the previous case, the filter has ITO as top and bot-
tom electrode, and the centre wavelength of 650 nm. The filter membrane radius is of 
10 µm (corresponding to the diameter of 20 µm). The inspected area is around 15 µm x 
15 µm depicted as white square in Fig. 5.8 (b). Again, electrostatic actuation is per-
formed by a DC voltage supply. The tuning is induced by a variance of applied voltages 
from 0 V to 21.8 V, resulting in a tuning range of 55 nm.  

 
Fig. 5.8. (a) Top view of the tunable FP filter TF2 with 3 bent suspensions and membrane radius of 

10 µm (diameter of 20 µm). (b) The inspected area is 15 µm x 15 µm (white square). (c) Corre-

sponding electrostatic actuation results of tunable filters since the applied voltage is increased from 

0 V to 21.8 V. 

Compared with the previous case where the ���� of the filter is decreasing during 
actuation, a reverse situation is observed in this case. As seen in the spectrum, increas-
ing applied voltage results in a considerable broadening of the linewidth from 7 nm to 
15 nm together with an attenuation of the filter transmittance from 55 % to 30 %. This 
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effect can be explained by the tilting and bending of the membrane during actuation. 
Note that, in this case the filter TF2 consists of three bent suspensions which have the 
benefit of a higher flexibility for moving. However this asymmetric construction make 
the filter become highly sensitive to misalignments or defects during fabrication pro-
cess. For instance, if one of the suspensions is weaker than the others, it may cause the 
tilting and bending of the filter membrane which later results in unexpected spectral 
behaviors. In this case, the enhancement of spectral linewidth, the reduction of transmit-
tance together with the small shift to shorter wavelength at the “root” of the filter trans-
mission lines are probably the consequence of the tilting and bending of the membrane 
during actuation. Because of these effects, the propagating Gaussian beam widens, 
causing lateral irradiation which is related to cavity losses. Thus, the filter transmittance 
is reduced and the ���� is increased. 

Different tuning behaviors of the two actuated filters TF1 and TF2 were observed and 
investigated in this part. The differences are caused by the different geometrical designs 
of the filters such as the membrane diameter, the number of suspensions, suspension 
lengths and widths, as well as the type of suspensions e.g. bent, straight and angled. 
These parameters cause substantial impacts on tuning behaviors of the filter arrays. Fur-
ther investigations on the influences of these parameters on the optical, mechanical and 
tuning behaviors of tunable filter in both, theoretical and experimental aspects are al-
ready acquired in other researches at INA [48, 50, 51]. 

5.4  Comparison of micromachined optical tuning of Fabry 

Pérot filter arrays under DC and AC actuation 

Up to now the electrostatic actuation of the FP filters has been done simply by a varying 
a DC voltage, which we will denote “DC actuation” below. To study the tuning behav-
ior in terms of stability and charging effects of dielectric materials we now apply a more 
sophisticated electrostatic tuning via a varying AC voltage, which we will denote “AC 
actuation” below. In this chapter, by comparing DC and AC actuation we will study in 
detail the influence of the character of actuation (DC or AC) on the linewidths of the 
transmission lines, the temporal mechanical stability and the efficiency of tuning. The 
compact microscope spectrometer will be used for this investigation. The results of the 
comparison between DC and AC actuation are explained in a preliminary way by a new 
model including the dynamics of trapping and reemission of charges in dielectrics in a 
subsequent part.  
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5.4.1 DC Actuation 

DC actuation is a conventional method of MEMS actuation; it has been used widely due 
to simple equipment provision and simple measuring procedure. In this part, the spectral 
properties and tuning behaviors of the tunable FP filters are investigated when a DC 
voltage is applied. Figure 5.9 (a) illustrates the schematic diagram of a tunable filter 
TF3 actuated by a DC voltage. The DC voltage is applied between the top and bottom 
electrode of the tunable filter (the movable top DBR always has a positive potential on 
its electrode; the fixed bottom DBR always has a negative potential on its electrode). 
The resulting electrostatic force actuates the top DBR towards the bottom DBR. Thus, 
the top DBR is moving down in z direction (vertical direction), which results in a reduc-
tion of the air gap cavity. The initial height of the air gap cavity is ?. The displacement 
of the movable top DBR is J.  

A top view of the micromachined tunable FP filter TF3 located inside an array is de-
picted in Fig. 5.9 (b) and characterized subsequently in tuning behavior. The filter con-
sists of 9.5 periods of Si3N4/SiO2 for top and bottom DBRs. An air gap is implemented 
between the two DBRs, the centre wavelength is of 650 nm nm. The top DBR is mount-
ed and positioned by three bent suspensions. Each suspension is characterized by a 
length ℓ , a width U and a thickness R. The membrane radius is of 15 µm (diameter of 
30 µm). The inner radius of 10 µm . The filter has Al as top electrode, and ITO as bot-
tom electrode. See also Fig. 4.3 and table 3 in chapter 4.  

(a) (b) 

Fig. 5.9. (a) Schematic diagram of a tunable filter actuated by a DC voltage and (b) top view of the 

characterized tunable filter TF3 consisting of three bent suspensions, the radius of the membrane is 

of 15 µm, the inner diameter is of 10 µm. The filter has Al as top electrode and ITO as bottom elec-

trode. 

The spectral behaviors of the tunable filter are displayed in Fig. 5.10. The filter is actu-
ated by applying a DC voltage varying from 0V to 12 V. As seen in the figure, at 12 V a 
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second mode appears inside the stopband. In optical applications of the 
nanospectrometer, the second mode is not usable because the detector would detect both 
modes at the same time and would not distinguish between the different wavelengths of 
these modes. However, in this work, the investigation of the spectral properties of the 
filters are the priorities, therefore, spectra with a second mode are still taken into ac-
count. 

 
Fig. 5.10. Transmission spectra of the characterized tunable filter TF3 using DC actuation, the 

applied voltage is varying between 0 V to 12 V. 

In parallel with spectral investigations, investigations of the mechanical displacements 
of the tunable FP filter are also performed using white light interferometer measure-
ments25. The displacement of the membrane of filter TF3 as a function of applied volt-
age is illustrated in Fig. 5.11.  

 
Fig. 5.11. Displacement of the membrane of the filter TF3 as a function of applied voltage using DC 

actuation. 

                                                 
25 NewView 5000 Zygo 
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The applied voltage is altered between 0 and 19V. The square symbols denote the spec-
tral change of the transmission line during a gradually increasing applied DC voltage. 
The circular symbols, on the other hand, present the spectral change of the transmission 
line during a gradually decreasing voltage applied. When a certain voltage is applied 
between the top and bottom electrodes, the membrane moves downward as a result of 
the resulting electrostatic force. The vertical displacement of the membrane is approx. 
120 nm when the applied DC voltage is 19V. As can be seen in the figure, a noticeable 
mismatch in the vertical displacements of the membrane at a certain voltage applied is 
observed when this specific voltage is passed during an increasing or decreasing voltage 
in different experimental runs. Most probably this is due to charging effects of the die-
lectric materials of the DBRs occurring during actuation. If a DC voltage is applied to 
the tunable filter, positive charges are permanently located on one electrode and nega-
tive charges are permanently located on the other electrode. Despite the dielectrics (e.g. 
Si3N4 and SiO2) are isolators, transfer (transport) of charges into the dielectric bulk lay-
ers occurs and the charges energetically may relax into traps (trapping). This effect is 
called dielectric charging of the dielectric materials and leads to undesired mechanical 
movements of the membranes and, thus, undesired spectral tuning of the transmission 
line. Since for an application the spectral position of the transmission lines are required 
to maintain constant, the undesired tuning is considered as a fact of “temporal instabil-
ity”. It will be shown that the undesired tuning effects which would require additional 
compensation efforts can be partly avoided by another electrostatic actuation of im-
proved performance (AC actuation) which is presented and studied in the following 
part.  

5.4.2 AC actuation 

Depending on size and materials, MEMS devices have the resonance frequencies in the 
range of several tens kHz to a few MHz. In this chapter we present experimental results 
performed under three different AC actuation frequencies: in two cases above the reso-
nance frequency (eigen-frequency) and in one case below the resonance frequency. We 
will demonstrate three important results: 

1. The undesired effects involved via dielectric charging can be reduced, thus, the 
temporal stability is increased. 

2. The compensation effort can be minimized. 
3. The electrostatic actuation efficiency can be increased under certain conditions.  

For AC actuation, an AC voltage is applied between the top and bottom electrodes of 
the filter, without an external DC bias. If the electrode of the top DBR has a positive 
potential and the bottom electrode top electrode has a negative potential, an attractive 
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force is generated. Also for the opposite case in which the top electrode has a negative 
potential and the bottom electrode has a positive potential, an attractive force is always 
created. However this attractive force is varying during time as a function of the phase 
of the AC voltage. The attractive force periodically will pass a minimum and there will 
become zero, but it will never become repulsive. The attractive electrostatic force oscil-
lates with the double frequency as the AC voltage oscillates. At very low excitation fre-
quencies the mechanical oscillator (membrane and suspensions) exactly follows the 
temporal variations of the electrostatic actuation force (external excitation force). Well 
below the resonance frequency the maximum membrane displacement is independent of 
the excitation frequency. Coming closer to the resonance frequency the maximum am-
plitudes are increasing, reach a peak at the resonance frequency and tend to zero for 
excitation frequencies increasing beyond. Above the resonance frequency the mechani-
cal oscillator is less able to follow the fast oscillations the higher the frequencies are. 
This experiment is well-known as “amplitude modulation response”.  This was not the 
goal of this thesis, but it will be a topic of a forthcoming thesis. For the experimental 
data  described below, it is important to point out, that even though the polarities of the 
two electrodes is changing alternatively, the direction of the electrostatic excitation 
force generated between the two electrodes does not change. The electrostatic excitation 
force is always attractive which forces the top DBR to move down as already men-
tioned, which results in the shift of the filter transmission lines to shorter wavelengths 
within the stopband. 

The transmission spectra are measured by the compact microscope spectrometer system. 
In addition, the mechanical displacement of the membrane is characterized by the white 
light interferometer.   

In order to generate an AC voltage signal, an additional electrical system is utilized as 
shown in Fig. 5.12. This system includes a function generator, an amplifier, an oscillo-
scope and two contact needles. The aim of the function generator is to generate a sine 
wave signal with variable frequencies. The amplifier is assigned to vary the amplitude 
of the AC signal from the function generator and then supply it to two contact needles. 
An oscilloscope is used to display the applied AC voltage frequencies and, thus, always 
half of the electrostatic excitation frequency applied to the filter. The DC voltage part is 
always set to zero, as already mentioned. These electrical devices are combined with the 
compact microscope spectrometer setup or the white light interferometer to complete 
the AC actuation systems, respectively.  
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Fig. 5.12. Block diagram of the electrical set-up for AC actuation. 

Fig. 5.13 presents the spectra taken for different AC voltage amplitudes. The filter 
transmission lines are spectrally broadening more and more and finally are spreading 
over a considerable part of the stopband, when the voltage is increased gradually from 
0 V to 28 V. Note, that the AC voltage amplitudes refer to the half of the peak to peak 
voltage. This phenomenon can be explained in such a way that for an AC voltage fre-
quency of 100 KHz which is not far from the mechanical resonance frequency of the 
filter, the filter still can follow the periodic external excitation force. The higher the am-
plitude of the applied AC voltage, the higher the amplitude of the mechanical oscillation 
of the membrane and, thus, the wider the spectral range the filter transmission line is 
touching during its oscillations. Hence, the larger the amplitude of the AC actuation, the 
broader and the less distinct the transmission line becomes in the spectrum. With other 
words, this leads to a noticeable decrease of the filter transmission lines quality, and a 
considerable enhancement of the ����. In the literature some authors call this behav-
ior an “unstable one”. 

 
Fig. 5.13. Transmission spectra of the tunable filter TF3 for an AC voltage frequency of 100 KHz is 

applied. This corresponds to an electrostatic force frequency of 200 kHz. 
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In the following, two AC voltage frequencies 500 kHz and 1 MHz (corresponding to 
electrostatic excitation frequencies of 1 MHz and 2 MHz, respectively) which are above 
the resonance frequency optical and mechanical characterization experiments are per-
formed as well.  

The results of spectral and mechanical measurements where an electrostatic excitation 
frequency of 1 MHz is applied are illustrated in the Fig. 5.14 below.  

 
Fig. 5.14. (a) Transmission spectra and (b) mechanical displacement of the membrane using AC 

actuation for an AC voltage frequency of 500 KHz. This corresponds to an electrostatic force fre-

quency of 1 MHz. 

As it can be seen in Fig. 5.14 (a), the spectra present a clearly observable tuning of the 
filter transmission line when the applied AC voltage varies from only 0 V to 1.5 V. 
Note, that the linewidth seems to be unchanged. We do not observe the linewidth 
broadening described above. Since the excitation frequency is above the resonance fre-
quency, the membrane is nearly not oscillating anymore and the spectral position of the 
filter transmission line is not changing any more in resolvable way. The membrane can-
not follow the sinusoidal oscillation of the excitation force. Hence, it becomes nearly 
static (in the literature some authors call it “more stable”). It is remarkable how small 
the required AC voltages are for such a strong spectral tuning, if DC and AC tuning is 
compared. This will be explained in more detail in the following chapter.  

Similarly to the DC actuation case, the investigations of the membrane displacement 
under AC actuation and an excitation frequency of 1 MHz were conducted by increas-
ing and decreasing the applied AC voltages series several times. In Fig. 5.14 (b), the 
increasing voltage series is depicted by the square symbols whereas the circular sym-
bols denote the decreasing voltage series. The mechanical displacement is in a range of 
0 nm to 225 nm. As illustrated in the figure, the curves corresponding to the increasing 
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and decreasing series are appearing much more similar than in the DC case (Fig. 5.11) 
and, thus, a smaller hysteresis (a better mechanical stability in the words of some au-
thors in the literature). Moreover, in this case the applied AC voltage needed for the 
displacement of more than 200 nm is only 3 V. This significant reduction in applied 
voltage value demonstrates that an improved efficiency of electrostatic actuation can be 
obtained using high excitation frequency above the resonance frequency.  

Now, the spectral and mechanical behavior of tunable FP filters is investigated further 
by increasing the electrostatic excitation frequency up to 2 MHz, which is well above 
the mechanical resonance frequency of the filter. The transmission spectra and mechan-
ical displacement profiles for an electrostatic excitation frequency of 2 MHz are pre-
sented in Fig. 5.15 (a) and Fig. 5.15 (b), respectively. Also in this case the linewidth is 
not broadening, since the membrane is now behaving nearly completely static (station-
ary). Of course, a mechanical system always oscillates very weakly due to acoustic 
noise and temperature. According to this figure, the variance of applied voltage from 
0 V to 0.28 V results in a wavelength tuning range of 45 nm. In the mechanical tuning 
results, we already observe 80 nm displacement of the membrane for only an AC volt-
age of 0.45 V. As an experimental result we conclude: the higher the applied frequency, 
the lower the applied voltage which is required, and the more stationary the membrane 
becomes. 

 
Fig. 5.15. (a) Transmission spectra and (b) mechanical displacement of the membrane using an AC 

voltage frequency of 1MHz. This corresponds to an electrostatic force frequency of 2 MHz. 

As mentioned above, the electrostatic excitation force is varying with time but is always 
directed in the same direction. The force oscillates between a maximum and a minimum 
(which is zero). Within this short section we consider a situation above resonance fre-
quency. The higher the frequency the better is the approximation that the membrane 
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experiences a “static” average electrostatic force. This “static” average electrostatic 
force was calculated in detail in the literature in Ref. [59] for a similar oscillator geome-
try as ours but current drive instead of voltage drive.   

In order to define a better efficiency of electrostatic actuation, as well as a better me-
chanical stationary, comparisons in spectra and in mechanical displacement of the tuna-
ble filter are performed for two cases: 2 MHz electrostatic excitation frequency (AC 
voltage frequency of 1MHz) and DC actuation are compared (Fig. 5.16). The variances 
of the spectral positions of the filter transmission lines, as well as the variances of the 
corresponding mechanical displacement profiles of the membrane at a considered fixed 
voltage are investigated by repeated measurements. 

For both cases, the procedure to increase and decrease the voltage gradually and repeat-
edly is performed (to study hysteresis) and the locations of the respective spectral posi-
tion of the filter transmission line is monitored. The measurements are repeated four 
times, respectively. The same color spectra denote the same applied voltage. The spec-
tral behaviors of the filter in the case of DC and 2 MHz excitation frequency are depict-
ed in Fig. 5.16 (a) and (b), respectively. In order to obtain a better view of the transmis-
sion spectra, the two enlarged images of AC (c) and DC (d) actuation transmission spec-
tra at 0.15 V and 6 V are taken into account.  

As seen in Fig. 5.16 (a) and (b), the AC actuation reveals by far better a performance 
than the DC actuation. In case of AC actuation, the filter transmission lines are located 
nearly at the same position in the transmission spectra for a constant voltage. For an AC 
voltage of 0.15 V, the variance of the filter transmission lines position is approx. 3.5 nm 
as seen in Fig. 5.16 (c). In contrast, in the case of DC actuation a strong spectral shift is 
observed, expressing a much higher “instability” while studying the reproducibility. For 
DC actuation, e.g. at 6 V, the variance of the filter transmission lines is approx. 11 nm, 
see Fig. 5.16 (b). At the applied voltage of 0 V, the variance of the filter transmission 
line is 13 nm in case of DC actuation. This variance for DC actuation is three times 
larger than the variance observed for AC actuation. This is due to the negative influence 
of the charging effects in dielectric materials when the filter is actuated by DC voltage, 
since the amount of charges relaxing into the traps (trapping) can increase with time. 
For a long time period the trapping can even reach saturation and a strong deviation to 
the situation obtained shortly after applying a new situation (a new voltage). In the case 
of AC actuation the sign of the potential is changed periodically and the trapped charges 
can again be released from the traps. Thus, the effect of dielectric charging is reduced in 
the case of AC actuation compared to DC actuation [59, 65]. However, as we will see in 
chapter 5.4.3, a more detailed model including the dynamics of tunneling, transfer, 
transport, capture, relaxation and reemission is required to explain more phenomena 
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exceeding the simple comparison between AC and DC actuation above. These dynam-
ics together with parasitic capacities might explain that we require much smaller AC 
voltages compared to DC voltages to obtain the same mechanical displacement.  

 
(a) (b) 

  

(c) (d) 

 

(e) (f) 

Fig. 5.16. (left row: a,c,e) Comparison between AC actuation and (right row: b,d,f) DC actuation,  

(a) transmission spectrum for AC actuation, (b) transmission spectrum for DC actuation. (c) The 

enlarged images of transmission spectra for AC and (d) DC actuation at 0.15 V and 6 V, respective-

ly. In each figure, the same colors denote the same applied voltage. This also holds for the red color 

between (a) and (c) as well as for (b) and (d), respectively. (e) Mechanical displacement profiles and 

(f) for AC and DC actuation, respectively. 
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Figure 5.16 (e) and (f) illustrate a comparison in mechanical displacement between DC 
and AC actuation. For an AC electrostatic excitation, a frequency of 2 MHz and in-
creasing and decreasing voltage series are applied, we observe a high reproducibility (c) 
and a corresponding weak hysteresis in the membrane displacement profiles (e) which 
are in good agreement which each other. For a DC actuation and increasing and de-
creasing voltage series, in contrast, we observe a weak reproducibility (d) and a corre-
sponding strong hysteresis in the membrane displacement profiles (f) which also are in 
good agreement among each other. The maximum displacement deviation of below 10 
nm at 0.4 V achieved in the case of AC actuation as compared to almost 30 nm dis-
placement at 12 V in the case of DC demonstrates the higher stationary behavior of the 
filter under AC actuation. Furthermore, the remarkable lower applied voltage of the AC 
actuation less than 1 V in all cases indicates much higher actuation efficiency than for 
DC actuation.   

Additionally, during operation, a DC actuation condition always requires longer re-
sponse times. In Fig. 5.16 (f) we observe a difference in the membrane displacement of 
13 nm between the initial condition shown in black at 0 V (before applying a voltage) 
and after increasing the voltage to the maximum value and subsequently after gradually 
reducing the voltage again to 0 V.  

If the applied DC voltage is set from a high value again back to 0 V, always a few 
minutes are required until the displacement value reaches again 0 nm (observed by the 
white light interferometer, electro-mechanical characterization). In the case of spectral 
characterization, the same amount of time is required to reach the spectral position of 
0 nm (i.e. the original non-actuated spectral position before starting the actuation). In 
the case of DC actuation, due to the restoring charge in dielectric layers the membrane 
needs a certain time to completely discharge until the original non-actuated state is es-
tablished. In contrast, AC actuation performs a very fast time response. The original 
spectral position is nearly instantly reached when the voltage is reset to 0 V. In agree-
ment with this observation the original spatial displacement value is also nearly instant-
ly reached when the voltage is reset to 0 V. The charging effect is considerably reduced 
as an AC actuation is utilized. Since rapid changes from positive to negative charging in 
both electrodes occur regularly in each period, positive charges trapped in the first half 
of a period will be reemitted or alternatively neutralized by negative ones in the second 
half of an oscillation period of time. Thus, by permanent periodic charge neutralization, 
the number charges being permanently trapped inside the bulk of the dielectric material 
is drastically decreased. The time charges remain trapped in dielectric layers is signifi-
cantly depending on the frequency.   



Chapter 5. Experimental results using the compact micro spectrometer setup for charac-
terization of Fabry Pérot filter arrays 

90 

 

In conclusion, AC actuation demonstrates that it can be used for MEMS actuation with 
higher temporal stability, better repeatability, and better efficiency of electrostatic actua-
tion under certain conditions. The undesired effects involved via dielectric charging can 
be reduced, thus, the temporal stability is increased. As compared to the conventional 
DC electrostatic actuation, AC actuation requires a much lower actuation voltage. De-
pending on the required amount of stability, AC or DC actuation can be chosen to satis-
fy the requirements of the system. In the following a more detailed explanation based on 
a new proposed model [109] is given, involving a large number of different effects in 
the dynamics of electrostatic charging effects of the dielectric DBR materials.   

5.4.3 Model for the dynamics of trapping and reemission of charges in 

dielectrics  

Dynamic physical and chemical phenomena are often described by a set of rate equa-
tions. A first example is carrier dynamics in semiconductor nanostructures involving 
spatial transport rates, capture rates and release rates, as well as different energetic lev-
els, which in addition often are spatially separated. The carrier dynamics in one and two 
dimensional electron-hole gases (quantum wires and quantum wells) with interface 
roughness (Fig. 5.27 in Ref. [110]) is an example which involves trapping and subse-
quent release of positive and negative charges into and out of traps of different energetic 
levels. A second example is related to carrier capture, reflection, transmission and 
transport phenomena in quantum wells used as distinguishable local traps for carrier 
transport [111]. A third example again from semiconductors is related to the depend-
ence of wet-chemical etching rates on the doping level, i.e. on the absolute values of 
electron and hole densities. The latter phenomena have been used to fabricate grating 
structures in a semiconductor surface exposed to both, a liquid etchant and 2 or 3 laser 
beams in a laser holography setup [112].  

Charging effects of dielectric materials of an insulator/metal interface and the im-
portance for electrostatic actuation of MEMS has been reported and investigated by 
several groups [65, 66, 113] as already discussed above. The following theoretical mod-
el tries to describe the experimental data presented in the chapter 5.4.2 and involves the 
dynamics of trapping and reemission of charges in dielectrics based on rate equa-
tions. The involved phenomena are definitively very complex and probably would need 
a kinetic modeling based on e.g. a Boltzmann transport equation as well as relaxation in 
energy and k-space. To the best of my knowledge such a model has not been developed 
and used up to now. However in order to keep our model in a first approach as simple as 
possible, only rate equations and characteristic transfer times for different processes 
between the 7 different states are taken into consideration (Fig. 5.17). All involved pro-
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cesses are based on the population of 6 different energy levels inside the dielectric me-
dium as well as the metal as the seventh state. The energy levels and the processes are 
listed in the following:   

- Barrier layer in which transport for the negative charges takes place (modeled by 
a transport rate with a characteristic scattering time τn transp) 

- Trap level 1n in a distance d1 to the metal-dielectric interface (modeled by a cap-
ture rate with a characteristic time τ1n cap and a reemission rate with a character-
istic time τ1n re-em , in the following only the characteristic times are shown)  “i n-
terface trap for negative charges” 

- Trap level 2n in a distance d2 to the metal-dielectric interface (capture and 
reemission: τ2n cap, τ2n re-em)   “bulk trap for negative charges” 

- Barrier layer in which transport for the positive charge takes place (modeled by 
a transport rate with a characteristic scattering time τp transp) 

- Trap level 1p in a distance d1 to the metal-dielectric interface (capture and 
reemission: τ1p cap, τ1p re-em)  “interface trap for positive charges” 

- Trap level 2p in a distance d2 to the metal-dielectric interface (capture and 
reemission: τ2p cap, τ2p re-em)   “bulk trap for positive charges”  

- Tunneling rates and corresponding tunneling times between the metal state and 
the dielectric barrier energy levels for negative charges τn tun and positive charg-
es τp tun   

- Thermal emission rates over an interface energy barrier and corresponding 
thermal emission times between the metal state and the dielectric barrier energy 
levels for negative charges τn bar  and positive charges τp bar 

In addition parasitic capacities including a frequency dependence are considered. Since 
we have only measured at frequencies lower than 2 MHz we are only able to estimate a 
lower time limit for some of the involved times (see below).   
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Fig. 5.17. A new model of dynamics of trapping and reemission of charges in dielectric lay-

ers of tunable FP filters in a metal/dielectric design. 

In the following a preliminary explanation of the experimental data is given, which is 
based on the rate equation model displayed in Fig. 5.17.  

1. Carrier dynamics of electrons and holes in semiconductor micro- and nano-
structures have been studied in detail. Disregarding few rare situations in some 
strained low-dimensional the transfer, capture, tunneling and emission rates of elec-
trons were always higher than those of holes. Although in dielectrics the involved 
physics are not similar, most probably for negative charges the transport, capture 
and thermal reemission times will be also here smaller than for positive charges. 
This is due to the fact that in solids there are no mobile positively charged elemen-
tary charges. The dynamics of positive charges is due to a collective action of sev-
eral electrons. In semiconductors, e.g., the modeling involving holes is elegant but 
replaces and describes a collective electron dynamics. However, for the preliminary 
explanation of the experimental AC actuation data is finally not crucial if the dy-
namics of negative charges is faster than that of the positive charges.  

2. In the following a rectangular profile of the AC voltage variation with time is con-
sidered. Here, alternatively positive and negative constant voltages of identical time 
interval are applied. The lengths of these time intervals depend on the frequency.   

2.1  Only for this point 2.1 an alternative model is considered which is based on 
constant charging currents for the trapping and detrapping. In addition an 
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AC frequency is considered which is high enough, so that the trapped charg-
es remain always below the maximum possible. That means that no satura-
tion effects are involved. Within this model and for the interval of positive 
potential on the electrodes, the amount of trapped positive charges increases 
linearly with time. In the subsequent interval of negative potential on the 
electrodes, within this model the amount of trapped positive charges de-
creases again linearly with time. At the same time for the interval of positive 
potential on the electrodes considered first, the amount of trapped negative 
charges decreases linearly with time; in the subsequent interval of negative 
potential on the electrodes considered before, the amount of trapped positive 
charges increases again linearly with time. In conclusion, after a full period 
of a single positive and a single negative potential interval exactly the identi-
cal charge is trapped compared to the situation before that period. This holds 
for all four traps (n1, n2, p1 and p2). This is simple based on the situation of 
charging and discharging occurring with constant currents. This model 
would not allow a temporal increase of trapped charges from period to peri-
od. Also the inclusion of saturation effects when all possible traps would be 
occupied would change this situation. In this model the AC voltage ampli-
tude required for desired constant wavelength tuning would not depend on 
the actuation voltage. This is in contradiction to the experimental observa-
tions. For 2 MHz much smaller AC voltage amplitude is required for a con-
stant wavelength tuning compared to 1MHz. Thus, the assumption of situa-
tion with constant charging currents for the trapping and detrapping is unre-
alistic and not compatible with the reality. Therefore, in the next step, a rate 
equation model is used in section 2.2. 

2.2 Within this model automatically “saturation effects” are involved and clearly 
visible even if the amount of trapped charges does not reach the density of 
states of the traps. This model considers all four traps (n1, n2, p1 and p2) in 
combination with the two electrodes as individual capacities. In the interval 
of negative potential on the electrode, within this model the amount of 
trapped negative charges increases exponentially in a saturation profile with 
time. At the beginning of the interval |dQi/dt| is always highest. |dQi/dt| de-
creases continuously with time as it is typical for charging and discharging 
of capacities, showing profiles Qi(t) with saturation character. Within this 
model and for the interval of positive potential on the electrodes, the amount 
of trapped positive charges also increases exponentially with time. At the 
same time for the interval of negative potential on the electrodes, the amount 
of trapped positive charges decreases exponentially with time within a satu-
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ration profile; in the subsequent interval of positive potential on the elec-
trodes considered before, the amount of trapped negative charges also de-
creases again exponentially with time. In conclusion, after a full period of a 
single positive and a single negative potential interval the total amount of 
trapped charges is changing compared to the situation before that period. 
This holds for all four traps (n1, n2, p1 and p2). In this model the AC voltage 
amplitude required for desired constant wavelength tuning would depend on 
the actuation voltage. For higher frequencies, the time interval of a constant 
polarity is shorter, thus the parts of the transient Qi(t) profile with much 
higher |dQi/dt| occur than for lower frequencies, where in the transient Qi(t) 
profiles also smaller |dQi/dt| occur. This nonlinear character in the Qi(t) pro-
files allows a continuous increase of the total amount of trapped charges un-
til a saturation value is reached. This value where the trapped charge is satu-
rating depends on the frequency. For higher actuation frequencies a smaller 
amount of trapped saturated charges results. This saturation value is acting 
like a “parasitic DC voltage”. Note that no DC voltage is applied; the para-
sitic DC voltage is a result of charging according to the model shown in Fig. 
5.17.  Thus, the effect of charging of the dielectric materials is smaller for 
higher actuation frequencies.  

3. In the following a sinusoidal profile of the AC voltage variation with time is 
considered. Here, alternatively positive and negative half-periods of identical time 
interval are involved. The lengths of these time intervals depend on the frequency. 
The shape of the transient Qi(t) profiles is quantitatively changing. However, all the 
scientific statements of section 2.2 remain valid. Also in this model the AC voltage 
amplitude required for desired constant wavelength tuning would depend on the ac-
tuation voltage. For higher frequencies, the time interval of a constant polarity is 
shorter, thus the parts of the transient Qi(t) profile with much higher |dQi/dt| occur 
than for lower frequencies, where in the transient Qi(t) profiles also smaller |dQi/dt| 
occur. This nonlinear character in the Qi(t) profiles allows a continuous increase of 
the total amount of trapped charges until a saturation value is reached. This value 
where the trapped charge is saturating depends on the frequency. For higher actua-
tion frequencies a smaller amount of trapped saturated charges results. This satura-
tion value is acting also here like a “parasitic DC voltage”. Note that also here no 
DC voltage is applied; the parasitic DC voltage is a result of charging according to 
the model shown in Fig. 5.17.  Thus, the effect of charging of the dielectric materi-
als is smaller for higher actuation frequencies. This is in agreement with the exper-
imental observations. For 2 MHz much smaller AC voltage amplitude is required 
for a desired constant wavelength tuning compared to 1 MHz, since for 2 MHz a 
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much smaller parasitic DC voltage has to be overcompensated than for an actuation 
frequency of 1 MHz. Thus, the assumption of the rate equation model “dynamics 

of trapping and reemission of charges in dielectrics” shown in Fig. 5.17 would 
explain the experimental data. However, further experimental studies are studied 
for AC actuation accompanied with line shape fittings of the theoretical data to the 
experimental results. 

4. Capacities strongly decrease with growing frequency (in contrast to inductivities 
which strongly increase with growing frequency). The capacitive character with its 
basic frequency behavior in addition is most probably involved. The saturation ef-
fects due to the nonlinear profiles as mentioned before would not be able to explain 
such a large difference between 1 MHz and 2 MHz. Note that the experimentally 
observed difference by much more than a factor of 2 is most probably explainable 
by the combination of both effects, comparing the AC voltage amplitude which is 
required for a desired wavelength tuning. In summary the carrier dynamics of the 
model “dynamics of trapping and reemission of charges in dielectrics” shown 
in Fig. 5.17 together with the frequency dependence, both, qualitatively and in a 
satisfactory quantitatively would support the obtained experimental data.           

The experimental observations can already be explained using the explanations under 
the sections 3 and 4 within our simple model. However, additional statements are possi-
ble and some further alternative scenarios will be introduced:  

1. The tunneling times τn tun and τp tun are comparable and faster than approximately 
100ns. The thermal emission times over the interface energy barriers τn bar and τp bar 
are comparable and faster than approximately 100 ns. 

2. Scenario 1 (limit 1): The capture times for negative charges are smaller than those 
for positive charges and the reemission times are comparable for both charges. This 
limit is characterized by τ1n cap and τ2n cap  < τ1p cap and τ2p cap . Furthermore τ1n re-em 
and τ2n re-em  < τ1p re-em and τ2p re-em. We describe this limit as the “ bottle neck effect 

in hole capture”.   
3. Scenario 2 (limit 2): The capture times for positive charges are similar to those for 

negative charges and the reemission times are comparable for both charges where 

τ1n cap and  τ2n cap  ≈ τ1p cap and τ2p cap but the reemission times for negative charges 
are much short than those for positive charges: τ1n re-em and τ2n re-em  << τ1p re-em and 
τ2p re-em. We describe this as the “bottle neck effect in electron trap population”.   

Based on the assumptions that the actuation frequencies of 1 MHz and 2 MHz are above 
the resonance frequency of the mechanical oscillator (filter structure), there should be 
nearly no movement of the membranes. Based on our model scenario 1 and 2 the para-
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sitic effective net DC bias originating from charging effects depends on the applied AC 
voltage amplitude and frequency.  

In summary: A spectral tuning which increases with increasing applied AC voltage am-
plitude has been observed (Fig. 5.14 and Fig. 5.15) and can be explained by our prelim-
inary model (sections 3 and 4). Also the difference between Fig. 5.14 and Fig. 5.15 that 
the required net biasing depends on the actuation frequency can be understood qualita-
tively. This is also in agreement with the experimental observation at an actuation fre-
quency of 1.4 MHz in which the tuning efficiency is just in between that of the 1 MHz 
and 2 MHz experiments. 

This paragraph describes a brief sketch [109] of our new model “dynamics of trapping 

and reemission of charges in dielectrics” showing many limits among those are the 
limit of “bottle neck effect in hole capture” and the limit of “bottle neck effect in 

electron trap population”. Detailed quantitative investigations are planed and will be 
performed in the future.   
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6 Design, implementation and applications of the 

free beam broad band confocal setup 

The compact microscope spectrometer setup (chapter 3.4) as well as the free beam 
broad band confocal setup (this chapter, 6) have been planed, designed, installed, cali-
brated and verified within this thesis. The other setups mentioned in chapter 3 were state 
of the art when this thesis was started.  

In the previous chapters, different setups to characterize optical properties and tuning 
behaviors of FP filter arrays which have been available before this thesis was started 
were introduced. Each setup itself has some specific advantages and disadvantages. The 
compact microscope spectrometer setup by far overcomes the drawbacks of the previ-
ous ones. However, the microscope26 is designed to work in the visible range, thus, the 
functionalities of its internal optical elements in the NIR range is strongly limited. Fur-
thermore, for further requirements of characterization of the FP filter arrays, the micro-
scope spectrometer setup presents a limitation in modifying and implementing new op-
tical elements in the setup. Therefore, it is mandatory to replace the setup by a new one 
which allows to measure also in the NIR wavelength range, and also provides the high 
flexibility to modify and add new optical elements in the setup to adapt with future re-
searches.  

In this chapter, a new design of a characterization setup called the free beam broad band 
confocal setup has been developed. The setup not only works effectively in the visible 
range, but also in the NIR range, thus, it can overcome some of the current drawbacks 
of the compact microscope spectrometer setup. In the following sections, the setup’s 
construction detail and the acquired experimental results in the visible and NIR range 
are presented. A complete description of alignment, calibration and verification proce-
dures which are crucial for obtaining reliable results is also included. Finally, in order to 
validate the setup’s accuracy, a comparison of experimental spectra achieved from two 
setups, the compact microscope spectrometer and the free beam broad band confocal 
setup, is carried out.  

                                                 
26 Image Z1m, Carl Zeiss 
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6.1 Construction details of the free beam broad band confocal 
setup 

Similar to the compact microscope spectrometer setup, the free beam broad band confo-
cal setup consists of four main parts: (i) an illumination system, (ii) a collimation and 
magnification system, (iii) a sample stage and (iv) a data recording and analysis system. 
For capturing the top view image of the sample, in addition, the setup is equipped with 
an imaging system. The construction detail of those main parts is discussed in detail 
below. 

6.1.1 The illumination system of the setup 

In spectroscopic studies, HAL lamps are the most common incandescent continuous 
sources which are generally used in illumination systems. Even though they provide a 
broad spectra range, their coupling efficiency into an optical fiber is low which often 
results in a low power at the detectors. In this new approach, a SuperK Extreme 
Supercontinuum white light laser27 (SCWLL) is utilized as the illumination system 
which is described in detail in chapter 2.2.1.2. The laser delivers a very wide spectral 
output covering from 460 to 2400 nm while still providing a high average power of 
about 4.3W. The laser output is a single mode Gaussian beam with the beam quality M2 
less than 1.1, and the beam divergence is less than 5 mrad.  

6.1.2 The collimation and magnification system of the setup 

In order to perform in-situ observations of the optical properties and tuning behaviors of 
individual FP filters and to combine it with easy handling, it is advantageous to lay the 
samples (FP filter arrays) on a horizontal plane. (If the sample would be positioned in a 
vertical plane very complicated fixing elements are required to guarantee a perfect ver-
tical incidence of the beam. This would be time consuming and optically less precise 
and, thus, of disadvantage). Therefore, it is required to implement the optical axis close 
to the sample in vertical direction. In this setup, the collimation and magnification sys-
tem including a mirror and an objective lens is illustrated in Fig. 6.1. The mirror28 is 
coated with Aluminum which allows a good compromise in reflecting all the wave-
lengths in the working range of the SCWLL. The objective lens is a critical part of the 
characterization setup which is assigned to project a focused beam on the filter mem-
brane. At the beam waist, the wavefront is almost parallel (approx. a plane wave); there-
fore, the incident beam hits the membrane perpendicularly. Thus, the effect of shifting 

                                                 
27 SuperK Extreme Supercontinuum laser, Koheras 
28 MRA20-G01,Thorlab 



Chapter 6. Design, implementation and applications of the free beam broad band confo-
cal setup 

99 

 

into shorter wavelength of the spectrum (mentioned in Fig. 2.22) can be avoided by 
placing the filter membrane at the focal point of the objective lens.  

 
Fig. 6.1. Schematic diagram of the free beam broad band confocal setup for transmission and re-

flection measurements. 

As described before, the membrane’s lateral dimension of a FP filter is just ten up to 
hundred micrometers. The size of the focused light spot which defines the inspected 
area in an array is required to be less than the membrane dimension. In this setup, a 10 x 
objective lens from Mitutoyo29 is implemented due to the adequate features it offers. 
The objective lens can work efficiently in the visible range as well as in the NIR range, 
specifically from 480 to 1800 nm, with high transmission efficiency of 80 % in the visi-
ble range and 60 % in the NIR range. The working distance of 30.5 mm provides 
enough space for installing and moving the probing electrodes during the actuation of 
the tunable filter arrays. The numerical aperture (ZQ) of the objective lens is 0.26 and it 
provides a good resolving power. Based on the Rayleigh criterion in chapter 2, the size 
of the focused light spot is approximately 10 µm. Therefore, theoretically the objective 
lens allows us to measure the membrane with the smallest diameter of about 10 µm. 

In this part, a precise alignment between the mirror and the objective lens is a critical 
issue. A good alignment is achieved when the reflected light from the mirror strikes the 
centre of the objective lens. This condition can be solved by using a mechanical prism 
stage30 which enables the rotation of the mirror along three axes, and the rotation is rela-

                                                 
29 NT46-403 Mitutoyo Objective lens, Edmund Optics 
30 Prism stage 40S, Linos 
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tive to the optical part of the setup. The objective lens is securely fixed to avoid any 
mechanical vibration which might occur during the setup in operation. 

6.1.3 The data recording and analysis system of the setup 

The data recording and analysis system is a combination of a collimator, a grating spec-
trometer31 or an OSA (see Fig. 6.1). A collimator is designed to collimate the transmit-
ted or reflected light and coupled into an optical fiber. In this setup, with the use of the 
SCWLL which can cover nearly a 2000 nm spectral range; there is nearly no optical 
component that can fully work in such a wide range. Therefore, the whole wavelength 
range is divided into several narrower ranges which particularly match with different 
working ranges of FP filter arrays. Based on that, different optical elements which can 
effectively operate in different wavelength ranges are chosen.  

In this case, three different adjustable collimators32 33 34 that can work in a satisfactory 
way in the visible, NIR range are chosen, respectively. Due to the adjustable function, 
the central lenses of the collimator can be moved along the optical axis that makes it 
possible to adjust the distance between the inspected filter and the lenses, between the 
lens and the tip of the fiber. The maximum translation distance of these collimators is 
1.5 mm. This adjustable manipulation leads to an option to find the most appropriate 
position of the lenses in the collimator where the best coupling efficiency is achieved. 
Besides the adjustment in vertical direction (z direction), adjusting the collimator in the 
horizontal direction (xy directions) is also mandatory to control its lateral position with 
respect to the optical axis. The center of the collimator should be located on the optical 
axis. This condition helps to eliminate losses during the propagation of light and, thus, 
increases the coupling efficiency. In order to fulfill this requirement, a collimator posi-
tioner35 which can precisely translate the collimator in x and y direction is required. 

The optical fiber in this part can be either a single mode or a multi mode fiber. The mul-
ti mode fiber has the advantage of less sensitivity to misalignment during the operation 
of the setup, however, it also gives rise to undesirable mode jumps between adjacent 
modes which leads to losses of the power during propagation. Therefore, to overcome 
this disadvantage of the multimode fibers, a single mode fiber is implemented.  

In the development of the free beam broad band confocal setup, an OSA is utilized. The 
advanced construction of the OSA allows performing a sweep during the measurement. 

                                                 
31 HR2000, Ocean Optics 
32 NIR CFC 11X-B 650-1050 nm, Thorlabs 
33 IR   CFC 11X-C 1050-1620 nm, Thorlabs 
34 MB02, Edmund 
35 ST1XY-D-XY Translator, Thorlabs 



Chapter 6. Design, implementation and applications of the free beam broad band confo-
cal setup 

101 

 

Here, two OSAs36 37 from Yokogawa which cover the range of 350 - 1200 nm and of 
1200 - 2400 nm respectively are used to analyze the entire wavelength range that the 
laser provides. Due to their ability of offering high speed, accurate analysis and variable 
wavelength resolutions from 0.02 nm to 10 nm, the OSAs can efficiently be organized 
and adapted to many different characterization situations. Furthermore, they can operate 
in a very short inspected time which then provides a very fast feedback to the techno-
logical fabrication processes. 

6.1.4 The sample stage and the imaging system of the setup 

The sample stage is an important part of the setup for carrying the filter arrays to be 
characterized. The purposes of the sample stage can be classified into three main tasks. 
Firstly, the sample stage is assigned to move the characterized filter arrays on the hori-
zontal directions (xy directions). This movement, together with the imaging system 
which is described later, helps to scan thoroughly the whole filter arrays, and to select 
the inspected area. Secondly, the stage is assigned to place the characterized filter arrays 
at the focal area of the objective lens. The focusing procedure is done by the translation 
of the stage in the vertical direction (z direction). In addition to horizontal and vertical 
controlling, it is necessary to control the rotation of the sample stage. This function will 
ensure that the incident beam always hits the membrane perpendicularly. Therefore, the 
third task of the sample stage is to adjust yaw and tilt for aligning the filter vertically to 
the optical axis.  

The scheme of the sample stage is illustrated in Fig. 6.2 below. For highly accurate po-
sitioning of the filter array, the sample stage is implemented with a xyz translation stage 
with sub-micron resolution. The stage plane is located vertically with respect to the op-
tical axis. It is laterally motorized and digitally controlled by a controller38. The value of 
one motor step is 0.125 µm which is sufficiently precise enough for all possible move-
ment. For adjusting yaw and tilt, the stage which is in charge for vertical movement is 
assembled together with a rotation stage39 which can slightly rotate of a few degrees. A 
flat platform for laying the sample is then securely mounted to the rotation stage. 

                                                 
36 AQ 6373, Yokogawa 
37 AQ 6375, Yokogawa 
38 8MT167-125, Standa 
39 R150, Standa 
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Fig. 6.2. Scheme of the sample stage consisting of a xyz translation stage with sub-micron resolution 

and a rotation stage. 

As compared to the case of the compact microscope spectrometer setup, the sample 
stage in this case is mounted to the optical setup in a more decoupled way compared to 
the compact microscope spectrometer setup. For the optical measurement, this configu-
ration reduces the influence from weak vibrations that are produced by the stage during 
the translation in vertical and horizontal directions. Furthermore, the possibility of 
rotating is another beneficial factor compared to the compact microscope spectrometer 
setup. This will help to fulfill the condition that the incident beam always hits the 
sample surface perpendicularly.  

In order to provide the top view image of the filter arrays during the measurement, as 
well as to position the arrays in the desired location, the setup is equipped with an imag-
ing system. When the setup is in operation, the imaging system together with the colli-
mation and magnifying system help to capture the top view image of the filter arrays. 
The schematic diagram of the imaging system is depicted in Fig. 6.3.  

The imaging system consists of an LED, beam splitters, a tube lens, and a camera. The 
LED is used as an extra light source to illuminate the sample being measured. Beam 
splitter 0340 which typically works in the visible range together with beam splitter 01 or 
a cold light mirror are assigned to guide the LED light beam to the collimation and 
magnification system, then finally to project on the sample. Beam splitter 01 or cold 
light mirror has to fulfill two critical conditions. They must allow the laser beam to 
transmit through it with high efficiency, and at the same time reflecting the LED light 
beam to illuminate the filter arrays. In order to operate the system in the visible range, 

                                                 
40 BS 016, Edmund Optics 
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beam splitter 0141 which works efficiently in the range from 400 to 800 nm is utilized. 
In case of measurements in the NIR range, a cold light mirror42 is assembled. The cold 
light mirror is highly reflective in the visible range and highly transmisstive in the NIR 
range (approx. 90 % of transmittance in the range of 750 nm to 2500 nm). This feature 
ensures that the cold light mirror transmits the NIR light from the laser while still guid-
ing the visible light from the LED to the collimation and magnification system.  

 
Fig. 6.3. Schematic diagram of the imaging system for visualizing the filter structure being meas-

ured. 

The tube lens43 primarily working in the designed range of 430 nm to 650 nm is utilized 
to create and project an intermediate image of the filter arrays surface on a CCD cam-
era44. In any imaging system, providing a real and precise image of a subject is required. 
Therefore, the orientation of the optical elements is a critical issue that needs to be 
treated with some cautions. To avoid the distortion of the image generated by misa-
lignment while installing the optical elements, all the beam splitters and cold light mir-
ror are fixed on tilt/rotation stages45 46. These tilt/rotation stages can provide two inde-
pendent tilt adjustments within ± 5° range and ± 5° in plane rotation adjustment. The 

                                                 
41 BS 016, Edmund Optics 
42 Cold light mirror KS 93/45, Qioptiq 
43 MT-1, Edmund Optics 
44 RJM JenaCam11 
45 6PT110 - Tilt / Rotation Stage, Standa 
46 Plattenhalter 0-15mm, Qioptiq 
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tube lens is hold by an yz positioner47 to precisely position it in the plane orthogonal to 
the optical axis. 

6.2 Working principle of the free beam broad band confocal 
setup 

In this section, the working principle of the free beam broad band confocal setup in 
transmission and reflection measurement is described. Additionally, the procedures of 
calibrating and aligning the setup which are key factors to achieve highly accurate 
measurements are mentioned in detail.  

6.2.1 Working principle of the setup in transmission and reflection 

measurement 

The schematic diagram of the free beam broad band confocal setup which can be oper-
ated in both transmission and reflection measurement conditions is illustrated in Fig. 
6.4. Due to the broad range of wavelengths, typically from the visible to the NIR range, 
that the SCWLL provides, different optical elements are utilized to adapt with different 
working ranges of the FP filter arrays. The light beam from the SCWLL is guided firstly 
to beam splitter 01 in case of a measurement in the visible range, or through the cold 
light mirror in case of a measurement in the NIR range. The light then strikes the mirror 
of the collimation and magnification system. The mirror reflects the beam downward to 
the objective lens. After passing through the objective lens, the beam is focused and 
projected on the filter arrays. In this case, the inspected area is roughly 10 µm which is 
the size of the focused light area.  

                                                 
47 5ZYP - Y-Z Positioner Standa 
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Fig. 6.4. The final assembly of the free beam broad band confocal setup. The setup includes four 

main parts: the SCWLL as an illumination system, the collimation and magnification system, the 

imaging system and the sample stage. 

  
(a) (b) 

Fig. 6.5. Side view (a) and top view (b) of the free beam broad band confocal setup. 

In case of transmission measurement, the light transmitted through the filter is guided to 
the condenser and coupled into a single mode optical fiber. The transmission spectrum 
can be analyzed by a spectrometer or an OSA. In case of reflection measurements, the 
reflected light travels backward to the objective lens, the mirror, beam splitter 02, and 
finally is coupled into a single mode fiber. In order to scan many different spatial posi-
tions, the sample is slightly moved by the motorized translation stage. Thus, different 
lateral positions that address another individual filter for characterization are quickly 
reached. This function significantly reduces the total measurement time. For character-
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izing micromachined tunable filter arrays, in addition two contact needles48 are posi-
tioned and connected to the top and bottom electrodes of the FP filters. The needle sup-
ports are tightly fixed to the sample translation stage. An electrical voltage supply de-
livers variable voltages for the electrostatic actuation of the tunable filters. 

6.2.2 The calibration and alignment procedure of the setup 

For every characterization setup, aligning and calibrating the setup are critical issues. In 
this part, a detailed alignment and characterization procedure will be discussed. Good 
alignment is reached when a well collimated light beam illuminating the filter arrays is 
generated. In this setup, the procedure of aligning consists of several steps. 

First a position has to be found at which the laser beam strikes the centre of the objec-
tive lens. In order to find that position, a wafer whose surface roughness is considered 
nearly homogeneous is laid on the translation stage. During the calibration process, the 
prism stage is adjusted for yaw and tilt angles until the reflected light from the wafer 
returned backward by the objective lens coincides with the incident beam. This configu-
ration ensures that the laser beam strikes the centre of the objective lens.  

For reflection calibration, beam splitter 02 is inserted into the free beam space between 
the laser source and the collimation and magnification system as illustrated in Fig. 6.4. 
The position of beam splitter 02 is slightly adjusted by the tilt/rotation stage so that the 
incident beam hits the beam splitter’s surface perpendicularly. After a rough geomet-
rical alignment a rather weak light intensity reaches the detector, which we call “first 
signal”. The “first signal” is be collected by the collimator, and detected by the detector. 
Afterwards, the position of the collimator for reflection measurement has to be adjusted 
in lateral and vertical directions until a maximum signal is detected. For the calibration 
of transmission measurement, the wafer is removed. Then the procedure is repeated 
similarly to the reflection calibration until the transmission signal is maximum by ad-
justing the collimator which is in charge for transmission measurement.  

The spectrum shown in Fig. 2.21 corresponds to a laser pumping at its maximum. Re-
ducing the pump power strongly modifies the spectral extension of the emission profile 
as already mentioned. Figure 6.6 shows in black the spectrum of the SCWLL measured 
with a minimum of optical components. That spectrum is now compared to other spec-
tra measured under different conditions. Here is an overview on all the different situa-
tions measured: 

(a) Black line: SCWLL + collimator + fiber + OSA 
(a) Violet line: SCWLL + cold light mirror + collimator + fiber + OSA 

                                                 
48 MicroTech 
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(a) Green line: SCWLL + beam splitter + collimator + fiber + OSA 
(b) Petrol line: SCWLL + deflecting mirror + objective + collimator + fiber + OSA 

As seen in the figure, the implementations of optical elements in the measurement setup 
do not have much influence on the shape of the intensity profile. The only impact of the 
setup on the laser signal is the attenuation of the optical power over the whole measured 
range. The significant reduction of the optical power obtained at the end is referred to 
the spectral losses during light propagating through the optical elements and coupling 
into the single mode fiber. 

  
(a) (b) 

Fig. 6.6. Spectra of the supercontinuum laser and corresponding spectra under different situations 

listed in the text. 

After the alignment and calibration processes of the setup, the imaging system is treated 
next. For the imaging system beam splitter 01 or the cold light mirror and further opti-
cal elements of the imaging system are inserted into the optical path. As already dis-
cussed before, in order to observe a reliable image of the inspected filter arrays without 
any distortion, beam splitter 01 or the cold light mirror needs to be tilted under 45° with 
respect to the optical axis. Other optical elements of the imaging system are also re-
quired to adjust properly until an image of filter arrays is obtained. 

The measurement procedure requires several steps. For transmission experiments, the 
spectral characteristic of the SCWLL is firstly measured using a substrate without fil-
ters, identical in material and thickness to those used for FP filter arrays. The obtained 
spectral intensity profile is used as a reference spectrum (calibration profile) of the laser ?p���. Afterwards, the filter arrays are inserted into the optical path and the spectrum is 
recorded. Finally, the spectrum measured with the sample is corrected using the refer-
ence spectrum: the transmission spectrum A��� is obtained by dividing the spectrum 
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measured with the sample by the reference spectrum  ?p���. With other words the 
measured data are subtracted logarithmically from the reference spectrum ?p���.  

6.2.1 Optimum location of the filter sample relative to the optical main 

path of the setup 

After the calibration procedure, the filter arrays are inserted in the optical path of the 
setup. The optimum location of the filter is indicated as the position where the illumi-
nated beam hits the sample surface perpendicularly. Due to the differences in geometry 
of the static and tunable filter arrays, the optimum position of the filter in each case is 
slightly different.  

In case of a static filter, the filter membrane is supposed to be flat. Therefore, the opti-
mum position for laying the static filter arrays is the location of the laser beam waist. 
Because at the beam waist, the wavefront is considered as planar, it has an infinite radi-
us of curvature and this matches best with a flat filter membrane at that point. 

 
Fig. 6.7. Topographies of a tunable FP filter. 

In the case of tunable filters, the residual stress within the membrane causes buckling in 
the vertical direction, as already mentioned above. The membrane curvature can be con-
sidered to be spherical in Fig. 6.7. In order to match the wavefront of the light beam and 
the curvature of the membrane the filter has to be positioned in a different vertical posi-
tion compared to the static filter. This is done by placing the membrane at a position 
where the radii of curvature of the Gaussian beam and the membrane are identical. In 
order to find the optimum position for the filter membrane, the sample stage is slightly 
translated in the vertical direction. The optimum position is obtained where the curva-
ture of the filter membrane matches to the radius of the wave front as demonstrated in 
Fig. 6.8. Experimentally this corresponds to the situation where highest intensities are 
obtained. 
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Fig. 6.8. Matching the curvature of the filter membrane to the radius of the wavefront within the 

Gaussian beam assures that the light hits the filter perpendicularly. A curved filter has to be placed 

to the top or bottom of the beam waist. 

6.3 Experimental results using the free beam broad band 
confocal setup 

Optical characterization of the FP filter arrays obtaining from the free beam confocal 
setup are the focus of this part. A comparison of spectra between two optical setups: the 
free beam broad band confocal setup and the compact microscope spectrometer are also 
included to address the validation of the setups. 

6.3.1 Optical characterization of unstructured Fabry Pérot filters 

Spectral characterization of an unstructrured FP filter UF2 investigated by the free beam 
broad band confocal setup is demonstrated in Fig. 6.9. The DBRs are 9.5 periods (19 
layers) of Si3N4 and SiO2 deposited by PECVD. In order to achieve optical resonance at 
a wavelength of 650 nm, the optical height of the cavity can be chosen as � 2⁄ . The cav-
ity material is mr-UVcur21 and the cavity layers are defined by spin coating (see table 
1, chapter 4).  

The spectrum shows a stopband of 110 nm in which the filter transmission line occurs at 
wavelength of 647 nm and shows a transmittance of 50 %. The shift to shorter wave-
length of about 5 nm with respect to the design wavelength is probably due to a devia-
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tion in cavity height from the design value occurring during the deposition processes. 
The ���� of the filter transmission line is 3 nm. As seen from the spectrum, the filter 
transmission line and the stopband are clearly resolved, thus, the setup can be used for 
spectral characterization of essential spectral details of the FP filter. In the following 
parts, the verification of the setup is investigated further by comparing the results with 
those obtained from other setups. 

 
Fig. 6.9. Transmission spectrum of an unstructured FP filter obtained from the free beam broad 

band confocal setup. 

6.3.2 Optical characterization of static Fabry Pérot filter arrays 

The configuration of the free beam broad band confocal setup enables the characteriza-
tion of FP filters with a lateral size of several µm. In this section, different lateral sizes 
of FP filter are characterized, respectively. The validation of the setup is taken into ac-
count by comparing (i) the spectrum obtained from the free beam confocal setup with 
(ii) the spectrum of the compact microscope spectrometer setup. 

Static filter arrays SF3, having 5.5 periods of TiO2/SiO2 for top and bottom DBRs and 
were already characterized by the compact microscope spectrometer, are utilized for a 
spectral investigation. The filter cavities are defined by 3D NanoImprint technology. 
The cavity material is the mr-UVcur06 polymer. The lateral size of each FP filter is 
100 µm x 100 µm (see table 2, chapter 4). Figure 6.10 (a) illustrates the top view of the 
characterized filter array. The spectra of four different filters in the array characterized 
by the free beam confocal setup are shown in Fig. 6.10 (b) (the solid line). Due to the 
variations in cavity height, the inspected filters present four different filter transmission 
lines located separated at different spectral positions. The average filter transmittance is 
about 60 %. The ���� of the filter transmission lines vary in between 4 and 8 nm. 
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The broadening of the filter transmission lines at longer wavelengths can be explained 
when considering the position of the filter lines within the stopband. If the filter trans-
mission line locates close to the edge of the stopband where the reflectivity of the mirror 
is decreased, the filter linewidth will be broadened according to Eq. 2.11 in chapter 
2.1.1.3. 

      

  

   

        

 
(a) (b) 

Fig. 6.10. (a) Top view of the static filter array SF3 indicating the four filters in the arrays charac-

terized, (b) the corresponding spectra of the four characterized filters obtained from the free beam 

broad band confocal setup (full line) and the microscope spectrometer setup (dashed line).  

The measured spectra of the four FP filters obtained by the microscope spectrometer 
setup (the dashed line) are also included in Fig. 6.10 (b). When comparing the meas-
urement spectra of the two setups, a very good agreement in spectral positions is ob-
served. The small differences in filter transmittance and ���� are probably due to 
differences in the inspected positions and inspected area. Note that, the surface is not 
perfectly homogeneous over the whole membrane [39]. Therefore, if different locations 
and inspected area within the membrane are chosen to perform spectral characterization, 
they will result in minor spectral variations. Here, the inspected area of the free beam 
broad band confocal setup is actually the focused light spot area illuminating the mem-
brane. Theoretically, it is about 10 µm. The compact microscope spectrometer, in con-
trast, configures the inspected area as the whole membrane which is in this case 100 
µm x 100 µm.  

Besides the possibility of working in the visible range, the configuration of the free 
beam confocal setup enables to operate in the NIR range. In order to testify the working 
function of the setup in longer wavelength range, static filter arrays SF4 that are opti-
mized to work in the NIR range are characterized in the following. The filter arrays in-
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clude 6.5 periods of SiO2/Nb2O5 DBRs. So-gel is chosen as a cavity material, and the 
cavities are also structured by 3D NanoImprint technology. The lateral dimension of 
each filter is 100 µm x 100 µm. The transmission spectra from four different filters in an 
array characterized by the setup are illustrated in Fig. 6.11. As seen from the figure, four 
separated filter transmission lines are observed that prove the capability to operate the 
setup in the NIR range. The filter transmission lines are spectrally distributed in the 
range of 900 nm to 1000 nm. The ����8 vary in between 4.5 nm and 6.8 nm. The 
filter transmittance is roughly around 60 %. As expected, the differences in filter trans-
mission lines’ distributions are derived from the variation in cavity heights in an array. 
Similarly to the previous cases, the variances in transmittance of the filter transmission 
lines are partly related to (i) the difference in material absorption at different wave-
lengths of the DBRs and cavity material, to (ii) non homogeneous DBRs concerning 
individual layer thicknesses and composition inhomogeneities known as undesired 
chirping effects and (iii) different spectral position with respect to the design center 
wavelength. 

      

  

   
         

(a) (b) 

Fig. 6.11. (a) Top view of the static filter array SF4 and four characterized filters in the arrays, (b) 

the corresponding spectra of four characterized filters obtained from the free beam broad band 

confocal setup.  

6.3.3 Optical characterization of micromachined tunable Fabry Pérot filter 

arrays 

Besides the spectral investigations of static structures, further investigations of 
micromachined tunable structures are now taken into account. The tunable FP filter TF4 
consist of 9.5 period DBRs of Si3N4/SiO2 and an air gap cavity. The top DBR is mount-
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ed by three suspensions. The membrane radius is of 30 µm, the inner radius of 25 µm 
(see table 3, chapter 4). The desired central wavelength is 650 nm. The laser spot is the 
inspected area which can be seen as the bright spot in Fig. 6.12 (a). The transmission 
spectrum of the filter TF4 is presented in Fig. 6.12 (b) (solid line). The spectrum reveals 
a stopband of about 140 nm (from 575 to 715 nm) and a filter transmission line at 665 
nm. The ���� of the filter achieves a value of 3.1 nm; the transmittance is about 
70 %. As already discussed previously, the residual stress causes buckling of the top 
DBR. This leads to the generation of a spherical geometry of the filter membrane. 
Hence, for optimum spectral characterization the filter is located in a way that the radii 
of curvature of the membrane and the wavefront bending of the Gaussian beam are 
nearly identical.  

Again, the validation of the free beam confocal setup is done by comparing this result 
with the transmission spectra achieved from the microscope spectrometer setup. Obvi-
ously, the noticeable resemblances of the stopband, and the position of the filter trans-
mission line demonstrate the reliability of the free beam confocal setup. Similarly, vari-
ations in transmittance and ���� are observed. This can be explained as a conse-
quence of different inspected area, and of different inspected positions being taken on a 
spherical membrane during the measurement.    

 

 

 

(a) (b) 

Fig. 6.12. (a) Top view of the characterized tunable filter TF4, (b) the corresponding spectra of the 

filter obtained from the free beam broad band confocal setup (full line) and the compact micro-

scope spectrometer setup (dashed line). 
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7 Conclusion 

In this work a new microscope spectrometer setup has been started up and a new free 

beam broad band confocal setup has been designed and implemented. Both new setups 
have been extensively used for various experimental characterizations. Especially opti-
cal properties and the tuning behavior of both static and tunable FP filter arrays in the 
visible and NIR range have been investigated. The setups provide the possibility to 
measure transmission and reflection spectra of the FP filter arrays in the spectral region 
of 400 nm to 2400 nm. For some visible and NIR spectral ranges it has been experimen-
tally demonstrated that a reliable accuracy can be obtained.  

In the visible range, the compact microscope spectrometer is preferable due to its com-
pact size and simple operation. However, in the case of a characterization in the longer 
wavelength range, the use of the free beam broad band confocal setup is necessary due 
to the longer wavelength spectral region it supports.  

First the two new setups have been calibrated. The accuracy of the setups is validated 
by comparing experimental and theoretical spectra while investigating the same FP fil-
ters. To evaluate the accuracy of the two new setups in comparison with two existing 
old setups (Lambda 900 spectrophotometer, Optical bench setup) spectra obtained from 
the setups are compared. Further validations by comparing the experimental spectra 
between the setups have been performed. A very good agreement has been obtained in 
the spectra compared with respect to several spectral parameters such as the stopband 
width, the spectral position and the ���� of the filter transmission line, and the 
transmittance of the filter line. This validation and verification made the users confident 
that the setups are reliable tools for characterization of optical devices such as: static 
and micromachined tunable FP filter arrays. The setups allow to measure different di-
mensions of inspected areas in the micrometer scale with high spatial and spectral reso-
lution. The setup accuracy described above has also been demonstrated and has been 
used under conditions of high measurement speed. The setups allow for real image 
monitoring and accurate position addressing of the individual filters to be measured. 
These features enable a fast quality feedback for the technological fabrication process, 
identifying weak points in design and technology. Finally this strongly supports to op-
timize the spectral and mechanical properties of the FP filter arrays so that they can be 
inserted in the nanospectrometers. Another attractive feature of one of these setups is 
the opportunity and possibility to replace individual optical components such as objec-
tive lenses, collimators, beam splitters, mirrors, etc. to quickly adapt to future require-
ments of characterization. 
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The optical and mechanical properties of the static and tunable FP filter arrays have 
been monitored by the setups, strongly supporting the proof of concept of the FP filter 
array based nanospectrometer which has been carried out in the last three years. The 
transmission spectra reveal filter stopband widths of 100 nm up to 200 nm which are 
defined by the DBR design. Spectrally within the stopband, a filter transmission line 
which is predefined by the filter cavity height is detected. The transmittances of the stat-
ic and tunable filters mostly lie in the range of 40 % and 80 %. The ����8 vary in the 
range of 3 nm and 12 nm. In case of static filter arrays different cavity heights have 
been implemented by high vertical resolution 3D NanoImprint technology. The meas-
ured spectra reveal numerous filter transmission lines which are clearly visible and dis-
tributed in the designed and desired spectral positions within the stopband. The rather 
high filter transmittances (mostly in the range of 40 % to 80 %), the small filter 
linewidths (the best ���� is about 3 nm) and the broad stopband widths (up to 200 
nm) denote the remarkable high resolution of the developed 3D NanoImprint technolo-
gy for the nanospectrometer.  

In case of tunable filter arrays, the optical properties and tuning behaviors are investi-
gated, both. By applying a voltage for electrostatic actuation, the achieved spectra 
demonstrate a spectral tuning of the filter transmission lines. The shift to shorter wave-
lengths of the filter transmission line is a result of the micromachined actuation, i.e. the 
decrease of cavity height when the applied voltage is increased. Due to the buckling of 
the membranes and the change of the membrane geometry during the actuation, the var-
iation in the ����, filter line transmittance and filter resolution � are also observed 
and discussed. During actuation, a better filter resolution � is obtained if the radius of 
the membrane sphere and that of the beam wavefront are identical. Under this condition, 
the tunable filters behave as stable resonators indicating the high confinement of light 
within the cavity. In addition, the electrostatic tuning properties are investigated by the 
implementation of two kinds of experimental conditions concerning constant or tempo-
rally oscillating bias voltages: DC or AC actuation. In case of AC actuation and electro-
static actuation frequencies well above the resonance frequency, the experimental re-
sults reveal a better efficiency of electrostatic actuation (lower voltages required) and a 
better mechanical temporal stability of the tunable filter. The best results are obtained 
with only 0.6 V when an electrostatic actuation frequency of 2 MHz is applied. 

In summary, this work presents two optical characterization setups for characterizing 
the optical properties and tuning behaviors of static and tunable FP filter arrays in the 
visible and the NIR range with high spectral quality. Finally a future perspective is giv-
en. The setups will allow in the future interesting studies on an advanced AC electro-
static tuning, on thermal as well as acoustic noise and on resonance frequency engineer-
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ing. Another point of future interest might be the spectral behavior with respect to ther-
mal properties of both static and tunable FP filter arrays. As a continuance of this work, 
the setups are accurate enough to study in detail the thermal sensitivity of the FP filter 
arrays. For an application in naospectrometers it is crucial to know precisely the amount 
of spectral shift of the filter transmission lines with increasing ambient temperature. 
Another main goal of the future work is to upgrade the characterization setups enabling 
an operation in the UV spectral range. This would allow addressing interesting applica-
tions of the FP filter arrays and of the corresponding nanospectrometers in the UV range 
with high spectral quality. Regarding the medical field and other applications, smart 
sensors thus would be able to detect biomarkers, trace gases or process markers in the 
UV, visible and IR range. Hopefully this helps to diagnose diseases and detect charac-
teristic biomarkers in a transcutaneous, a non-invasive and a user-friendly way. Most 
important for the social and economic success of the networked sensing systems is a 
strong miniaturization of the optical sensors, a cheap production and a long sensor life-
time. The sensor arrays presented would allow redundancy and in future perspective 
hopefully also self-learning features.  
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Table of abbreviations and chemical formula 

 

1D One dimension 

3D Three dimension 

AC Alternating current 

Al Aluminum 

CCD Charge coupled device 

CMOS Complementary metal oxide semiconductor 

DC Direct current 

DBR Distributed Bragg reflectors q#��� Dark spectrum � Finesse 

FP Fabry Pérot �	
 Free spectral range ���� Full width at half maximum 

HAL Halogen 

ITO Indium tin oxide 

IR Infrared 

IBSD Ion beam sputter deposition 

INA Institute of Nanostructure Technologies and Analytics 

LED Light emitting diode ?��� Reference spectrum (spectrum of the lamp or the laser) 

MEMS Microelectromechanical system ZQ Numerical aperture 

NIR Near infrared 

Nb2O5 Niobium oxide 
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OSA Optical spectrum analyzer 

PECVD Plasma enhanced chemical vapor deposition 
 Reflectance 

RIE Reactive ion etching 
��� Reflection spectrum 

SCWLL Supercontiuum white light laser 

Si3N4 Silicon nitride   

SiO2 Silicon dioxide 	o��� Reflection spectrum from the sample 	p��� Transmission spectrum from the sample 

TiO2 Titanium oxide 

TMM Transfer matrix method A Transmittance A��� Transmission spectrum 
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xvi 

 

Table of used symbols and physical parameters 

 

� Wavelength �  Centre wavelength of a Distributed Bragg Reflector Δ�  Bandwidth of a Distributed Bragg Reflector Δ� Phase shift � Phase of a beam $# Physical thickness of a layer of a Distributed Bragg Reflector " Reflective index "2 Refractive index of the high index layer "3 Refractive index of the low index layer "# Refractive index of a corresponding material "5 Refractive index of the substrate "4 Refractive indices of the medium surrounding a Distributed Bragg Reflector 1 Number of layers in of a Distributed Bragg Reflector ∆� Width of a stopband 

M Number of different cavity heights _ Damping coefficient M Spring constant J Displacement of the membrane ? Initial cavity height of the air gap cavity �̀  Electrostatic force �a    External forces b Charge c Capacitance K Voltage 
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Kjk DC Voltage K,# Pull in voltage 

�,# The maximum plate displacement at the pull in voltage 

l AC frequency P Permittivity ∂ Ratio defined the change of cavity height U Width of the suspension R Thickness of the suspension ℓ Length of the suspension V Young modulus N Optical tuning efficiency m Maximum angle under which the objective lens can gather the light $ The smallest detectable distance between two adjacent points on a specimen δ� Wavelength resolution � Resolving power of a filter transmission line 

N Number of grating lines 

x, y, z Spatial coordinates x Radius of the membrane y Radius of the inner circle within a membrane % Percentage 
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