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ZUSAMMENFASSUNG 
 

In dieser Arbeit werden optische Filterarrays für hochqualitative spektroskopische 

Anwendungen im sichtbaren (VIS) Wellenlängenbereich untersucht. Die optischen Filter, 

bestehend aus Fabry-Pérot (FP)-Filtern für hochauflösende miniaturisierte optische 

Nanospektrometer, basieren auf zwei  hochreflektierenden dielektrischen Spiegeln und einer 

zwischenliegenden Resonanzkavität aus Polymer. Jeder Filter erlaubt einem schmalbandigem 

spektralen Band (in dieser Arbeit Filterlinie genannt) ,abhängig von der Höhe der 

Resonanzkavität, zu passieren. Die Effizienz eines solchen optischen Filters hängt von der 

präzisen Herstellung der hochselektiven multispektralen Filterfelder von FP-Filtern mittels 

kostengünstigen und hochdurchsatz Methoden ab. Die Herstellung der multiplen Spektralfilter 

über den gesamten sichtbaren Bereich wird durch einen einzelnen Prägeschritt durch die 3D 

Nanoimprint-Technologie mit sehr hoher vertikaler Auflösung  auf einem Substrat erreicht. 

Der Schlüssel für diese Prozessintegration ist die Herstellung von 3D Nanoimprint-Stempeln 

mit den gewünschten Feldern von Filterkavitäten. Die spektrale Sensitivität von diesen 

effizienten optischen Filtern hängt von der Genauigkeit der vertikalen variierenden Kavitäten 

ab, die durch eine großflächige ‚weiche„ Nanoimprint-Technologie, UV oberflächenkonforme 

Imprint Lithographie (UV-SCIL), ab. Die Hauptprobleme von UV-basierten SCIL-Prozessen, 

wie eine nichtuniforme Restschichtdicke und Schrumpfung des Polymers ergeben Grenzen in 

der potenziellen Anwendung dieser Technologie. Es ist sehr wichtig, dass die 

Restschichtdicke gering und uniform ist, damit die kritischen Dimensionen des funktionellen 

3D Musters während des Plasmaätzens zur Entfernung der Restschichtdicke kontrolliert 

werden kann. Im Fall des Nanospektrometers variieren die Kavitäten zwischen den 

benachbarten FP-Filtern  vertikal sodass sich das Volumen von jedem einzelnen Filter 

verändert , was zu einer Höhenänderung der Restschichtdicke unter jedem Filter führt. Das 

volumetrische Schrumpfen, das durch den Polymerisationsprozess hervorgerufen wird, 

beeinträchtigt die Größe und Dimension der gestempelten Polymerkavitäten. Das Verhalten 

des großflächigen UV-SCIL Prozesses wird durch die Verwendung von einem Design mit 

ausgeglichenen Volumen verbessert und die Prozessbedingungen werden optimiert. Das 

Stempeldesign mit ausgeglichen Volumen verteilt 64 vertikal variierenden Filterkavitäten in 

Einheiten von 4 Kavitäten, die ein gemeinsames Durchschnittsvolumen haben. Durch die 

Benutzung der ausgeglichenen Volumen werden einheitliche Restschichtdicken (110 nm) 

über alle Filterhöhen erhalten. Die quantitative Analyse der Polymerschrumpfung wird in 
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lateraler und vertikaler Richtung der FP-Filter untersucht. Das Schrumpfen in vertikaler 

Richtung hat den größten Einfluss auf die spektrale Antwort der Filter und wird durch die 

Änderung der Belichtungszeit von 12% auf 4% reduziert. FP Filter die mittels des 

Volumengemittelten Stempels und des optimierten Imprintprozesses hergestellt wurden, 

zeigen eine hohe Qualität der spektralen Antwort mit linearer Abhängigkeit zwischen den 

Kavitätshöhen und der spektralen Position der zugehörigen Filterlinien. 

 

Stichworte: optische Spektroskopie, optische Filter Arrays, Fabry-Pérot Filter, 3D 

Nanoimprint, Substrate Conformal Imprint Lithography, Residual Layer, 

Polymerisationsschrumpfung 
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ABSTRACT 
 
Optical filter arrays for high quality spectroscopic applications in the visible (VIS) range are 

studied in this work. The optical filters, implemented as Fabry-Pérot (FP) filters for high 

resolution miniaturized optical nanospectrometer, are based on two highly reflecting dielectric 

mirrors and a resonance polymer cavity sandwiched between them. Each filter allows a 

narrow spectral band (called filter line in this work) to pass through, depending on the height 

of its resonance cavity. The efficiency of such optical filters depends on the precise 

fabrication of highly selective multispectral arrays of FP filters using low-cost and high-

throughput fabrication processes. The fabrication of multiple spectral filters over the whole 

VIS range is achieved with a single patterning step on a single substrate using a 3D 

nanoimprint technology with ultra high vertical resolution. The key issue in implementing the 

multispectral filter arrays in a single process step is the fabrication of 3D nanoimprint 

templates with multiple desired arrays of filter cavities. To address this issue, different 

masking approaches are proposed to realize the 3D templates. The spectral selectivity of these 

efficient optical filters depends on the accuracy of vertically varying cavities which are 

fabricated using a large-area soft nanoimprint technology, called UV substrate conformal 

imprint lithography (UV-SCIL). The main issues of UV-based SCIL processes such as non-

uniform residual layer and polymerization shrinkage offer limitations in the potential 

applications of this technology. It is essential that the residual layer must be thin and uniform 

to control critical dimensions of the functional 3D patterns during plasma etching for residual 

layer removal. In the case of the nanospectrometer, the cavities between the adjacent FP 

filters vary vertically and, thus, the volume of each individual cavity varies causing the 

consequent residual layer to vary in thickness across all different filters. The volumetric 

shrinkage, caused by polymerization process, affects the size and dimensions of the printed 

polymer cavities. The performance of the large-area UV-SCIL process is improved by 

implementing a volume-equalized template design and optimizing the imprint process 

conditions. The volume-equalized template design distributes 64 vertically varying filter 

cavities into several units with each unit comprising 4 cavities and having same average 

volume. Using the volume-equalized template, highly uniform residual layers (110 nm) are 

obtained across all the filter cavities with different heights. The quantitative analysis of 

polymerization shrinkage in the lateral and vertical dimensions of the FP filter cavities is 

investigated. The shrinkage in vertical heights, being the subject of interest for its ultimate 

influence on the spectral response from the filters, is reduced from the existing 12% to 4% by 



 

v 
 

adjusting the exposure time. FP filters fabricated using the volume-equalized template and the 

optimized imprint process demonstrates high quality spectral responses with a linear 

correspondence between the cavity heights and the spectral positions of their corresponding 

filter lines.  

Keywords: optical spectroscopy, optical filter arrays, Fabry-Perot filter, 3D nanoimprint, 
substrate conformal imprint lithography, residual layer, polymerization shrinkage   
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1. INTRODUCTION AND MOTIVATION 
 

Optical thin films [1, 2] are known from very early times as Robert Boyle and Robert Hooke 

observed the phenomena of colors in thin transparent films. Later Sir Isaac Newton related the 

colors to exact measurements of film thickness with his brilliant technique known as 

Newton's rings. These early fascinating discoveries led to the advent of modern thin-film 

optics governing the principles of interference coatings and their applications in optical 

systems. Optical interference coatings are basic components of many optical devices used for 

engineering and scientific applications [3]. They include antireflecting coatings, reflection 

coatings, beam splitters, band pass filters, etc. The optical filters based on interference 

coatings are used for various applications such as optical spectroscopy, fluorescence, 

microscopy, etc. In this work, such optical filters are implemented for high quality optical 

spectroscopy in the visible spectrum of electromagnetic radiation.  

Optical spectroscopy [4, 5] can be defined as a qualitative and quantitative measure of the 

interactions between light and matter. The optical spectroscopy techniques measure these 

interactions by analyzing the absorption and emission spectra of the emerging light in 

ultraviolet (UV), visible and infrared (IR) regions of electromagnetic radiation. Because of the 

high sensitivity, fast speed and non-destructive nature of measurements, spectroscopic 

techniques have found numerous applications in monitoring different processes in industry 

and environment. The major fields of application include food [6], chemistry, medicine [7], 

environment [8], security [9], process control technology [10] and aerospace [11]. Optical 

microscopy is also useful in non-invasive methods for medical diagnostics [12]. The optical 

devices used to measure spectroscopy are called optical spectrometers which use light 

sources, disperse the light via an optical grating or a prism and detect the light intensity as a 

function of wavelength. Optical spectrometers are well-established optical devices which are 

widely used for highly sensitive measurement of various substances. The optical 

spectrometers provide quantitative measurement of the interaction of light with matter to 

determine the composition of a gas [13] or a sample fluid such as blood [14]. Since the 

resolution R of grating spectrometers is given by the product of diffraction order and the 

number of illuminated grating periods, a miniaturization of the spectrometer is only possible 

by reducing the number of periods, thus, to use only a part of the grating, due to the fact that 

the grating period has to be kept constant to work in a desired spectral range. Mini 

spectrometers which are on the market (Hamamatsu, Carl Zeiss, Micro Parts,…) are still in 



 

2 
 

the size of a few cm and suffer already from relatively weak resolutions (R<100). However, 

for many sensing applications this resolutions is not enough or the size of the spectrometer is 

still too large. Therefore, new concepts of spectrometers are highly desirable which enable 

high resolution in combination with strong miniaturization potential. 

Miniaturized optical spectrometers are highly attractive for modern sensing and industrial 

applications where the size of the conventional commercial spectrometers is a limitation. The 

existing commercially available spectrometers, which are based on a micro-assembly of 

conventional fabricated components, are strongly limited by size and cost. Therefore, 

different approaches are proposed and implemented to implement the miniaturized 

spectrometers. One of the attractive approaches is based on micro-electro-mechanical system 

(MEMS) which includes grating-based [15] and Fabry-Pérot-based spectrometers [16]. As 

already mentioned grating-based spectrometers suffer from the decreasing resolution when 

the device size is shrinking (to reduce the lateral dimension in the grating is decreasing the 

resolution). Therefore, miniaturization of the grating-based spectrometers can be made only at 

the cost of compromising spectral resolution.    

On the other hand side, Fabry-Pérot based spectrometers do not show this weak point. In this 

case the resolution is given by the cavity length, the number of periods, the refractive index 

contrast and the low residual absorption in the dielectric layers. It does not depend on lateral 

dimensions, but only on vertical dimensions. The advantage is that in Fabry-Pérot filters, 

vertical dimensions of the whole layer stack of a few µm are already enough. Thus, Fabry-

Pérot based spectrometers can be miniaturized and mounted on a package of few mm in size, 

without any penalty in optical resolution. The miniaturized Fabry-Pérot-based spectrometers 

fall into two broad categories which are classified on the basis of their filter cavities i.e. static 

or tunable. Fabry-Pérot-based spectrometers with static filter cavities implement an array of 

multiple FP filters and a corresponding detector array to cover a desired spectral range, so 

they are also called as Fabry-Pérot-filter-array-based spectrometers. The spectral responses 

from the individual filters depend on the vertical dimension of their resonant cavities. 

Therefore, the resolution of these array-based spectrometers is not affected by the lateral 

miniaturization of the device. These array-based spectrometers provide an attractive approach 

to reduce the size of the device while keeping high spectral resolution.  

The key challenge in implementing the Fabry-Pérot-filter-array-based spectrometers is to 

structure precisely the multiple filter cavities varying in height. Different methodologies are 

proposed for the fabrication of static FP filters. Correia et al. developed 16 filters based on 
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different cavity heights and combined them with an array of photodiodes to detect their filter 

lines. Using the same design, S. W. Wang et al. implemented 128 filter cavities to detect the 

filter lines in a broader spectral region. However, the mentioned approaches for the realization 

of the array-based miniaturized spectrometers are not efficient because of the increased 

complexity and higher cost in the fabrication of filter cavities. For 2𝑁  filter cavities, minimum 

N steps of lithography and etching are required. Besides, it is very difficult to have precise 

control of the critical dimensions of the filter cavities in multiple steps of lithography and 

etching. Fabry-Pérot-filter-array-based spectrometers being developed at INA are based on 

efficient FP filter arrays for high quality spectroscopic applications in both visible and NIR 

ranges. The FP filters are implemented using two identical Distributed Bragg Reflectors 

(DBRs) and a polymer cavity. The efficiency of such optical filters depends on the high 

reflectivity of DBR mirrors and the accuracy of the filter cavity heights to achieve desired 

filter lines for high quality optical spectroscopy. The optical filter arrays implement a 3D 

nanoimprint technology (with sub-nm vertical resolution) for precisely structuring multiple 

polymer cavities with different heights in a single process step. Because of using 3D 

nanoimprint, these miniaturized spectrometers are named as nanospectrometers. In this work, 

the 3D nanoimprint process is implemented to fabricate and characterize these efficient 

optical filter arrays in the visible range. 

Nanoimprint lithography (NIL) [17, 18] is a molding technique that offers high-throughput 

patterning of 3D nanostructures on deformable materials, normally polymers. In NIL, the 

patterns on the mold (called template in this work) are transferred directly to the substrate by 

a mechanical deformation of a material and, therefore, its resolution is not limited by the 

effects of wave diffraction and scattering. The first NIL method based on thermoplastic 

materials was introduced in 1995 by Stephen Y. Chou and his team [19]. In the recent years, 

different NIL methods [20, 21, 22] have been developed to address critical issues such as 

resolution, speed, overlay accuracy, reliability and cost for relevant industrial applications. 

NIL has gained immense importance in micro- and nanofabrication because of its ultra high 

resolution, low cost and high-throughput. It can be employed to fabricate 3D functional 

structures for different applications. Today, NIL is widely implemented as a nanofabrication 

method in scientific research and manufacturing industry with diverse applications in optical 

devices (light-emitting diodes, cell phones, solar cells and displays), electronic devices [23], 

magnetic data storage, medicine, etc [24]. 
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One of the main challenges in implementing 3D nanoimprint technology for our optical 

nanospectrometer is the residual layer (desirable minimization of thickness, reproducibility in 

thickness and lateral homogeneity). The residual layer (RL), which typically occurs nearly in 

every nanoimprint, has a serious influence on the vertical dimension of the individual filter 

cavities (cavity thickness). Consequently, a non-reproducible cavity thickness or lateral 

fluctuations of the resulting RL causes an un-controllable spectral shift in the desired filter 

lines. Therefore, it is important that the above mentioned effects influencing the RL should be 

overcome in the implementation of 3D nanoimprint process. In the case of our optical 

nanospectrometer, it is challenging to avoid that the RL depends on the geometry of the 

imprint patterns. Since, the FP filter cavities are identical in lateral dimensions but they vary 

in vertical dimensions (heights). As a result, the volume of each individual filter cavity varies 

and the required amount of the imprint material is different. This diversity in the vertical 

dimension of the filter cavities causes the resulting RLs to vary in thickness slightly or 

considerably across all the filters. The rise of inhomogeneous RLs across all the vertically 

varying filter cavities is a critical issue of nanoimprint process based on soft template such as 

UV-based substrate conformal imprint lithography (SCIL) which is mainly discussed in this 

thesis work. 

To reduce the negative influence of the RLs in the functional structures, different solutions are 

known from the literature.  

One of the possible solutions to remove the RLs is to implement the plasma etching after the 

nanoimprint process. The additional thickness can be eradicated by simply choosing an 

appropriate etching time. However, it is desired that the RLs must be very thin and highly 

uniform in order to perform plasma etching for RL removal. Otherwise, it is not possible to 

control the critical dimensions of the 3D filter cavities in the presence of non-uniform residual 

layers. In case of the Fabry-Pérot cavities, however, a subsequent plasma over-etching would 

degrade the optical quality of the surface (which later is transformed into an interface in the 

cavity) and cannot be applied here.  

Second, dummy structures are proposed in the template design in order to laterally equalize 

the resist volume distribution during the imprint process. The dummy structures serve as 

reservoirs to use up the imprint material in order to balance the volume differences of all 

different density structures. But the implementation of dummy structures alongside the 

functional structures is not an easy and viable approach. First, it is quite difficult to produce 
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them very precisely. Second, the additional reservoir structures are not always desirable due 

to limited design freedom on the template.   

Third approach to produce imprints without residual layer is known as combined-

nanoimprint-photolithography [25, 26]. This approach is based on a hybrid template which is 

partly covered with a metal layer. The metal layer, which is deposited on the structure 

protrusions of the template, serves as a mask to prevent the underlying resist from UV-

exposure. Thus, the uncured resist areas (the residual layer parts between the elevated 

structures) are removed in a development process. The hybrid template fabrication involves 

relatively more process steps and, therefore, leads to a higher cost. Moreover, this approach 

does not address the problem of RLs below the filter cavities.   

The other approach to solve the problem of laterally inhomogeneous RLs is the optimization 

of a template design reported in the PhD thesis of Dr. Albrecht [27]. She distributed 64 

different cavity heights into 16 groups in her template design. Each group comprises 4 

different cavity heights and the volume of each group is kept constant in a bid to obtain 

uniform RLs across all cavity heights during imprint process. Though the template design was 

an improvement over the previous template designs with respect to RL results, the imprint 

results indicate a non-uniformity of 40 nm between the thickest and the thinnest RLs. The 

distribution of the cavities on the template was made intuitively and was not based on a 

precisely and scientifically working software tool.   

In this work, a new design approach called “volume-equalized” nanoimprint template is 

introduced to achieve highly uniform RLs. The nanoimprint template comprises 64 filter 

cavities with different heights. The filter cavities are distributed into several units of 4 cavity 

heights where the average volume of each unit is kept constant. The introduction of volume-

equalized units on the template is meant to provide a uniform filling factor of the imprint 

resist per unit area. The template is fabricated and implemented for UV-SCIL nanoimprint 

process. The imprint results are characterized for a quantitative analysis of the RL thickness. 

The results indicate highly uniform RLs (110 nm) across all the vertically varying filter 

cavities. The volume-equalized template is also implemented to produce an array of 64 FP 

filters and to validate a linear relationship between cavity heights and the spectral positions of 

the corresponding filters. In contrast to Dr. Albrecht‟s work, in this work the “volume 

equalization” is based on a scientific and tailored software tool.      

Another issue in implementing the nanoimprint process is the fabrication of 3D nanoimprint 

templates with multiple arrays of FP filter cavities on a single substrate. The general 
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requirements and fabrication methodologies for high resolution 3D nanoimprint templates are 

already discussed in detail [27, 28]. However, critical issues arise when multiple arrays of 

vertically varying cavities are required on a single substrate for multispectral lines in the 

whole visible range. DBRs deposited with plasma enhanced chemical vapor deposition 

(PECVD) produce narrow stopbands spanning a range of 100 nm. Therefore, multiple DBRs 

and multiple corresponding 3D templates are implemented for optical spectroscopy in the 

whole visible range (400 - 700 nm). To make the processes simple, efficient and cost-

effective, it is important to implement all the required filter arrays on a single substrate. 

However, the main concern is the fabrication of a 3D template with multiple arrays of the 

filter cavities on the same wafer. Under normal etching processes for the filter cavities, 

lithography is first applied to transfer the mask patterns on a photosensitive material in order 

to define the etching areas of the wafer. Then, reactive ion etching is performed to obtain the 

heights of the masked areas. The processes of photolithography and etching are repeated 

several times with different mask patterns and etch times, depending on the number of cavity 

heights. In the case of each photolithography step, not only the desired mask patterns but all 

other mask patterns are transferred to the resist and then to the wafer following the etching 

process. This is how the whole wafer is affected in the etching process for a single array and, 

thus, leaving no space for the fabrication of other arrays in the vicinity of the first array. The 

challenges in the fabrication of multiple arrays of the filter cavities on the same substrate are 

addressed and solved in this work. For the realization of the 3D nanoimprint template, 

different masking approaches are proposed and performed to produce multiple arrays of filter 

cavities side by side on the same wafer. 

On the other hand, polymerization shrinkage is another serious problem in the UV-based 

SCIL process. The shrinkage, which occurs during polymerization due to irradiation of UV 

light, affects the size and dimensions of the printed polymer cavities. Since the control of 

vertical heights in filter cavities is crucial in determining the desired spectral positions of filter 

lines, the shrinkage in lateral as well as vertical dimensions of the polymer cavities must be 

minimized.  

In the title of the thesis the word efficiency comprises among others: cost-effectiveness, 

effective reproducibility, efficient fabric-ability, sufficient resolution and efficient handling in 

applications. The main objective of this thesis work is to implement efficient optical filter 

arrays for the fabrication of high resolution nanospectrometer in the visible (VIS) range using 

large area soft nanoimprint technology. The main goals of this thesis work are listed as below 
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1. Investigation and optimization of multispectral optical filters in the VIS range 

2. Fabrication and characterization of high resolution 3D nanoimprint templates and 

investigation of different approaches for producing multiple arrays of filter cavities on 

a single wafer in order to implement multispectral filter arrays in the whole visible 

range on a single substrate. 

3. Deposition of multiple DBRs on a single substrate to cover the whole VIS spectral 

range. 

4. Optimization of UV-SCIL nanoimprint process. Imprint materials (AMONIL and mr-

UVCur06) and their process parameters are investigated, especially the polymerization 

and thermal shrinkage of the imprint materials is studied. 

5. Detailed investigations of improvements in the technological fabrication processes, 

systematic characterization of the structural morphology of the imprints and the 

optical properties of the filters. These three points are considered in detail with respect 

to the Residual Layer (RL) thickness and its influence on the optical properties of the 

nanospectrometer. The homogeneity, total thickness and reproducibility of RLs are 

investigated after varying different involved parameters. The main focus is laid on 

improving the template design in order to achieve laterally highly uniform RLs across 

all vertically varying filter cavities on the template. 
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2. THEORETICAL FUNDAMENTALS 
 

2.1  Foundations of Fabry-Pérot Filters 
 
Fabry-Pérot (FP) filters are narrowband optical filters which were introduced in 1899 by 

Charles Fabry and Alfred Pérot [29]. Based on multi-beam interference, FP filters have 

profoundly influenced the development of thin-film optics. It comprises two highly reflective 

parallel mirrors and a resonance cavity sandwiched between them. In FP filters, distributed 

bragg reflectors (DBRs) are commonly implemented as highly reflective mirrors. In this thesis 

work, arrays of FP filters are implemented to fabricate optical nanospectrometers. Therefore, 

some important definitions related to the underlying principles and properties of FP filters are 

discussed here. First of all, interference phenomena of light along with their practical 

importance in the optical coatings and filters are briefly discussed. Then, optical properties of 

the DBRs and FP filters are explained.     

 
2.1.1 Interference of Light 
 
There are two accepted behaviors of light to explain its dual nature. Light behaves as a 

particle in some cases and, and in other cases, it acts like a wave. The wave nature of the light 

was proven with the discovery of interference and diffraction phenomena [30]. T. Young 

(1773-1829) considered the concept of optical interference to support the theory of wave 

nature of light [31]. In his famous experiment of double slit, Young observed interference 

fringes of dark and bright spots on the screen in the event of passing the light through closely 

spaced slits.  

The bright fringes appear as a result of constructive interference which occurs when the path 

difference 𝛥 between the interfering waves is an integer multiple of the wavelengths, as given 

𝛥 =   𝑚𝜆           (m = 0, ±1, ±2, ±3, ...)  (2.1) 

Where a path difference of 𝜆 (corresponding to constructive interference) is equal to the phase 

difference ∅′of 2π radians. Therefore, condition for constructive interference is also given by 

∅′ = 𝑚2𝜋       (2.2) 

The dark fringes appear due to destructive interference which occurs when 𝛥 is an odd integer 

multiple of half-wavelength, as given by 

   𝛥 =  (𝑚 +  
1

2
)𝜆      (2.3) 
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In this case, the interfering waves are 180° out of phase. Given the relative phase difference, 

the condition for destructive interference is written as, 

  ∅′ =  2𝑚 + 1 𝜋       (2.4) 

Based on the double-slit interference patterns, the corresponding intensity distribution of light 

can be calculated by the superposition principle of electric fields of the interfering waves. 

Assuming that the two waves with the same amplitude 𝐸0 have the same angular frequency ω 

and a constant phase difference ∅, the magnitude of electric field of each wave can be written 

as,  

𝐸1 =  𝐸0  sin𝜔𝑡      𝑎𝑛𝑑      𝐸2 =  𝐸0  sin 𝜔𝑡 +  ∅     (2.5) 

Using superposition principle, the resultant magnitude of the interfering waves is obtained by 

𝐸𝑝 = 𝐸1 +  𝐸2 =  𝐸0  sin𝜔𝑡 +  sin 𝜔𝑡 +  ∅      (2.6) 

The similar case of interference patterns is observed in thin films when light reflects from the 

interfaces of two different media.    

 

Light Interference in Thin Films 
 

A thin-film is a material layer with a thickness in the order of one wavelength of visible light 

[32]. An optical coating is typically the combination of layers of thin films which produce 

interference effects that are employed to enhance reflection or transmission characteristics for 

an optical system. At an optical interface between two materials of distinct refractive indices, 

the incident light experiences Fresnel reflection due to sudden change of the refractive index 

[33]. The reflected and the transmitted waves from different interfaces interfere with one 

another. The resulting recombination of the waves leads to constructive or destructive 

interference depending on their phase difference. Fig.2.1 shows the simplest case of reflection 

and transmission, where a beam of incoming light (Ii) is incident on a medium of refractive 

index 𝑛1 at an angle θi to the normal. At the interface, the incident electromagnetic radiation is 

partly transmitted (It) into the medium of refractive index n2 at an angle θt, with a reflected 

component (Ir) back into the incident medium at an angle θr. In case, the light waves from a 

low refractive medium (n1) enter a high refractive medium (n2), the reflected waves undergo a 

phase shift of π and have a negative Fresnel reflection coefficient. If the waves are traveling 

from high (n2) to low (n1), there will be no phase shift and the reflection coefficient will be 

positive. For normal incidence of the rays to the surface, the reflectivity R is independent of 

polarization state as given by  
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 𝑅 =   
𝑛1 − 𝑛2

(𝑛1 + 𝑛2
 

2

      (2.7) 

 

 

 

 

 

 

 

 

 

Fig.2.1: Simplified scheme of the reflection and transmission of waves from a single interface between 

two media (n1 < n2).   

 
The reflectivity depends not only on the ratio of the refractive index of two materials, but also 

angle of incidence. The change in the incident angle of light affects the internal angles and 

optical path lengths within each layer, which subsequently affects the amount of phase change 

in the reflected beams [34].   

Now consider a case of interference from two interfaces of a single thin film. Fig.2.2 shows 

the reflection and the refraction of rays in a thin film deposited on a substrate, where n1, n2 

and n3 indicate the refractive indices of air, medium and the substrate respectively. The 

optical thickness, i.e. the product of refractive index n and the physical thickness d, of typical 

thin films is in the order of quarter-wave of light. The ray incident on interface „a’ with angle 

θ1 gets partially reflected and transmitted as well. The reflected component undergoes a phase 

change of 180° (or π radian) corresponding to the incident wave. The transmitted component 

of the ray is further incident at interface „b’ with an angle θ2 and the ray gets reflections and 

transmission as well. However, the reflected light from interface „b’, experiences no change in 

the phase since it enters into a low index medium (𝑛3) from a high index medium (𝑛2). In 

this case, the two waves are 180° out of phase. However, the reflection from interface „b’ 

travels an extra distance of 2d before reaching at interface „a’, thereby resulting in the phase 

change of 180°. Thus, the two reflected waves recombine in phase and lead to the 

constructive interference (Equation 2.1) [35].   

Ii Ir 

θi 

θt 

It 

Medium 2 

 

Medium 1 
θr 
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Fig.2.2: Reflection and transmission of an incident light beam in a single thin film (n1 < n2 > n3). 
 
As discussed, the optical properties i.e. reflection and transmission of light are controlled by 

thin film coatings using the principle of optical interference. The most important parameters 

of an optical coating are the refractive index (n) and absorption coefficient (k). As the 

electromagnetic wave propagates through the material, the wave energy is absorbed due to 

dielectric loss, which is expressed by complex refractive index as n* = n - ik, where n* is the 

complex refractive index, where n is the real part and k is an imaginary part (extinction 

coefficient) which indicates the amount of absorption loss of the medium. The two parameters 

n and k depend on the wavelength of the incident light, and the dependence of the refractive 

index on the wavelength, n = n (λ), is known as material dispersion. Fig.2.3 shows the 

dispersion of Silica glass SiO2 with the variation in refractive index as the function of 

wavelength.      

 

Fig.2.3: The change in refractive of SiO2 as the function of wavelength. Original figure from [36]. 
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2.1.2  Distributed Bragg Reflectors 
 

Distributed Bragg Reflectors (DBR) are highly reflecting structures which are composed of a 

stack of quarter-wave layers with alternating high and low refractive indices of dielectric 

materials as shown in Fig.2.4. The propagation of light in a single quarter-wave thin film 

corresponds to a phase change of π
2
. A partial reflection of light occurs at each interface of the 

periodic structure. For vertical incidence, the incident beam with a phase of 𝛿0 experiences 

reflections and transmissions at the interfaces A, B, C and D.  The incident beam travelling 

from low index (air) to high index material (𝑛𝐻) suffers a phase shift of π at interface A for 

reflection. The transmitted part of the beam travels two-quarters of the wavelength (2 𝑥 
𝜋

2
) 

and reflects with no phase at interface B. Thus, all the reflected beams (𝑅𝐴 ,𝑅𝐵 ,𝑅𝐶 ,𝑅𝐷) 

recombine with constructive interference at point A. The total phases of the corresponding 

beams are indicated as (Equations 2.8 - 2.11) 

𝛿𝐴 =  𝛿0 +  𝜋        (2.8) 

𝛿𝐵 =  𝛿0 +
𝜋

2
+  

𝜋

2
  = 𝛿0 +  𝜋      (2.9) 

𝛿𝐶 =  𝛿0 + 𝜋 +  𝜋 + 𝜋 = 𝛿0 +  3𝜋     (2.10) 

𝛿𝐷 =  𝛿0 + 3
𝜋

2
+ 3

𝜋

2
 = 𝛿0 +  3𝜋     (2.11) 

 
 

Fig.2.4: The layered structure of a DBR with alternating high and low index materials deposited on a 

glass substrate.  

 



 

13 
 

It is evident from (Equations 2.8 - 2.11) that all the reflected beams are in phase at point A 

and, therefore, lead to constructive interference. DBRs are commonly implemented as mirrors 

for different applications because of very high reflectivity and very low absorption. In a DBR, 

the physical thickness of each layer is 𝜆𝑐 /(4n), where 𝜆𝑐  is the designed center wavelength 

and n is the refractive index of the corresponding layer material [37]. The reflectivity of a 

DBR depends on the refractive index contrast between the high and low index layers and the 

number of layers. Assuming normal incidence and neglecting absorption, the reflectivity R of 

a DBR is given as [38] 

𝑅 =  
1−  

𝑛ℎ
𝑛 𝑙
 

2𝑁

  
𝑛𝑡
𝑛𝑠
 

1+  
𝑛ℎ
𝑛 𝑙
 

2𝑁

  
𝑛𝑡
𝑛𝑠
 

 

2

     (2.12) 

 

Where nh, nl, ns and nt are refractive index of high and low layers, the surrounding material 

and the substrate respectively, and N is the number of layers.  From (Equation 2.9), it is clear 

that the reflectivity of a DBR can be increased by choosing dielectric materials with higher 

refractive index contrast or by increasing the number of DBR periods [39].  

The optical characterization of a DBR is mainly based on the analysis of reflection and 

transmission spectra and absorption. The sum of reflectance R, transmittance T and 

absorption A is always one (1 = R + T + A). For numerical calculations of the spectra, 

different methods are proposed and implemented. In the case of a single thin film, the 

calculations can be made by adding all individual components of the transmissions and 

reflections [40]. This method becomes practically complex when it comes to dealing with the 

calculations for structures of multiple thin films like DBRs. In this case, it is possible to 

simplify the numerical complexity with a matrix method using Maxwell's equations for 1D 

structure. In this work, the reflections and transmissions for a DBR are calculated using 

transfer matrix method (TMM) [41].  

The maximum reflectivity of a DBR is limited to a certain band of wavelengths around the 

center wavelength, which is referred to as stopband. The spectral width of the stopband ∆λ0 is 

given  

∆𝜆0 =  
4𝜆𝑐

𝜋
  sin−1  

𝑛𝐻− 𝑛𝐿

𝑛𝐻+ 𝑛𝐿
       (2.13) 

 
Where, 𝜆𝑐  is the center wavelength of the stopband for which the DBR is designed. From 

(Equation 2.13) it is clear that the higher the index contrast is, the wider the stopband will be. 
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Fig.2.5 shows TMM-based simulations for DBRs with different number of periods designed 

for λc of 550 nm. The profile of the stopband changes to a rectangular shape with maximum 

reflectivity due to the increase in the number of periods. 

 

  

Fig.2.5: The formation of the stopbands for DBRs with different number of periods. 
 
2.1.3  Optical Properties of Fabry-Pérot Filters   
 

Fabry-Pérot (FP) filters are optical filters which are formed by two highly reflecting parallel 

mirrors and a resonance cavity sandwiched between them as shown in Fig.2.6. FP filters use 

multi-beam interference process to allow a narrow band of wavelengths to pass through while 

reflecting other wavelengths [37]. The wavelengths, for which the cavity thickness is an 

integer multiple of half the wavelength (Equation 2.15), form a resonance in the cavity due to 

constructive interference. The resulting resonant wavelengths are transmitted with maximum 

intensity, which are called filter lines in this work. The spectral selectivity of the filter lines 

depends on the cavity length Lc of   

𝐿𝑐  =  𝑚 
𝜆𝑐

2 𝑛𝑐
      (2.14) 

Where Lc is the physical thickness of the cavity material, nc is the refractive index of the 

cavity material and λc is the center wavelength of the DBRs and m defines the mode order. 

The filter line can be tuned by changing the refractive index or the physical thickness of the 

cavity.   
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Fig.2.6: Schematic of a FP filter with two different cavity modes. Original figure from [42]. 
 
The optical properties of FP filters are characterized with the help of some parameters. The 

main parameters to evaluate the spectral characteristics of a FP filter are full width at half 

maxima (FWHM) and the free spectral range (FSR) as shown in Fig.2.7. 

 

Fig.2.7: Transmission spectra indicate the FWHM and FSR of a Fabry-Pérot filter. Original figure 

from [36]. 

 

The FWHM, which determines the width of the filter line (measured at half the peak 

transmission), is desired to be small enough in order to obtain high resolution filters. This 

parameter depends on the reflectivity R of the DBR mirrors as given by 

𝐹𝑊𝐻𝑀  =    
𝜆1𝜆2(1−𝑅)

2 𝜋  𝐿𝑐 𝑅
  ≈   

𝜆𝑐
2(1−𝑅)

2 𝜋  𝐿𝑐 𝑅
    (2.15) 
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From (Equation 2.15), it is obvious that FWHM decreases with the increase in the reflectivity 

of the DBRs. From (Equation 2.14), it is known that multiple standing waves may exist inside 

the resonant cavity depending on the cavity thickness. FSR (∆𝜆FSR ) is defined as spacing 

between two adjacent transmissions maxima (filter modes) as given by 

∆𝜆𝐹𝑆𝑅 =   
𝜆𝑐

2

2 𝐿𝑐
      (2.16) 

In order to avoid any overlap between neighboring mode orders, a larger FSR is always 

desired. From (Equation 2.16), it is obvious that FSR depends on the cavity thickness Lc. For 

a given wavelength, FSR can be increased by decreasing the cavity thickness. It is also known 

that any desired filter line depends on the cavity thickness and, therefore, decreasing the 

cavity thickness will result in the shift of the spectral position of the filter line. Another 

important parameter to characterize the spectral response of a FP filter is Finesse 𝓕. Finesse, 

which depends only on the reflectivity R of the resonator mirrors, is the ratio of FSR and 

FWHM as given by 

   ℱ =    
𝐹𝑆𝑅

𝐹𝑊𝐻𝑀
 =   

𝜋   𝑅

1−𝑅
     (2.17) 

2.2  State of the Art of Miniaturized Spectrometers 
  
Miniaturized spectrometers are required for modern spectroscopic applications where the 

huge size of the conventional spectrometers is a limitation. These spectrometers are 

implemented using Fabry-Pérot filter arrays (see section 2.1.3) along with a corresponding 

detector array. The structure of such array-based spectrometers allows very fast and parallel 

measurements by using multiple detectors for the detection of multiple spectral lines at the 

same time. The miniaturized spectrometers have been implemented for the visible [43, 44] 

and infrared (IR) [45] ranges using different technologies like optical micro-electro-

mechanical systems (MEMS), integrated optics, etc. Different configurations of MEMS-based 

spectrometers including grating-based spectrometers and Fabry-Pérot-filter-based 

spectrometers have been implemented. Grating-based spectrometers use dispersive elements 

such as prisms and gratings for the interference of light. The spectral resolution, ℛ ≈

  𝑚 
 𝜆  𝐿𝑑𝑒𝑡

ᴧ
, of the conventional grating spectrometers depends on the focal length i.e. the 

distance between the dispersive element and the detector array (𝐿𝑑𝑒𝑡 ). The larger distance 

leads to greater linear dispersion and thereby producing higher resolution. The physical 

miniaturization of the grating spectrometers can be achieved at the expense of the reduced 

resolution. On the other hand, Fabry-Pérot-filter-array-based spectrometers offer an attractive 
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approach and more room for further miniaturization of the lateral size because the spectral 

resolution of the device depends on the vertical dimension of the optical filters. Since the 

spectral quality and miniaturization of the device largely depends on the filer cavity heights, 

several research groups have proposed different designs and methodologies for the precise 

fabrication of the vertically varying cavities. Some important works towards the 

miniaturization of Fabry-Pérot-filter-array-based spectrometers are discussed here. 

 

Fabry-Pérot-Filter-Array-based Spectrometers  
 

In 2000, Correia et al. proposed a single-chip CMOS spectrometer by implementing a 4x4 
array of FP filters directly on CMOS detectors as shown in  

Fig.2.8 [46]. The filters are formed by using two metallic mirrors and a SiO2 static cavity 

sandwiched between them. To obtain filter cavities, the oxide layer is first deposited with a 

thickness to the maximum cavity height. Subsequently, reactive ion etching is performed on 

the SiO2 layer with the help of different photo-masks to realize the filter cavities. To fabricate 

2N  cavity heights, N steps of lithography and etching are required. In the case of the single-

chip CMOS optical spectrometer, the fabrication complexity increases with the increased 

number of the required cavity heights for broader spectral range. Because of the lower 

reflectivity and higher absorption of the metallic mirrors, the spectral resolution of the 

spectrometer is low in the visible range.     

 

 
 

Fig.2.8: An array based micro-spectrometer with 16 FP filters. Each filter transmits a different filter 

line. Original figure from [46]. 
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Fig.2.9: (a–c) show the procedure for fabricating a filter array by combinational deposition technique. 

(b1–b3) indicate the combinatorial deposition processes. (d) 3D schematic of the fabricated filter 

array. Original figure from [47]. 

Later in 2007, Wang et al. introduced a similar idea of a miniaturized single-chip optical 

spectrometer but with extended 128 different channels in the NIR range on a single substrate 

using a combinational deposition technique [47]. By this technique, an array of 2𝑁  filters 

requires N+2 deposition steps as shown in Fig.2.9. The integrated filter array with 128 

channels is realized using 9 steps of deposition process, where the first two steps involve the 

deposition of lower mirror stack and a thin spacer layer on the substrate and the subsequent 7 

steps of spacer deposition produces (27 = 128) filter cavities.  

In 2010, Emadi et al. introduced the concept of tapered cavity layer for the implementation of 

a low-cost and single-chip miniaturized spectrometer, shown in Fig.2.10 [48]. By taking the 

advantage of the resist flow characteristics, the tapered cavity layer is first formed in the 

photoresist by lithography and reflow of the resist material. Then, the resist topography is 

transferred in the oxide (SiO2) layer by reactive ion etching. In this case, the spectral accuracy 

of the individual filters depends on the taper angles which are obtained by using the reflow 

characteristics of the resist material. The resist flow is not always same and different materials 

have different flow behavior, therefore, it is not possible to predict the desired spectral 

responses (filter lines) based on the tapered resist layer. Furthermore, it is also very difficult to 

control the taper angles for an extended number of filter cavities.  

 
Fig.2.10: Schematic of a tapered cavity layer for the realization of a miniaturized spectrometer. 
Original figure from [48]. 
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Fabry-Pérot- Filter-Array-based Spectrometers at INA  
 

 

Miniaturized spectrometers have been implemented at INA for both, visible and near infrared 

ranges, using static FP filter arrays and a corresponding detector array as shown in Fig.2.11 

[49, 50]. These filters are implemented by two highly reflecting DBR mirrors and an organic 

cavity between them. For the realization of this kind of optical spectrometer, multiple filters 

with distinct cavity heights are required. The organic filter cavities varying in height are 

fabricated in a single process step using 3D Nanoimprint technology. Since 3D nanoimprint 

with very high vertical resolution is implemented for precise fabrication of multiple filter 

cavities, these miniaturized spectrometers are named as optical nanospectrometers. The 

optical nanospectrometer is relatively simple in design, effective in cost, compact in size and 

easy in integration with mobile devices.   

 

 

 
 

 
Fig.2.11: Fabry-Pérot filter based sensor array with multiple cavity heights (Top), fabricated using 3D 

nanoimprint lithography, and calculated transmission lines (Bottom). Original figure from [51]. 

 
In 2010, Wang implemented the fabrication of arrays of 3D filter cavities on hard substrates, 

normally glass and semiconductor material such as silicon and gallium arsenide [50]. The 

templates containing 3D cavity structures are called master templates, which are produced in 
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a digital manner using several steps of photolithography and reactive ion etching depending 

on the number of distinct cavity heights. The master templates are further processed for the 

replication of the cavities in mirror symmetry on transparent soft materials such as 

Polydimethylsiloxane (PDMS). The replicated templates are called PDMS stamps or SCIL 

stamps, which are used for structuring polymer cavities using 3D nanoimprint process.  

 In 2012, Dr. Albrecht used a hybrid nanoimprint process called substrate conformal imprint 

lithography (SCIL) for the fabrication of multiple filter cavities in both visible (VIS) and 

infrared (IR) ranges using different organic materials [27, 52]. For the extended FP filters, 

cavities with different thickness are desired. All the desired filter cavities based on different 

lateral and vertical dimensions are produced in a single step on different polymers using SCIL 

process. The implemented materials for polymer cavities include mr-UVCur06 (micro resist 

technology), AMONIL MMS4 (AMO GmbH) and Sol-Gel (Philips research). FP filters with 

these organic filter cavities are characterized for the spectral analysis of the filter lines. 
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3. OVERVIEW OF NANOIMPRINT LITHOGRAPHY 
 

3.1  Introduction of Nanoimprint Lithography 
 
Nanoimprint lithography (NIL) was first introduced in 1995 by Stephen Y. Chou and his team 

[19]. NIL has attracted immense importance in micro- and nanofabrication processes because 

of its high resolution, low cost and enhanced throughput. It can be employed to fabricate 

functional structures for different applications. The basic process of NIL is quite simple. A 

hard mold or template containing surface relief patterns is pressed into a thin film of polymer 

coated on a substrate. The polymer thin film will deform following the surface topography of 

the mold. Before the separation of the mold and the polymer, the imprint structures are 

hardened. 

NIL offers high-throughput because of its parallel imprinting process. Due to its inherent 

process of direct mechanical deformation of the resist, NIL process can achieve ultra high 

resolutions beyond any limitations that are observed in the conventional lithography methods 

[53]. Different methods of nanoimprint lithography have been developed and classified on the 

basis of their curing properties, imprint materials, etc. They can also be differentiated by their 

capabilities in the coverage of imprint areas. An overview of different nanoimprint 

technologies is given the following diagram. 

 

 

Nanoimprint Lithography Techniques 

Thermal Nanoimprint 

Template: Rigid

Curing: Thermal 

UV-Nanoimprint

Template: Rigid

Curing: UV

Template: Soft

Curing: UV

Hybrid Nanoimprint

(SCIL) 

Template: Hybrid

Curing: UV-based or

Diffusion-based
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3.2  Rigid Template Nanoimprint Lithography 
 
NIL techniques based on rigid templates are classified on the basis of imprint conditions such 

as type of resist materials and templates, curing method, etc. The main methods using rigid 

templates are known as Thermal NIL and UV-NIL. In case of Thermal NIL, normally non-

transparent templates and thermoplastic resists are used for the imprint processes. For UV-

NIL processes, transparent templates and photosensitive resist materials are implemented. 

 
3.2.1  Thermal Nanoimprint Lithography  
 
Thermal-NIL (T-NIL), also called hot embossing lithography, is based on the use of 

thermoplastic polymers such as Polymethyl-Methacrylate (PMMA). To implement T-NIL 

process, a thin layer of the polymer is spin-coated on a substrate. The substrate and the 

polymer are heated up to a specified temperature (i.e. above the glass transition Tg of the 

polymer) to lower both the viscosity and Young‟s modulus so that the viscous polymer can 

flow [53, 54]. Then, a template with pre-defined patterns is pressed into the viscous polymer 

on the substrate and this step is called molding or embossing. The template for T-NIL is 

normally made from silicon (Si), silicon dioxide (SiO2) or other suitable metal or dielectric 

materials. Later, the template and substrate assembly is cooled to bring the temperature below 

the glass transition in order to preserve the imprinted patterns. After the cooling process, the 

template is removed and this process is known as de-molding. Fig.3.1 illustrates the process 

of Thermal NIL. 

T-NIL offers some advantages. The implementation mechanism of T-NIL is quite simple. It is 

easy to control the imprint condition such as temperature and pressure. Besides, a wide 

variety of materials can be used to fabricate templates. The disadvantages of T-NIL are 

mainly because of the thermal process. The processes of heating-up and cooling-down in T-

NIL are time-consuming steps, thereby resulting in the lower throughput. Since, the 

imprinting process is carried out at higher temperature (more than 100 °C); the mismatch in 

thermal expansion coefficients between the template and the substrate can lead to the 

distortions of the imprint patterns [55]. Besides, the thermoplastic resists show a high 

tendency to stick to the surface of the template, which has significant impact on the fidelity 

and quality of the patterns.  
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Fig.3.1: Schematic of Thermal NIL process based on rigid templates 
 

3.2.2 UV-Nanoimprint Lithography  
 
UV Nanoimprint Lithography (UV-NIL) provides fast filling of the template patterns at very 

low pressures [56]. The imprint process is based on low viscosity UV-curable polymers. The 

main difference between T-NIL and UV-NIL is the curing method. In UV-NIL, the low 

viscous liquid polymers can be deformed and imprinted in a short time at room temperature. 

UV light is applied to cure and solidify the imprint patterns. In UV-NIL, a transparent rigid 

template with desired features is pressed at low pressure into a low viscous polymer spin 

coated on a substrate. Then, UV light is exposed through the transparent template, which 

induces polymerization process and hardens the imprinted polymer structures [57]. After the 

UV-exposure, the imprint is completed by the separation of the transparent template from the 

substrate. The template is usually made from quartz or silica for UV transparency [58]. The 

process flow of UV-NIL is illustrated in Fig.3.2. The main advantage of UV-NIL is its higher 

throughput and fast processing because it is implemented at room temperature. Besides, the 

UV-curable resists implemented in UV-NIL require low pressure to fill the cavity structure on 

the template due to their low viscosity and consequently a thin layer residual thickness is 

encountered during the imprint process.  



 

24 
 

 

Fig.3.2: Schematic of UV-NIL process based on rigid transparent templates. 
 

3.3  Soft Template Nanoimprint Lithography  
 
Soft imprinting is based on the implementation of soft templates. The soft templates are 

replicated from rigid master templates. Compared with other nanoimprint methods using rigid 

templates, soft nanoimprint provides low-cost production by imprinting over large areas in a 

single step. The imprinting with rigid stamps is susceptible to the surface profile of the 

substrate and any contaminations such as particle on the substrate may damage the template. 

The soft and flexible templates enable better contact with non-flat surfaces of the substrate 

without risk of any damage of the templates [59, 60]. Besides, the soft templates follow the 

surface profile of the substrates resulting in a homogenous residual layer (RL) over the 

imprinted areas. Fig.3.3 illustrates a schematic comparison of nanoimprint process using hard 

and soft templates on a non-planar substrate. Soft nanoimprint is further classified into two 

major groups i.e. soft contact nanoimprint and polymer-resist-based soft nanoimprint. The 

soft contact group includes microcontact printing (μCP) [61] and its variations, whereas the 

resist-based group contains soft UV-NIL, soft thermal NIL and the techniques based on 

solvent evaporation [61] or diffusion [62] as the curing method. 
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Fig.3.3: Schematic of imprinting over a non-planar substrate using (a) hard template and (b) soft 

template. The soft template conforms to the waviness of the substrate. Original figure from [63]. 

3.4  Hybrid Nanoimprint Lithography 
 
Hybrid nanoimprint lithography is so named because it combines the advantages of both, soft 

template nanoimprint and hard template nanoimprint techniques by using the double-layer 

system of polydimethylsiloxane (PDMS) templates. The double-layer system comprises two 

layers of hard and soft PDMS materials. The hard PDMS contains the cavity features which 

can be printed on the polymers with high resolution and soft PDMS provides flexibility in 

large area imprint process with conformal contact between the template and the substrate. In 

this work, UV substrate conformal imprint lithography (UV-SCIL) has been used as a hybrid 

nanoimprint process for structuring vertically varying filter cavities to implement FP filters in 

the visible range. The imprint conditions of UV-SCIL process are optimized to address its 

inherent problems such as inhomogeneous residual layer, polymerization shrinkage, etc.  

 
3.4.1 UV Substrate Conformal Imprint Lithography  
 
UV substrate conformal imprint lithography (UV-SCIL), a hybrid nanoimprint method 

developed by Philips Research and SÜSS MicroTec, provides patterning of sub-50 nm 

structures over large areas at very low pressure [52]. The UV-SCIL process is based on the 

transfer of patterns from hybrid Polydimethylsiloxane (PDMS) template into UV-curable 

resists. The SCIL template or mold is composed of three layers i.e. rigid glass or flexible 

transparent carrier (Section 6.1), a soft PDMD cushion layer and a hard PDMS layer with 3D 

patterns [64]. The rigidness of the carrier prevents the template from lateral deformation. The 

soft and hard PDMS layers combine the advantages of rigid stamps for the best resolution and 
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soft stamps for large area patterning. The details related to SCIL template and its productions 

are explained in (Section 5.3). 

The UV-SCIL process is a sequential embossing technique in which the flexible PDMS 

template conforms to the surface topography of the substrate during imprint process.  The 

SCIL template is brought in contact with the imprint resist on the substrate sequentially by 

releasing the vacuum in the grooves step by step. This sequential contact is also helpful in 

preventing the stamp from air bubble trapping. The filling of the structures is based on 

capillary forces at very low pressure of 20 millibar. The capillary forces fill the features with 

minimum structure deformation and lateral stamp distortion during the imprint process. As the 

sequential contact is carried out over the entire substrate and the structures are imprinted on 

the resist, UV-exposure is applied to cure and harden the structures. After the UV-curing, the 

SCIL template is separated from the substrate by switching on the vacuum in the grooves in 

the opposite direction to that of the imprint process. The UV-SCIL process, as narrated above, 

is shown in Fig.3.4. 

 

 

 

 
 

 
 

b). Contact sequence 

c). Full wafer contact 

a). Process start 
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Fig.3.4: Schematic diagram for SCIL imprint and separation sequence. (a) The SCIL template is fixed 

on the holder by vacuum; (b) the sequential imprint process starts by releasing vacuum step by step; 

(c) the imprint process is completed by releasing vacuum in the grooves over the entire substrate; (d) 

the curing is performed by UV-Exposure; (e) separation of the SCIL template starts by switching on 

the vacuum in the grooves; (f) the separation process is completed by applying vacuum in grooves step 

by step, see figure [65] 

 
3.4.2 UV-curable Polymers 
 
The thermoplastic materials, implemented in Thermal NIL, limit the throughput due to the 

requirement of high temperatures and pressures.  In contrast to that, liquid polymers that can 

be cured by UV light within seconds at ambient temperatures are a good alternative. The UV-

curable polymers are characterized by low Young modulus and low viscosity which render 

the imprinting process less sensitive to the effects of pattern density [53]. The requirements to 

be met by an imprint material are dependent on the type of nanoimprint technique. In a UV-

NIL process, ultraviolet light is used to turn the imprint patterns from liquid phase into solid 

state. The polymers to be used in UV-NIL are sensitive to UV light. Some basic properties of 

UV-curable polymers are explained here. 

d). UV-exposure 

e). Separation sequence 

f). Process complete 
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Low Viscosity: The viscosity of the imprint polymers should be as low as possible. The low 

viscosity polymers can readily rise to fill the structures quickly and completely. This reduces 

not only the time taken to fill the mold structures, but low viscosity polymers can also fill the 

larger structures at low pressure.  

Fast Curing: The curing time is an important parameter of a nanoimprint process. With fast 

curing, the cycle time of the imprint process can be reduced and thus higher throughput can be 

achieved.  

Low Shrinkage: The polymers have to have very low shrinkage during the curing process so 

that pattern fidelity can be ensured.  

Several types of UV-curable polymer are commercially available for the implementation UV-

NIL process. However, the chemical composition and properties of these polymers are not 

fully found in the literature. The UV-curable polymers are composed of multi-component 

formulations which essentially contain a photoinitiator (UV-sensitive component), reactive 

oligomers (cross-linking main component), reactive monomers (cross-linking low viscosity 

component) and some other additives [66, 67, 68, 69]. The photoinitiator is an organic 

compound which is sensitive to UV irradiation. The monomers and oligomers determine the 

physical properties of a UV-curable formulation. In free radical photo-polymerization, the 

commonly used monomers and oligomers are acrylate or methacrylate groups. 

 
3.4.3  UV-curing Shrinkage 
 
Curing of polymers by any method, whether by UV-exposure, by thermal treatment or 

chemical reaction, is performed to crosslink polymers in order to make them durable and hard 

after de-molding [70, 71, 72, 73, 74]. The curing is a chemical reactive process by which the 

small molecules (i.e. monomers) crosslink with each other to form a polymer, and the process 

is referred to as polymerization [75]. UV-curing is based on the exposure of ultraviolet light 

to turn a polymer formulation from a liquid phase into a solid state. UV curing enables high-

throughput nanoimprint processes because of very fast polymerization reactions at room 

temperature. However, a major drawback of the UV-curing in a nanoimprint process is the 

volumetric shrinkage that occurs due to chemical bond formation from monomer to polymer 

during polymerization [53, 76, 77]. The volume shrinkage results in serious problems such as 

build-up of internal stress causing defects and dimensional changes in the patterns [78]. 
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Polymerization Shrinkage 
Radical polymerization is a chain reaction involving three basic steps i.e. initiation 

(generation of free radicals), propagation (addition of more monomers to the chain reaction) 

and termination (the end of chain reaction). In UV-curing method, the photo-initiator absorbs 

the incident UV light and induces radical polymerization process. In free radical 

polymerization, irradiation of UV light decomposes the photo-initiator compounds into free 

radicals (with unpaired electrons) which attack double bonds of the monomers, resulting in 

the generation of new free radicals by splitting the double bonds into singles bonds. Thus, the 

free electrons of one monomer are used to bond to other monomers. The generation of free 

radicals and the resulting bonding of the monomers continue to grow into chain reactions until 

all the radicals become paired. 

The polymerization process causes a change in the distance between the monomers. The 

distance between monomer molecules is in the range of 0.3 to 0.4 nm, also called Van der 

Waals distance. This distance reduces due to the formation of dense covalent bond between 

the monomers during polymerization process, which accounts for the volumetric shrinkage of 

the formed polymer [79, 80]. Thus, polymerization shrinkage occurs as a result of the 

rearrangement of the molecules into a narrower space that was required for the molecules in 

the liquid state. The shrinkage, which depends mainly on the molecular structure, can be 

reduced by adjusting the composition (e.g. molecular weight) of the formulations [81, 82] or 

the exposure dose [83].  

The exposure time, being an important parameter of the UV-curing process, has an influence 

in determining the shrinkage. Shorter exposure times lead to the under-curing of polymers, 

thereby resulting in their mechanical instability whereas longer exposure times can damage 

the imprint features due to larger demolding force. Therefore, the applied exposure time 

should be optimized to produce mechanically stable polymer structures. Besides, a high dose 

of UV exposure and higher content initiator cause high reaction speed, which leads to a fast 

but weak cross-linking of the monomers, whereas a slow reaction speed enables highly 

polymerized and hard materials [22]. In this work, the effect of UV exposure time on the 

polymerization shrinkage is investigated.  
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3.4.4  Residual Layer Thickness 
 
Residual layer (RL), a unique characteristic of a nanoimprint process, is a thin layer of imprint 

resist which is always left between the 3D template protrusions (elevated structures) and the 

substrate due to the viscous nature of the resist [84]. The existence of the RL thickness has a 

significant implication on the performance of the fabricated devices. It can potentially alter the 

critical dimensions (CD) of the printed 3D patterns and, therefore, the additional thickness of 

the RL needs to be removed by an anisotropic etching process [17, 85]. Because, the post-

imprint etching of the RL can erode the lateral dimension of the patterns and thereby affecting 

the accuracy of the CDs, it is important to have a thin and uniform RL as a result of the 

nanoimprint process. The study about the flow behavior or squeeze flow of polymers gives a 

better understanding of the RL and its underlying factors. 

Squeeze Flow of Polymer and Residual Layer  
 
In NIL, the embossing of a stamp results in a complex flow behavior of the viscous materials. 

The vertical displacement of the mold in the thin films leads to a large flow in lateral direction 

and the viscous polymer flows into the mold cavities. It is essential to consider material 

transport and stamp geometries when embossing polymer materials [86, 87, 88]. Fig.3.5  

shows a schematic representation of the squeezed polymer flow, when it is compressed 

between a template and the substrate. Assuming that the polymer is incompressible 

(conservation of polymer volume), the specific area which contributes to the filling of the 

cavities is influenced by the pattern density or the gap between the patterns on the template as 

given by S. The arrows in the figure indicate the localized flow of the polymer for the 

simultaneous filling of the cavities. It is shown in the figure that the imprint resist has an 

initial thickness h0 and the cavity structure has a depth of hc, then a specific RL thickness of hr 

is obtained after the embossing process. The behavior of the RL can be understood on the 

basis of fill factor ν, which is a ratio of the area covered by the template cavities to the total 

template area [22].  

ℎ𝑟 =  ℎ0 –  𝑣 ℎ𝑐 =   𝑤𝑖  /  (𝑠𝑖𝑖 + 𝑤𝑖)𝑖     (3.1) 

 
This formula is applicable to only rigid templates with a uniform fill factor.  

The squeeze flow of polymers and the resulting RLs depend on several factors such as the 

viscosity of the polymers, the initial thickness of the resist thin films, imprint pressure and the 

template geometry [85, 22]. The squeeze flow of polymer can be put into a simple model. 

Assuming constant viscosity of an incompressible polymer, the model is obtained by solving 
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the Navier-Stokes equation with the conditions of nonslip boundary at the stamp and the 

substrate surfaces. According to the model, a codependency of the cavity filling time (T) with 

the initial resist height (h0), pressure (P), viscosity (η), RL (hr) and the template geometry 

(indented width S) is given by the following formula [22]. 

 

𝑇 =  
𝜂  𝑆2

2 𝑃
 (

1

ℎ𝑟
2 −  

1

ℎ0
2)      (3.2) 

 

 
Fig.3.5: Overview of polymer flow in cavity structures during NIL imprint process 

 

To achieve higher throughput in NIL, it is always desired to have lower filling time and 

minimum uniform RL thickness. From equation (3.2), it is clear that the imprinting time can 

be minimized by using polymers of lower viscosities, applying more pressure and reducing 

the initial film thickness of the imprint resist. It is also known that the RL is directly 

proportional to the initial thickness of the resist material [89]. However, a higher initial 

thickness of the resist produces a larger RL thickness in the imprint process.       

3.5  State of the Art of Uniform Residual Layers 
 
As discussed in (Section 3.4.4), the existence of RL affects the fidelity of the 3D printed 

patterns. The RLs resulting from the 3D nanoimprint process can be inhomogeneous 

depending on the geometry of the template features and the implemented imprint conditions 

[90, 91, 92]. In the case of the periodic structures, the RL thickness is uniform since the resist 

amount required for the all the template patterns is the same. But, the situation becomes 
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complex and variations in the RL occur when the patterns vary in density across the template. 

The fabrication of highly homogenous and regular structures is required for photonics and 

optical components. For the realization of optical nanospectrometer based on FP filter array 

(see section 5.1), the RL plays crucial role in determining the final cavity heights which 

subsequently lead to the selectivity of filter lines of different FP filters. The spectral quality 

and the transmission of the desired filters depend largely on the optical thickness of the filter 

cavities. In the nanoimprint process based on soft templates, the filter cavities with different 

heights consume different resist volume for the structure filling, thereby, leading to the rise of 

inhomogeneous RLs as shown by h1 and h2 in Fig.3.6. The inhomogeneous RLs can result in 

a loss of the CDs of the imprinted patterns during plasma etching for residual layer removal. 

Therefore, the RL has to be uniform across the whole template area irrespective of the size, 

shape and density of the individual template patterns. In the case of the nanospectrometer, 

highly uniform RLs are required for the precise fabrication of filter cavity heights. The 

uniform RLs can either be removed by a plasma etching or compensated in the design of the 

filter cavities.  

To achieve thin and uniform RLs for diverse density patterns during the 3D nanoimprint, 

various approaches are proposed and implemented. The existing approaches, which are 

known from the literature, are discussed below. 

 

 
 

Fig.3.6: Inhomogeneous RLs for 3D cavities due to difference in the heights on a 3D SCIL template  
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In 2001, Yoshihiko Hirai et al. studied and investigated the cross-sectional profile of the RL 

using different process conditions such as imprinting pressure, the aspect ratio of the recessed 

grooves and the initial thickness of the applied polymer [93]. It is observed that the resulting 

RLs are thin at lower initial thicknesses of the resist. However, the uniformity in the RLs is 

not obtained and the imprint structures with different aspect ratio lead to different thickness of 

the RLs. 

In 2003, H. Schulz investigated the effect of initial resist thickness on the thickness and 

uniformity of the RL across different density patterns on the template in the nanoimprint 

lithography. The measurements for the RLs are based on three different initial thicknesses 

(140 nm, 275 nm, 560 nm) [94]. The lowest chosen initial thickness (140 nm) provides thin 

and highly uniform RL (50 nm) but, however, it leads to a situation where the larger template 

patterns are not filled completely, as shown in Fig.3.7. The figure shows the illustrations of 

the complete filling (100%) and the over-filling (200%) of the imprint patterns respectively. 

This method is useful for uniform RLs when the template patterns are small in size. 

Otherwise, the increasing initial thickness leads to a larger variation in the RLs. Moreover, it 

is not possible to determine and apply an initial thickness which can sufficiently fulfill the 

local filling requirements of all different density template patterns.  

 

 
Fig.3.7: The three sets of the results correspond to different initial layer thicknesses of the imprinted 

58 kg/mol polystyrene, (a) 140 nm (50% filling), (b) 275 nm (100% filling) and (c) 570 nm (200% 

filling). Original figure from [94]. 

 

In 2004, Lazzarino et al. reported the idea of introducing dummy patterns on the template in 

order to control the pattern dependency of the RL in the nanoimprint process [95]. The main 
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objective of adding dummy patterns is to equalize pattern density across the whole template 

area and, therefore, the variations in the resulting RLs can be avoided in the nanoimprint. 

However, the inclusion of the non-functional dummy patterns is not always practicable due to 

inadequate design freedom on the template. The addition of dummy patterns to the template 

may require longer imprint time and, thus, the throughput of the imprint process is affected.   

In 2004, Xing Cheng and L. Jay Guo introduced a new approach combined-nanoimprint-and-

photolithography (CNP) by combining the advantages of photolithography and nanoimprint to 

produce the imprint patterns without RL [26]. The CNP approach uses a hybrid-mask-mold 

(HMM) template which is made from a UV transparent material. The hybrid template is partly 

covered with a light-blocking metal layer on the top of the positive protrusions in order to 

block UV-exposure. The imprint resist below the metal layer, where no UV exposure occurs, is 

removed in a developer solution following the nanoimprint process as shown in Fig.3.8.  This 

method offers an easy and viable solution to handle the RLs around the cavity structures. 

However, this approach does not address the problem of inhomogeneous RL thickness below 

the imprinted patterns. Additionally, the hybrid process requires relatively more fabrication 

steps and, therefore, involving more cost than a single imprint step.    

 
Fig.3.8:  Schematics of the CNP technique. (a): a light-blocking metal layer on top of the protruding 

patterns on the HMM; (b): imprinting with the HMM and UV flood-exposure of the SU-8 layer 

through the HMM; (c): mold and substrate separation; (d): after the thermal curing, SU-8 is developed 

to remove the unexposed RL. Original figure from [26] 

In 2006, Ki-don Kim et al. proposed an optimized UV nanoimprint process with drop-on-

demand method by which droplets of UV-curable resist are supplied according to the local 
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capacity of the template patterns [96]. The dispensing of the resist, which is applied precisely 

to match up with the template patterns, is performed using step and flash imprint lithography 

(S-FIL) [97]. In this case, the initial volume and location of a droplet is calculated using a 

numerical iteration method. This method offers a comprehensive solution to handle the 

problem of non-uniform RLs by serving the controlled resist dispense as per the local demand 

of the template patterns. However, the main limitation of this solution is the requirement of a 

dispensing system which is applicable to only specific nanoimprint tools such as S-FIL. More 

importantly, the imprint process based on the dispensing system is expensive and time-

consuming at wafer level. 

State of the Art of Uniform Residual Layer at the INA  

In 2012, Dr. Albrecht proposed an idea of optimizing the template layout to overcome the 

problem of non-uniform RLs by avoiding the volume differences of the vertically varying filter 

cavities [27]. The optimization of the template design is based on the arrangement of 64 cavity 

heights ranging from 30 to 181.2 nm into 16 units where each unit comprises 4 different cavity 

heights as shown in Fig.3.9. The average height of each unit is kept constant in order to obtain 

same residual thickness per unit area. This solution reduces the variation in RLs across 

different cavity heights, but the non-uniformity is still significant. The difference between the 

thickest and thinnest RLs is around 40 nm. The reported variations in the RL are mainly 

because of the fact that the individual units do not occupy physically independent positions but 

they are arranged into an 8 x 8 array so the fill factor of one unit is influenced by the fill factors 

of the neighboring units.    

 
Fig.3.9: Schematic of the optimized template design with the distribution of 64 cavities into 16 units 

(E1 to E16). Each unit comprises 4 cavities and same average volume. Original figure from [27] 
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Using the combined-nanoimprint-photolithography method reported in [26], my colleague at 

INA Mrs. Kolli developed a template design to implement a residual-layer-free nanoimprint 

process using a specially designed hybrid template [98]. The hybrid template is based on the 

combination of transparent polymer structures of PDMS material and a metal layer, as shown 

in Fig.3.10. The template is partly covered with a metal layer over the top of template 

protrusions. The metal layer blocks the UV-light from the exposure to the underlying imprint 

material during imprint process. Later, the uncured part of the imprint material is removed in 

a development process. This technique combines the advantages of photolithography by 

providing selective curing of the UV-curable imprint material as well as the advantages the 

SCIL process by offering conformal imprinting.  

 

 

Fig.3.10: (a) Conventional template design for SCIL process, (b) inhomogeneous residual layer after 

imprint process, (c) over or under etching of the residual due to plasma etching, (d) hybrid soft 

template partly covered with a metal layer, (e) cured and uncured structures after imprint process (f) 

no residual layer between structures after development process. Original figure from [98]. 

 
The implementation of the hybrid soft template for UV-SCIL process is useful in producing 

residual-free imprint between the edges of the cavity structures. However, the hybrid template 

does not address the problem of residual layer below the cavity heights. This method is unable 

to remove the residual layer as a part the mesa structures of the nanospectrometer and, thus, is 

still suffering from weak reproducibility or lateral inhomogeneities of the RL, if they exist.    
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4.  RELEVANT FABRICATION, DEPOSITION AND 
CHARACTERIZATION TECHNOLOGIES 

 

This chapter is based on the foundations of the relevant technologies implemented for the 

fabrication of 3D templates and nanoimprint structures, deposition of optical thin films and 

the characterization of the optical filters.  

Section 4.1 states the fabrication technologies implemented for the production of 3D filter 

cavities with different heights on semiconductor wafers (called master templates in this work). 

Section 4.2 explains the working principles of the deposition technologies which are 

employed in this work for the formation of multiple dielectric thin films on a single substrate.  

Section 4.3 deals with the relevant measurement techniques used for the optical 

characterization of the fabricated 3D maser templates and optical filter arrays.  

4.1  Fabrication Technologies 
 
In this work, the fabrication of FP filter cavities is performed on a master template of GaAs 

wafer using photolithography and dry etching. Then, the master template is implemented for 

UV-SCIL process to imprint the filter cavities directly on bottom DBRs for the production of 

FP filters. 

4.1.1 Photolithography  
 
Photolithography, also called optical lithography, is a process by which patterns of geometric 

shapes on a mask are defined on a semiconductor wafer using light [99]. It plays an important 

role in the fabrication of semiconductor chips. Photolithography is used for micro-fabrication 

processes such as etching and lift-off. In this method, the patterns on a photomask are first 

transferred to a photosensitive material (i.e. photoresist) and then defined on the underlying 

substrate by etching or deposition techniques. Photolithography involves few steps in the 

transfer of the mask patterns: wafer cleaning, prebaking, photoresist application, soft baking, 

mask alignment, light exposure and development.   

First, the substrate is cleaned with some solvent to remove any contaminations from the 

surface of the substrate. The substrate is baked to reduce any solvent concentrations on the 

substrate. Then, photoresist is applied with the aid of spin-coater which produces a uniform 

resist layer of certain thickness depending on the viscosity of the resist and rotation speed of 

the spin-coater. Later, soft baking is performed to remove all the remaining solvents 
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completely. One of the important steps in lithography is the mask alignment by which the 

mask patterns can be transferred to any desired part of the substrate surface. The photomask is 

usually a square glass plate with a pattern defined with chromium. After the alignment, UV-

exposure is applied through the mask onto the substrate resist. In photolithography, the source 

of UV light is usually a mercury-vapor lamp. The UV-exposure can be done in three ways i.e. 

contact, proximity and projection, as shown in Fig.4.1.    

In contact method, the photomask is brought in direct contact with the substrate resist during 

the exposure of UV light. With this method of exposure, high resolution is possible. The main 

drawback of this method is that the debris or dust particles, trapped between the mask and the 

resist, can affect the quality of the structures and also damage the photomask. In proximity, a 

small distance from 10 to 25 microns is maintained between the substrate and the photomask 

in order to avoid the risk of mask damage. However, the proximity mode of exposure 

provides comparatively poor resolution due to diffraction effects at the edges of the chromium 

patterns [100]. In projection method, the mask patterns are exposed on the resist-coated 

substrate several centimeters away from the mask with the aid of some lenses or mirrors. In 

this method, only a small area of the mask is exposed at a time in order to enhance the 

resolution. The exposure over small area is stepped over the substrate to cover the entire 

surface. Since the substrate is exposed sequentially in number of steps, this method is also 

referred to as step-and-repeat.    

 

 
 Fig.4.1: Schematic of three different types of optical lithography. See figure [36]. 
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Types of Photoresists 
 
Photoresists are chemicals which are classified as positive and negative resists in accordance 

with their response to exposure of light. The exposure of UV light changes the solubility of 

the photoresist in a developer solution. 

I. Positive Photoresists: The exposure of UV light decomposes polymer chains of the 

positive resist which become soluble in a chemical solution, called developer. The developing 

process removes the resist from the exposed region and the exact patterns on a photomask are 

transferred to the resist as shown in Fig.4. 2.  

 

Fig.4. 2: Process of photolithography using positive photoresist with the exposure of UV light. 
 

II. Negative Photoresist: The exposed part of the photoresist becomes insoluble in the 

developer and the patterns formed in resist are opposite of the mask patterns as shown in 

Fig.4.3. The negative photoresists contain a photosensitive compound which absorbs energy 

upon the exposure of the light. The absorption of light energy converts into chemical energy 

which initiates a chain reaction called polymer crosslinking. Due to higher molecular weight 

of the cross-linked polymer, the exposed region becomes insoluble in the developer solution. 

After the development, the patterns in the negative resist have undercut profile which is why 

they are used for lift-off process. 
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Fig.4.3: Photolithography process using negative photoresist with the exposure of UV light 
 
4.1.2  Dry Etching 
 
Dry etching is one of the widely used processes in semiconductor fabrication. Dry etching is a 

process by which a material is removed from the surface by means of chemical reactions 

and/or physical ions. The processes of dry etching provide high resolution and excellent 

control of the structure profile. The etching is performed by the bombardment of energetic 

ions which etch the exposed surface at higher rate compared to the surface covered by the 

resist (selectivity), therefore produces negligible undercutting of the substrate [101]. There are 

many types of dry etching processes but only reactive ion etching, which has been used in this 

work, is discussed here. 

Reactive Ion Etching 
The process of reactive ion etching (RIE) is a type of dry etching which combines the 

characteristics of pure chemical etching and a pure physical etching by offering anisotropic 

etching property of pure chemical etching, high selectivity and etching rate of pure physical 

etching.  

The working principle of RIE system is based on plasma etching. Fig.4.4 shows a schematic 

of common RIE system. It comprises two parallel electrodes that create electric field. The 

process gases are injected into the chamber via “showerhead” gas inlet in the top electrode. 

The amounts of gases defined for the etch process are controlled by mass flow controllers 

(MFC). By applying radio frequency of 13.56 MHz between the electrodes, the gases pumped 

into the chamber are ionized and consequently plasma is generated. The electric field 
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generated by DC bias between the electrodes accelerates the ions towards the surface of the 

substrate. In case of inert gases, physical etching (sputtering) takes place and the substrate 

surface is knocked down due to high kinetic energy of the accelerated ions. With reactive 

gases (e.g. H2 and CH4), the reactive ions remove the substrate chemically.   

 
Fig.4.4: Schematic of reactive ion etching process. Original figure from [50]. 

 
4.2  Thin Film Deposition Techniques 
 
In this work, optical filters such as DBRs and FP filters are realized by the deposition of 

dielectric thin films. The deposition of the thin films can be performed using several 

techniques which are classified into two main categories namely physical vapor deposition 

(PVD) and chemical vapor deposition (CVD). In PVD techniques, the deposition processes 

are based on pure physical effects and thin films are deposited on a substrate atomically by 

means of vaporizing a material in the form of atoms or molecules under operating conditions 

of low pressure environment [102, 103]. The main types of PVD are thermal evaporation 

PVD, E-beam PVD (EB-PVD), Ion Beam Sputtering Deposition (IBSD), and Molecular 

Beam Epitaxy (MBE). 

In CVD processes, thin films are deposited on a heated substrate by the chemical reactions of 

reacting gases which take place on or near the hot substrate [104, 105].  The reactions of the 

gases are induced by various energy forms such as plasma, thermal, chemical or photon. The 

types of CVD processes are classified according to the energy source by which the reactions 

are initiated. The main categories are: Thermal CVD, plasma-enhanced CVD (PECVD), 

photon-assisted CVD, laser-assisted CVD and MOCVD. In this work, PECVD has been 

implemented for the deposition of dielectric thin films for the formation of DBRs. 
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4.2.1 Plasma Enhanced Chemical Vapor Deposition (PECVD) 
 
Plasma enhanced chemical vapor deposition (PECVD) is a widely used method for the 

formation of dielectric films, especially from III/V semiconductors, at higher deposition rates 

and relatively low temperatures. In this method, plasma is used as an energy source and the 

plasma parameters determine the composition and properties of the deposited thin films [106]. 

The chemical reactions of the reactant gases occur only in the regions of the plasma and no 

material is deposited on the reactor walls. Fig.4.5 shows a schematic of a typical reactor 

design of a PECVD system. The system comprises two electrodes. The required amounts of 

process gases are injected into the chamber from the gas shower. The plasma is generated by 

applying RF frequency between the two electrodes. By applying RF frequency in the 

chamber, the injected process gases are ionized resulting in the generation of plasma which 

consists of free radicals, charged particles and atoms. The plasma dissociates the precursor 

gases into chemically reactive species or molecules for the layer formation on the heated 

substrate placed on the lower electrode.       

 
Fig.4.5:  Schematic of a Plasma Enhanced Chemical Vapor Deposition process 

 

4.3  Characterization Techniques 
 
After the fabrication of 3D nanoimprint templates and multispectral FP filters, the 

characterization of the template patterns and the optical filters is performed for the 
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measurement of their surface profiles and optical characteristics. The following techniques are 

used in this work to do the characterization of the template patterns, imprinted polymers 

structures and optical responses of the FP filters. 

 
4.3.1   White Light Interferometry 
 
White light interferometry (WLI) is a non-contact optical measurement technique which 

provides a 3D image of a topographical measurement of a sample with very high vertical 

resolution [107]. The WLI measurement, which is based on the configuration of a white light 

source and a detector, follows the principle of Michelson interferometer. Fig.4.6 shows a 

schematic explanation of the principle of WLI system. The beam splitter decomposes the 

incoming white light into two beams which are coupled to the internal reference mirror and 

the sample under test, respectively. The reflected beams from the reference mirror and the 

sample recombine at the beam splitter. The recombined beams, depending on their optical 

path difference, interfere constructively and destructively and produce bright and dark fringe 

patterns which are captured by a high resolution CCD camera. The fringes, which indicate the 

surface topography of a sample, are the variations in the intensity of the light.  

To scan the evaluation length vertically, the sample is moved relative to the beam splitter and 

intensity variations are stored in the camera as a function of vertical position for each pixel. 

Then, the stored data is compiled and processed to generate a 3D image of the sample surface. 

In this work, NewView 5000 system from Zygo Corporation was used at INA. The system 

provides a high vertical resolution of 0.1 nm. The field of view and the lateral resolution 

depend on the objective used for the measurements. The lateral resolution down to 0.32 m is 

obtained using 50x objectives [50].  
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Fig.4.6: A scheme of white light interferometer for the measurement of 3D filter cavities. Original 

figure from [42]. 

 

4.3.2  Ellipsometry 
 
Ellipsometry is a non-contact and non-destructive optical measurement method which is used 

to characterize optical properties (refractive index & extinction coefficient) and thicknesses of 

thin films [108, 109]. Based on the ellipsometric measurements, detailed information can be 

obtained about the refractive index (n), extinction coefficient (k) as well as the deposition rate 

of thin-films. The working principle of the ellipsometry is based on the measure of the change 

of the polarized light upon light reflection on the sample or light transmission through the 

sample. The name of the ellipsometry is derived from the fact that the polarized light becomes 

elliptical upon light reflection. Fig.4.7 shows the change in the polarization of the reflected 

light when a light beam with a known polarization is projected at a certain angle on the 

sample. 
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Fig.4.7: Schematic of a spectroscopic ellipsometry measurement in which linearly polarized incident 

light (left) changes to elliptically polarized light (right) after reflection from the sample. Original 

figure from [27]. 

 
As shown in the figure, the incident polarized light can be resolved into two components p 

(parallel to the plane of incidence) and s (perpendicular to the plane of incidence). The two 

polarization components reflect differently from the sample with different reflection 

coefficients (rp and rs). Since the reflection coefficients cannot be measured separately, 

therefore a complex reflection coefficient ratio () is measured by (equation 4.1). 

  =   
𝑟𝑝

𝑟𝑠
  =  tan()𝑒𝑗 ∆     (4.1) 

where   is the rate of amplitude reflection coefficients for the light waves polarized in p and 

s plane, ∆ is the phase difference between p and s planes. The values of  and ∆ are measured 

as a function of the wavelength of the incident light. 

Using spectroscopic ellipsometry (SE), the information about the sample thickness and other 

optical properties dependant on the wavelength can be extracted. In variable angle 

spectroscopic ellipsometry (VASE), the measurements are performed with respect to both the 

wavelength and the angle of the incident light. The measurements based on different angles 

provide new information because of diverse optical path lengths traversed and it also 

increases the sensitvity of the system to unknown parameters [110]. For the extraction of the 

optical parameters ( and ), a mathematical model is built to predict data values of  and  

from Fresnel‟s equations. The predicted values are compared with the measured values to 

obtain information about optical constants and thicknesses of the films, as depicted in Fig.4.8. 

In this work, VASE from J.A.Woollam was implemented. The ellipsometer comes with a 

software (WVASE32) which is used to perform modeling and fitting of the data. 
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Fig.4.8:  Mathematical model of the ellipsometry data analysis for the extraction of information about 

optical (n and k) and structural properties (thickness) of the film(s). Original figure from [111]. 

 
 
4.3.3  Microscope Spectrometer Setup 
 
In this work, the optical characterization of static FP filters is performed using a microscope 

spectrometer setup which was already reported somewhere else [42]. Using the optical setup, 

the optical characteristics of reflection and transmission spectra are analyzed.  

The characterization optical setup comprises a microscope, an illumination system, a grating-

based spectrometer and a computer program as shown in Fig.4. 9. The microscope (Imager 

D1m Zeiss) implements a sample stage, a magnification system with 2.5x, 10x and 50x EC 

Epiplan-NEOFLUAR objective lenses and a series of optical elements such as condenser, a 

decoupling device and a CCD camera. The illumination system is based on two HAL 100 

halogen lamps which are used as broadband light sources for the separate measurement of 

transmission and reflection spectra. The implemented grating-based spectrometer (HR 2000 

from Ocean Optics) is connected to the microscope setup through an optical fiber. The 

spectrometer processes optical signals for spectral analysis and transmit them to a computer 

program as electrical signal. The computer program used to analyze the optical spectra is 

called (OOIBase32). The setup has a maximum resolution of 0.5 nm. The measurements for 

reflection and transmission spectra are performed separately. However, the procedure is same 

for the both measurements. The characterization method for transmission is explained here: 
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The sample is placed on the sample stage and then illuminated using the lower halogen lamp. 

The light from the lower lamp is received by a condenser which concentrates the incoming 

light to the sample as a circular beam of few millimeters diameter. Using the objective lens 

and the lateral displacement of the sample stage, the light is focused on the desired sample 

area for the measurement of filters. Due to the interaction of light with the filters, the incident 

light undergoes reflection, transmission and absorption. The transmitted light is collected by 

objective lens and coupled into the optical fiber using decoupling device which guides the 

optical signal to the spectrometer where the light is split into its constituent wavelengths. The 

intensities of the wavelengths are measured at a detector in the spectrometer, which are 

displayed and analyzed on the computer program. 

 

       

 

Fig.4. 9: Schematic of the microscope spectrometer setup implemented for the optical characterization 

of static FP filters. Original figure from [42]. 
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5.  FABRICATION METHODOLOGY OF 
MULTISPECTRAL OPTICAL FILTER ARRAYS IN THE 
VISIBLE RANGE  

 
This chapter deals with fabrication methodologies implemented for the development of Fabry-

Pérot-filter-array-based nanospectrometer in the visible range on a single substrate.  In order to 

produce multiple FP filter arrays in the whole visible spectrum on a single substrate, the 

existing fabrication processes for 3D master template [50] and DBRs [27] are modified with 

optimized methodologies.  

Section 5.1 deals with the basic design and the fabrication requirements for the static 

nanospectrometer on a single substrate.  

Section 5.2 discusses how the filter cavities are generally produced and arranged on a master 

template using a photomask. Then, the need of a protection mask for the production of multiple 

arrays of filter cavities on the same substrate is explained in detail. Later, replication process of 

3D SCIL template from the master template is briefly discussed.  

Section 5.3 explains the methodology developed for the deposition of multiple DBRs on the 

same substrate. 

 

5.1 Design and Fabrication of Nanospectrometers 
  
The basic design, general fabrication processes and the relevant technologies for the 

implementation of optical nanospectrometers have already been reported at INA [50, 27]. In 

this work, optimized processes are introduced and implemented in order to simplify the 

fabrication process of the optical nanospectrometers.  

 
5.1.1  Introduction and Design Process  
 
The basic design of the nanospectrometer is based on static FP filter arrays (Section 2.1.3) 

which are deposited on a detector array for the detection of the transmitted filter lines. Each FP 

filter corresponds to a unique spectral position of the filter line depending upon its cavity 

thickness. With a variation in the cavity thickness, the transmission line can be tuned to a 

different wavelength as shown in Fig.5.1. The higher cavities indicate transmissions at higher 

wavelengths and vice versa.  
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Fig.5.1: Schematic structure of a static nanospectrometer with three DBR mirrors of different central 

wavelengths with twelve different cavities. The differing heights of cavities produce twelve different 

filter lines in the optically visible spectral range (VIS). 

 
For the implementation of the nanospectrometer in the whole visible range i.e. from 400 – 

700nm, several static filter cavities based on different thickness are required. To implement the 

nanospectrometer on a single substrate, DBRs for the filters are required to produce a broader 

stopband to cover the required spectral width of approx. 300 nm. 

Generally, the deposition of the DBRs is done with PECVD (section 4.3.1) IBSD techniques. 

The spectral width of the stopband strongly depends on the refractive index contrast of the 

DBR layer materials. However, the index contrast of PECVD or IDBS materials is not large 

enough to produce a broader stopband of 300 nm from a single DBR. In this work, PECVD 

process has been mainly studied and implemented to deposit top and bottom DBRs for the 

fabrication of static filter arrays. The PECVD DBRs, based on the combination of SiO2 and 

Si3N4 dielectric thin film materials, produce relatively a narrower stopband which is approx. 

100 nm. Therefore, multiple DBRs with different center wavelengths are required.  

Consequently, multiple arrays of filter cavities are required for the corresponding DBRs. 

Therefore, each array of FP filter cavities is fabricated on a separate wafer for subsequent 

implementation in the imprint process.  
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In order to reduce the fabrication steps and implement the desired multiple arrays of static FP 

filters on a single substrate, a new methodology has been developed in this work. With this 

method, multiple DBRs are deposited on a single substrate (Section 5.3) and the required 

multiple arrays of 3D filter cavities are fabricated on the same master template (Section 5.2). 

Later, the arrays of filter cavities are imprinted directly on the bottom DBRs in a single imprint 

step using UV-SCIL process. Fig.5.2 shows a schematic of a simplified design of three 

different filter arrays on a single substrate.   

 

Fig.5.2: The desired position of three arrays of FP filters cavities imprinted on the corresponding 

DBRs. 

 

5.1.2  Fabrication Process 
 

The fabrication of optical nanospectrometer is performed using a simple and low-cost 

fabrication process involving only a few process steps, as shown in Fig.5.3. First, the bottom 

DBRs are deposited on a detector array. Then, the corresponding filter cavities are imprinted 

using a 3D nanoimprint template. Finally, the top DBRs are deposited on the imprinted filter 

cavities to complete the desired array of FP filters. The key challenge in implementing the 

mentioned design of the nanospectrometer is the fabrication of 3D master template with 

multiple arrays of FP filter cavities. The fabrication process of the master template is 

explained in (Section 5.2).    
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Fig.5.3: Fabrication process of optical nanospectrometer based on an array of FP filters. 

 

5.1.3 Theoretical Calculations of Cavity Heights for Multispectral 

Filters in the Visible Range  
 
To implement the design of nanospectrometer as discussed in (Section 5.1), it is important to 

determine a relationship between cavity heights and the filter lines of their corresponding FP 

filters. Each FP filter is capable of transmitting a filter line. To cover a spectral band in the 

whole visible range, a combination of several FP filters based on different cavity thicknesses 

is required. The mapping between the filter lines and cavity heights, which may be nonlinear 

or quasi-linear under certain conditions, depends on several factors such as refractive indices 

and extinction coefficients of DBRs and cavity materials, DBR periods, as well as the order of 

the cavity mode [50]. Therefore, it is very difficult to achieve filter lines with identical steps 

from cavity heights with common step difference. The requirements for FP filter lines with a 

common step difference are determined using OpenFilters design software. Based on the 

simulation results, it is observed that a step difference of less than 1 nm between cavity 

heights is required to achieve filter lines with a step of 2 nm. In case of requiring 64 filter 
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lines with a common spectral shift of 2 nm, 7 etching steps will be performed in a digital 

manner and an etching of less than 1 nm will be required in the last etching step. Practically 

speaking, it is very difficult to precisely achieve the etching depth of less than 1 nm in the last 

etching step. To resolve such a problem, Dr. Wang suggested in his PhD thesis to combine the 

last etching step with the first one. The theoretical details and the implementation of the 

digital etching using different photomasks (INA_Template_SA1, INA_Template_SA2, 

INA_Template_SA3) are explained in the PhD work of Dr. Wang [50]. Later in her PhD thesis 

work, Dr. Albrecht observed that the arbitrary distribution of filter cavity heights on a 

template results in inhomogeneous residual layers [27]. Based on the imprint results of 

INA_Template_SA2, the thickest residual of 109.4 nm is located below the lowest cavity of 27 

nm and the thinnest residual layer of 40.3 nm is located below the highest cavity of 190 nm. 

In a bid to address the residual layer problem, Dr. Albrecht introduced a new template design 

(INA_Template_SA4) comprising 64 different cavity heights ranging from 30 – 183.2 nm with 

a vertical step of 2.4 nm.      

 
Given the observations noted in the previous scientific works of coworkers at INA, a new 

template is designed and developed in this work. The template comprises three arrays of filter 

cavities where each array comprises 16 different cavity heights with a vertical step of 2 nm. 

The step of 2 nm between the cavity heights produces a gap of approximately 7 nm in 

transmission filter lines. Thus, the template design will be used to cover whole visible spectral 

range and also to achieve uniform distribution of residual layer.  

 
To implement the master template based on three different arrays of FP filter cavities, first of 

all the desired heights of the filter cavities are calculated with respect to their corresponding 

DBRs. With 7 nm step in filter lines, only 16 different cavity heights are required for a 100 

nm stopband from a single DBR. Therefore, each array on the master template comprises 16 

different cavity heights as shown in Tab.5.1. The calculations have been made using Open 

Filters Software under the following assumptions: 

1.  Cavities of mr-UVCur06 are based on λ / 2  

2.  The residual layer of 70 nm was assumed 

3.  DBRs are based on 9.5 periods of SiO2 / Si3N4 
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Tab.5.1: Theoretical calculations of cavity heights for three arrays of FP filters in the visible range.   
 

Filter array 1 (left) 2 (middle) 3 (right) 

  DBR stopband 400 – 500 nm 500 – 600 nm 600 – 700 nm 
 

             Cavity heights 58 92 126 

60 94 128 

62 96 130 

64 98 132 

66 100 134 

68 102 136 

70 104 138 

72 106 140 

74 108 142 

76 110 144 

78 112 146 

80 114 148 

82 116 150 

84 118 152 

86 120 154 

88 122 156 

 

 

5.2  Development of High Resolution 3D Master Template with 

Different Masking Approaches 

The requirements of 3D master template, based on three different cavity arrays for the optical 

nanospectrometer in the visible range, have already been discussed in (Section 5.1.1) & 

(Section 5.1.3). The fabrication of 3D templates is always a key challenge in implementing 

3D nanoimprint. Since the templates with different cavity heights were not commercially 

available in 2007, Prof. Hillmer proposed in patent applications the fabrication of 3D 

templates using a new technology [112, 113]. The fabrication of 3D templates was 
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implemented using a series of photolithography and reactive ion etching on a GaAs substrate 

[114]. The other issue was to choose and develop an etching process. Dr Wang implemented 

the mixture of methane and hydrogen (CH4/H2) to etch GaAs substrate for the fabrication of 

3D templates [50]. GaAs is used as a substrate for the master template. This III / V compound 

semiconductor is a popular material for high performance in optoelectronic devices [115]. The 

characteristics such as low surface roughness and low etching rate of the gallium arsenide are 

of an utmost importance. These properties offer a good vertical control during etching, which 

is very important for producing high-resolution 3D nanoimprint templates [50]. 

In continuation of the previous works and the established processes at INA, GaAs is used in 

this work for the fabrication of 3D templates. The fabrication involves certain steps of 

photolithography and reactive ion etching depending on the number of cavity heights. The 

etching is performed in a digital manner to produce positive cavity structures. For the 

fabrication of 64 different cavity heights, 7 fabrication steps are performed. The positive 

cavity structures of the master template are replicated on soft templates as negative 

protrusions which can be further implemented for 3D UV-SCIL nanoimprint process to 

produce cavity heights on polymers. With digital etching methodology, number of fabrication 

steps are reduced when all the depths are digital i.e. they have identical step or steps with a 

common divisor [116].  

To fabricate the master template with three arrays of FP filter cavities, INA-SA5 (see 

Appendix A1.1) based on seven different masks has been used for digital etching. In the 

following discussion, each distinct array of filter cavities is alternatively discussed as a 

structure. With the help of INA-SA5, the filter cavities are arranged in a way that later in the 

SCIL process a homogeneous RL thickness is made possible over the entire area of each array 

(The details related to the mask INA-SA5 are discussed in (Section 6.3.3). Normally, patterns 

of all the seven masks on INA-SA5 photomask are transferred on the substrate in each step of 

lithography and all the patterned masks around the target structure are also etched as shown in 

Fig.5.4. Therefore, production of further filter arrays in close proximity will no longer be 

possible. Thus, each array of the required cavity heights is produced on a separate substrate. 

So, three arrays require three separate substrates, making the fabrication process more 

expensive and time-consuming. However, the production of a master template with the three 

structures on the same substrate simplifies the implementation of nanoimprint process 

whereby all the filter cavities can be imprinted on their corresponding bottom DBRs in a 

single process step. This saves the number of fabrication steps, time and cost. 
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Fig.5.4: Schematic for the etched surface of GaAs wafer after lithography with seven masks. The red 

marked array can further be processed for filter arrays while the rest of the mask patterns are etched 

along due to the design of the mask. Original figure from [117]. 

 
The fabrication of the desired master template for the nanospectrometer is not possible with 

the current design of the photomask as three different structures of FP filter cavities are 

required at a certain defined distance on the same substrate. To address the problem, an 

additional mask of metal or some other material is reported to protect the remaining surface of 

gallium arsenide wafer during the etching of the target structure. One of the main criteria in 

the choice of the metals is the ability of wet etchants to remove the mask without damaging 

the finished structures or arrays of filter cavities. Metals such as aluminum and chromium can 

be removed with acids but the surface of gallium arsenide is also affected by them [118]. For 

this reason, titanium was chosen which can selectively be removed with diluted hydrofluoric 

acid (HF).   

 
I. Protection Mask using Titanium 
To fabricate the master template with three different arrays, several steps of lithography and 

reactive ion etching are performed. In each lithography step, all the masks are transferred and 

etched on the substrate. As a result, a relatively large area around the surface of the first target 

structure is etched. To prevent this and to facilitate the production of other structures in 

immediate vicinity of the first target structure, titanium was used as a protection mask. To 

accomplish this, following steps are performed. 

Step 1: First, negative resist AZ nLof 2070 (5:1) is spincoated on the substrate to perform 

photolithography. After the development process, only a small rectangular area covers the 

resist while the rest of the resist disappears.  
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Step 2: Later, a thin layer of titanium (~ 50 nm) is deposited with Pfeiffer PLS 50 on the 

whole substrate as shown with color in Fig.5.5 (a). 

Step 3: Lift-off process in N-Methyl-2-pyrrolidon (NMP) removes titanium from the 

rectangular area.  

Step 4: Photolithography with positive resist AZ 1518 followed by reactive ion etching 

implements the fabrication of filter cavities. To achieve 16 different heights, this step is 

repeated five times. However, each subsequent lithography step requires an alignment of 

photomask for structuring the cavities in the uncovered part of the substrate as shown in 

Fig.5.5 (b). 

Step 5: Titanium mask is removed in a wet etchant after the first structure with 16 different 

heights is accomplished as shown in Fig.5.5 (c). 

Step 6: For the production of second and third structures, steps 1-5 are exactly performed to 

allow the fabrication of second and third structures in the close vicinity of the first structure as 

shown in Fig.5.5 (d).  

The structuring of the substrate is carried out with RIE system Oxford Plasmalab 80 Plus 

using combination of gases of methane (CH4) and hydrogen (H2) in a ratio of 6/36 sccm. The 

gas reaction is conducted at a pressure of 0.008 torr, temperature of 20 °C and a power of   

150 watts. The etching was performed in 20 minutes. After structuring, the resist was 

removed with NMP in an overnight process. 

 

Fig.5.5: a) Only small area in the center of gallium arsenide substrate is left uncovered while the rest 
of the substrate is covered with a thin layer of titanium; b) photolithography and etching of structures 
in the open area of the substrate; c) titanium mask is removed in a wet etchant; d) a small area in the 
vicinity of the first structure is left unprotected. Original figure from [117]. 
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Since, the physical etching takes place on both, the protection mask as well as the rectangular 

area of the gallium arsenide, the protection mask should withstand all the patterning steps in 

order that the underlying substrate should remain unchanged and can be used for the 

production of further structures. To examine the stability of the 50 nm thick layer of titanium, 

the etching time of the RIE process was increased. Using the procedure of titanium mask 

described above, two samples were prepared in order to perform reactive ion etching for 

different timings. The first substrate was etched for 27 min 35 seconds and the second 

substrate was etched for 77 min 30 seconds. Later, the state of the protective mask on the 

substrates was examined and compared using optical microscope.      

Subsequent to all lithography and etching steps for the desired cavity heights, the protection 

mask has to be removed in a manner that the underlying surface of the gallium arsenide and 

the structured area are not affected. The masking layer of titanium on the substrate surface 

was removed by means of 0.5% hydrofluoric acid (HF). The substrate was placed in the acidic 

solution for about 2 min and then rinsed with water and dried. The strong dilution of HF 

should be avoided as it may cause a potential damage to the surface of the substrate. 

Following the removal of the mask, measurements were done with white light interferometer 

Zygo NewView 5000. The heights of the fabricated cavities were measured and the surface 

roughness (root-mean-squared roughness) of the etched and the protected areas of the 

substrate were evaluated and compared.  

II. Protection Mask using Photoresist 
 
In this section, it is shown that the fabrication of the desired master template can be performed 

without the need for a metal mask such as titanium. The fabrication of the master template 

with three different arrays for static sensor array (section 5.1) can also be implemented on a 2 

inch GaAs wafer by using photoresist as a protection mask of the substrate surface. To 

implement this methodology, no additional materials or resources were required. With this 

methodology, the photomask INA-SA5 was modified with an additional piece of an 

aluminum foil during each step of photolithography. The aluminum foil with an opening of 

around 5x5 mm in the center was fixed on the back side of the photomask INA-SA5 to block 

UV-exposure on the whole mask except the open area. Since the mask INA-SA5 contains 7 

different mask patterns, the opening on the aluminum foil is as large as the area of one mask 

pattern on the photomask. Through the opening, only a relevant mask can be aligned on the 
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substrate for the corresponding step of lithography. The position of the aluminum foil on the 

photomask intended for first lithography is shown in Fig.5.6. 

 

Fig.5.6: The position of aluminum foil (grey) on the photomask INA-SA5: through the opening only a 

relevant mask for the corresponding lithography step can be exposed and transferred on the substrate. 

 
With the help of the aluminum foil, only a small region of the substrate comparable to the size 

of a single mask is exposed with UV light. The rest of the unexposed surface of the substrate, 

which is covered with the photoresist after the development process, remains protected during 

RIE process. Fig.5.7 shows surface of the substrate after the development process. The 

etching process knocks down the surface of the substrate which is not covered with 

photoresist. Thus, only a region of 5x5 mm is structured and it is possible to fabricate other 

arrays in the close neighborhood of the first array. 

 
Fig.5.7: Surface of the substrate after the exposure with INA-SA 5 mask and development. The GaAs 

surface under photoresist (yellow) remains unaffected during RIE process.  

 
After the RIE process, the photoresist was removed using the following procedure: 
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1. The substrate was placed in Acetone for 30 min to dissolve the resist. 

2. Ultra sonic bath (power 60 %) was applied to the substrate to loosen the resist residues 

on the surface. 

3. The substrate was treated with O2 plasma at a power of 200 W to clean the surface. 

4. Steps 1-3 were repeated until the resist was completely removed. 

 

III. Fabrication of High Resolution 3D Master Template with 

Photoresist as a Protection Mask 

The fabrication of the master template is carried out with the help of the photoresist as a 

protection mask during all steps of photolithography and reactive ion etching. To perform 

reactive ion etching of GaAs, CH4 / H2 process was implemented. The mixture of methane 

(CH4) and hydrogen (H2) provides a classic method of reactive ion etching for III / V 

semiconductors such as GaAs and InP.  It offers very smooth, controllable and anisotropic 

etching of GaAs [119].  

For the fabrication of the required three structures, first the middle structure with 16 different 

cavity heights was fabricated in five steps of photolithography and RIE processes. The second 

structure was fabricated at a distance of 6 mm on the left of the first array. Finally, the third 

structure was etched at a distance of 5 mm on the right of the central array. The design of the 

three structures on the master template is shown in Fig.5.8.  

 
Fig.5.8: Schematic diagram for the design of a master template based on three different arrays of FP 
filter cavities. 

 
Before performing the etch process for the required cavity heights given in (Section 5.1.2), 

etching depth for each lithography step is determined. Tab.5.2 shows the etching depths for 
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five different lithography steps. The etching depths were calculated using a MATLAB 

program for digital etching developed by Wang [50].  

 
Tab.5.2: Required etch depth d for each lithography step in the fabrication of each array. 

 Left Array Middle Array Right Array 

 

From Table 5.2, it can be seen that the etching depth of first step is different for all three 

arrays but it is same in the subsequent four steps. This indicates the possibility of fabricating 

the identical depths in the arrays in a single step by applying sequential exposure on three 

arrays. The sequential exposure is possible only with photoresist used as a protection mask. 

The first etching depth for each array was performed separately whereas the rest of the 

identical etching steps were implemented in single step using sequential exposure as shown in 

Fig.5.9. Using photoresist as a protection on the substrate and the sequential exposure, the 

master template with three different arrays of cavities was fabricated in a relatively shorter 

time.  

Lithography Step d  [nm] d  [nm] d  [nm] 

1 58 92 128 

2 16 16 16 

3 8 8 8 

4 4 4 4 

5 2 2 2 
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Fig.5.9: The sequential exposure of more regions: a). The first lithography step was done separately 

for all three arrays; b-d). The three arrays are exposed sequentially with the help of photomask 

modified with aluminum foil; e). After development, the three arrays are etched at the same time.  

 

5.3  Replication of 3D SCIL Templates 
 
The SCIL templates, which are replicated from the master templates, contain a rubber stamp 

and a thin glass or flexible carrier as shown in Fig.5.10. The rubber stamp is composed of two 

layers of PDMS materials i.e. hard PDMS (h-PDMS) and soft PDMS (s-PDMS). The hybrid 

PDMS stamp combines the advantages of rigid stamps as well as flexible stamps. The h-

PDMS, which contains features of 3D structures, provides high resolution and avoids the 

structure deformation, whereas the s-PDMS layer compensates the non-planarity of the 

substrates. 

 

 
 

Fig.5.10: Schematic of SCIL Template with cavity structures on h-PDMS. 

The general replication process of SCIL templates involves a series of steps, as shown in 

Fig.5.11. First, the surface of the master template is modified with an anti-adhesive layer by 
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vapor deposition of 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS) material in order to 

protect the master against any contaminations of PDMS residuals [120]. Then, h-PDMS is 

spincoated on the maser template. Later, the master template and the flexible carrier are fixed 

under vacuum on master replication toolkit (MRT). The soft PDMS material (s-PDMS) is 

dispensed on the master template. The s-PDMS spreads gradually to the whole surface of the 

master template. It is essential to make sure that no air bubbles are produced while pouring 

the s-PDMS material. After the dispensing of s-PDMS, the carrier is brought in contact with 

the master template and left overnight at 50 °C on the MRT. Thus, the master template sticks 

with the PDMS material on the carrier. The carrier is placed on a hot plate at 65 °C for four 

days in order to harden the transferred patterns on the PDMS material. The replication process 

is completed by the separation of the master template from the PDMS layers sticking on the 

carrier. Thus, all the positive cavity structures on the master template are transferred as 

negative structures in mirror symmetry onto the PDMS materials. The combinations of PDMS 

layers comprising 3D features and the carrier is called 3D SCIL template in this work.    

 

 
 

Fig.5.11: Replication process of 3D SCIL templates from rigid master templates. 

 

The replicated 3D SCIL template from the master template based on multiple arrays of filter 

cavities for the optical nanospectrometer is shown in Fig.5.12.  
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Fig.5.12: Schematic of 3D master template (GaAs) and its replicated 3D hybrid SCIL template for 

optical nanospectrometer. 

 

5.4  Fabrication of Multiple PECVD-based DBRs on a Single 

Substrate 

For the fabrication of the nanospectrometer (section 5.1), three DBRs based on different 

center wavelengths are required to cover the visible spectral range i.e. 400 - 700 nm. The 

DBRs, based on 9.5 periods of SiO2 / Si3N4, are simulated in OpenFilters design software for 

the center wavelengths of 450 nm, 550 nm and 650 nm, are shown in Fig.5.13. 

  

 

Fig.5.13: Simulations for Transmission Spectra of the designed DBRs based on 9.5 periods of SiO2 

/Si3N4 in the desired visible range. 

 

From the simulation results, it is obvious that the stopbands of the DBRs based on the 

materials of SiO2 /Si3N4 are limited to 100 nm. Therefore, three DBRs are required to cover 

the whole visible spectrum. The theoretical calculations of the individual DBR layers for 

different center wavelengths are given in Tab.5.3. 
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Tab.5.3: Calculation of physical thicknesses of SiO2 and Si3N4 for DBRs based on three different 
center wavelengths  

Center Wavelength  (λc) SiO2 -  Layer Thickness Si3N4 -  Layer Thickness 

450 nm 75 nm 62 nm 

550 nm 93.5 nm 72.45 nm 

650 nm 110 nm 80.50 nm 

 

The deposition of the DBRs was implemented on a 1 inch substrate using the following 

process steps:  

 
Step 1: The substrate was first cleaned with acetone and isopropanol.  

Step 2: First DBR deposition - First negative photoresist AZ-nLof 2070 (5:1) was spincoated 

on the substrate and photolithography was performed using mask INA-SA5 by which only 

one-third of the substrate was blocked from UV-exposure and the remaining two-third of the 

substrate was exposed with UV light. After development process in AZ 826 MIF for 120 

seconds, the unexposed part of the resist is dissolved and freed for the first DBR deposition.   

Step 3: First DBR with 9.5 periods of SiO2 / Si3N4 was deposited using Oxford Plasmalab 80 

PECVD as shown in  

Fig.5.14.  

Step 4: Lift-off process was performed to remove negative resist and free the substrate area 

for further deposition of other DBRs.  

Step 5: Second DBR deposition in the center of the substrate -  steps 2-4 are exactly the same 

but UV-exposure is done two times i.e. first on the region of the first DBR and then on one-

third of the free space of the substrate. The process for the fabrication of second DBR is 

shown in  

Fig.5.15. 

Step 6: Third DBR deposition – the process of first DBR (steps 2-4) are repeated exactly the 

same. 
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Fig.5.14: Deposition of first DBR: a). Two-third of the substrate was exposed with UV light using 

mask INA-SA5; b) after development and deposition of first DBR; c) after lift-off process, the DBR 

under the resist was removed.   

 

 
 
Fig.5.15: Deposition of second DBR: a). The first DBR is exposed; b) one-third of the free region is 

exposed; c) second DBR is deposited; d) after lift-off process, the resist is removed. 
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6.  OPTIMIZATION OF UV-SCIL PROCESS FOR 
HIGHLY SELECTIVE OPTICAL FILTER ARRAYS   

 

This chapter deals mainly with the methods and processes which have been implemented to 

investigate and optimize UV-SCIL process for the fabrication of highly selective FP filter 

cavities. The spectral selectivity of filter lines depends mainly on the precise fabrication of 

filter cavity heights. The methods include the fabrication of stable hybrid SCIL templates, 

control of thermal as well as polymerization shrinkage in the vertical dimensions of the 

polymer filter cavities, and finally the solutions and methodologies developed for highly 

uniform residual layer thickness. 

Section 6.1 discusses the drawbacks of glass carrier used in the conventional SCIL templates 

and reports the advantages and implementation of flexible carriers. 

Section 6.2 reports the influence of exposure time and temperature on the shrinkage of polymer 

cavities. The optimization of process parameters for AMONIL imprint material is also 

discussed. 

Section 6.3 explains three different approaches for obtaining highly uniform residual layer 

thickness across all vertically varying filter cavities.     

 

6.1  Transfer of Hybrid SCIL Templates to Flexible Carriers  
 
As discussed (section 5.3), UV-SCIL processes are based on hybrid templates. The hybrid 

SCIL templates comprise mainly two parts i.e. a carrier and a PDMS stamp. Conventionally, 

200 μm thick glass carriers are used to hold PDMS stamps. But, the glass carriers are fragile 

and are easily broken if they are not handled carefully. The mishandling of the glass carrier 

and its consequent damage results in the waste of effort, time and money. On the other hand, 

plastic or any flexible carriers do not suffer any damage even they are bent inside as shown in 

Fig.6.1. Therefore, different types of flexible materials are investigated to explore a possible 

replacement of the glass carrier in the replication process. In this research work, commercially 

available flexible sheets which are commonly used as transparencies have been investigated 

to replace the glass carriers. The flexible sheets varying in thicknesses from 100 µm - 200 µm 

have been investigated on the basis of three aspects i.e. the temperature tolerance, UV light 

transparency and finally the comparison of imprint results using mr-UVCur06.  
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Fig.6.1:  Flexible carrier for hybrid SCIL template 

 
I. Temperature Tolerance 

 
In the replication process for SCIL templates, the carriers with stamps are placed on a hotplate 

at 65 °C for four days for the curing of the replicated structures. Therefore, the flexible 

carriers of different thicknesses are tested against different temperatures. All of the materials 

showed stability at 80 °C. But, the treatment of temperature beyond 110 °C demonstrated 

deformation in the carrier materials. It can be concluded that the investigated flexible sheets 

are stable against the required levels of temperature and, therefore, these materials can be 

considered as carriers for SCIL templates. 

 
II. UV-light Transparency Measurements 

 
In UV-SCIL process, curing of the imprinted 3D polymer cavities is performed by UV light. 

Therefore, the SCIL templates have to be transparent to UV light in the wavelength range of 

360 – 365 nm. In this work, a measurement setup called LAMBDA 900 UV/VIS/NIR 

Spectrophotometer from Perkin Elmer Instrument has been used for the measurement of UV 

transparency. Fig.6.2 shows a transmission measurement from 200 – 500 nm for a flexible 

carrier of 200 µm thickness.   
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Fig.6.2: Transmission spectrum of wavelengths for a 200 µm thick flexible carrier. 

 
The figure shows a sharp drop in the intensity for wavelengths below 340 nm. However, the 

intensity at 360 nm in all cases is enough to be used for the curing in SCIL imprint process.  

 
III. Characterization of Imprint Results 

Hybrid templates were replicated on different carriers from a master template comprising 64 

different cavity heights. Fig.6.3 shows WLI measurement of the imprinted cavities from a 

SCIL template based on a flexible carrier.  

 
Fig.6.3: White light interferometer image showing imprint results from a SCIL template based on 

flexible carrier. 

200 250 300 350 400 450 500
0

10

20

30

40

50

60

70

80

90

X: 360

Y: 82.11

Wavelength/nm

T
ra

ns
m

is
si

on
/%



 

69 
 

The average deviation in the heights of the master template and its replicated SCIL templates 

on different carriers is given in Tab.6.1. 

 
Tab.6.1: Average deviation in cavity heights between the master template and the corresponding SCIL 

templates replicated on carriers of different thickness.  

Master Template GaAs Template: TGn067 

SCIL Stamp 100 um 125 um 180 um 200 um 

Average deviation 6.8 nm 6.5nm 7.5 nm 6.8 nm 

 

The hybrid PDMS stamps implemented for UV-SCIL process are characterized to check the 

quality of imprints with respect to different carriers. The same imprint parameters are applied 

for all hybrid PDMS stamps. The list of imprint parameters is given in Tab.6.2. 
 

Tab.6.2: Overview of SCIL imprint process parameters 

Material Viscosity Exposure time Process delay 

mr-UVCur06 15 milliPascal seconds 120 seconds 180 seconds 

 
6.2  Optimization of UV-SCIL Process Parameters  
 
UV-SCIL process is performed to imprint 3D filter cavities on a polymer material such as mr-

UVCur06 and AMONIL. However, the imprinted cavities suffer undesired variations in the 

vertical and lateral dimensions during the imprint process. The main reasons causing the 

variation include UV-curing shrinkage (Section 3.4.3) and non-uniform RL thickness (Section 

3.4.4). The solutions and experimental results for the non-uniform RL thickness are discussed 

in (Section 6.3). The influence and control of the shrinkage in the vertically varying polymer 

cavities is discussed in the following section. 
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6.2.1 Investigation and Minimization of Shrinkage in Imprint Polymer 

Materials 
 

In the fabrication process for FP filter cavities, shrinkage is encountered at two different 

stages i.e. during UV-curing process and during top DBR deposition. Shrinkage is the net loss 

of a volume in polymer imprint material. UV-curing causes shrinkage in the polymer imprint 

materials as a result of chemical bond formation [72]. On the other hand, deposition of top 

DBRs at different temperatures causes a thermal shrinkage in the imprint materials. As a 

result, the heights of the filter cavities are affected which consequently cause a shift in the 

spectral position of the resonant filter lines. For example, if we need a filter line at 415 nm, 

the filter cavity height of 134 nm and refractive index of 1.55 are required. The shrinkage in 

the cavity heights by 10% will shift the spectral position of the filter line to 361 nm. 

Resnick, Hiroshima and Ryu measured the shrinkage of UV imprint materials after curing 

[72, 121, 122]. Resnick found approximately 20% shrinkage in the vertical dimension of the 

imprinted structures and reported that the shrinkage was independent of the structure size. The 

shrinkage due to UV-curing investigated by Dr. Albrecht for different imprint materials is 

given in the Tab.6.3 [27]. 

 

Tab.6.3: Overview of the average shrinkage of the lateral and vertical dimensions in different imprint 

materials during UV curing of SCIL process [26] 

Imprint Material Lateral Shrinkage (%) Vertical Shrinkage (%) 

AMONIL MMS4 1.2 24.1 

mr-UVCur06 0.8 19.3 

Sol-Gel 0.8 23.6 

UV Sol-Gel 0.8 23.2 

 
In continuation of the research work of Dr. Albrecht on the shrinkage of the imprint materials, 

further investigations are carried out in this thesis work to study different aspects of shrinkage 

as well as to minimize it. The influence of temperature and the exposure time are mainly 

considered in this study. The consideration of temperature is important due to the deposition 

of top DBR on the imprinted cavities at higher temperatures. The exposure time is the time for 
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which the imprinted structures are cured by UV light. Therefore, the dose of UV exposure and 

its underlying effect on the shrinkage has been studied.  

I. Effect of Temperature on the Shrinkage of Imprint Polymer Materials 

The fabrication of static FP filters involves three steps i.e. deposition of bottom DBR, imprint 

of polymer cavities and finally the deposition of top DBR. The temperature dependency of the 

polymer shrinkage is important to investigate because the deposition of DBRs is done for few 

hours at higher temperatures such as 120°C or 300 °C. In this work, the thermal shrinkage of 

imprint materials such as mr-UVCur06 and AMONIL has been investigated. Since, there is no 

direct method to measure the thermal shrinkage while depositing the top DBR in the machine 

and, therefore, UV-SCIL process is performed to imprint polymer cavities on the glass 

substrates using mr-UVCur06 and AMONIL polymers. The glass substrates are later placed 

on hotplate at 120°C for three hours in order to check the shrinkage in the imprinted structures 

due to the temperature. It is important to note that these investigations of thermal shrinkage 

are performed with direct exposure of the printed polymer cavities to temperature without any 

metallic deposition on them. Fig.6.4 shows WLI measurement of a cavity with the height of 

162 nm. After heating the sample at 120 °C for three hours, the same cavity is measured to be 

147 nm in height. The shrinkage of 15 nm in vertical dimension and 3 μm in the lateral 

dimension indicates a considerable effect of temperature on the imprinted structures. 

 

 
Fig.6.4:  a). The WLI measurement of a cavity height imprinted with mr-UVCur06 on a glass substrate 

before heating, b). The WLI measurement of the cavity height imprinted with mr-UVCur06 after 

heating at 120 °C for three hours.  

a) 

b) 
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To further analyze the thermal shrinkage at different temperatures, an array of 64 cavity 

heights is imprinted on mr-UVCur06 and AMONIL polymers on different samples. The 

samples, which were placed on a hotplate for three hours at different temperatures, indicate 

different average values for thermal shrinkage as given in Tab.6.4.  

 

Tab.6.4: Overview of the average shrinkage of the vertical dimensions in different imprint materials 

due to temperature exposure 

Imprint 
Material 

Vertical 
Shrinkage Temperature Time 

mr-UVCur06 15.5% 120°C 3 hours 

mr-UVCur06 13.3% 60°C 3 hours 

AMONIL 12% 120°C 3 hours 

 
II. Influence of UV-exposure time on the polymer shrinkage  

 
UV light is the curing source for the polymer cavities imprinted with UV-SCIL process. Upon 

UV exposure, photochemical cross-linking of the monomers occurs during polymerization. 

As a result, the spacing between the monomers is reduced and the net loss of the volume is 

observed. Therefore, the length of exposure time plays important role in the formation of the 

imprinted structures.   

The time of UV exposure has been investigated to determine its influence in the shrinkage of 

the imprinted cavity heights. However, the intensity and the wavelength of the applied UV 

light are kept constant. To determine the shrinkage, the imprinted cavity heights based on 

different exposure times are measured with WLI and are compared with the heights on the 

master template. The heights of the master template are taken as a reference for the 

subsequent measurements of the shrinkage in the imprinted cavity structures. UV-SCIL 

process is implemented on different samples using exposure times from 180 seconds down to 

40 seconds. It is observed that any further lowering of the exposure time results in 

deformation of the imprinted structures due to insufficient curing.  

Fig.6.5 shows a comparison of the master template heights (in green) and imprinted cavity 

heights (in red) based on 180 seconds of UV-exposure. It can be seen that the highest cavity 

on the master template (i.e.180 nm) is measured to be 140 nm in the imprint result. The 

difference of 40 nm is termed as 22% of shrinkage in vertical dimension of the imprinted 
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cavity compared to the same cavity on the master template. The comparison of all cavities 

suggests that the higher cavity heights (> 80 nm) on the master template lead to higher 

shrinkage in their vertical dimension whereas the lower cavity heights (< 50 nm) do not 

undergo any shrinkage but they tend to slightly swell or expand in vertical dimension.  

 

Fig.6.5: A comparative analysis of cavity heights on a master template (green) and their imprints (red) 

on mr-UVCur06 polymer with 180 seconds of UV exposure in UV-SCIL process. 

 

The imprint results based on 120 seconds of UV-exposure time show a reduction in the 

polymerization shrinkage over the results at the exposure of 180 seconds, as shown in Fig.6.6. 

Comparing the highest cavity on the master template and the imprint result, a difference of 30 

nm is observed which measures 16.6% of shrinkage in the vertical dimension of the imprinted 

cavity heights. However, a comparison for lower heights shows nearly similar results as 

observed in the previous case. 

 

 
Fig.6.6: A comparative analysis of cavity heights on a master template (green) and their imprints (red) 

on mr-UVCur06 polymer with 120 seconds of UV exposure in UV-SCIL process. 

Fig.6.7 depicts the effect of 100 seconds of UV-exposure on the vertical shrinkage in the 

imprinted filter cavities as compared to the same cavities on the master template.  The imprint 
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results show nearly similar shrinkage pattern as obtained in the previous imprint results for 

120 seconds of UV exposure. 

  
 

 

Fig.6.7: A comparative analysis of cavity heights on a master template (green) and their imprints (red) 

on mr-UVCur06 polymer with 100 seconds of UV exposure in UV-SCIL process. 

Fig.6.8 shows the comparison of imprinted cavity heights at 80 seconds of UV-exposure time 

with those on the master template. It is observed that the vertical shrinkage is still significant. 

Later, the exposure time was further lowered to 70 seconds, 60 seconds and 50 seconds in a 

bid to further minimize its influence on the shrinkage of the imprinted cavity structures but no 

significant improvement was observed. However, the imprints at 40 seconds of UV-exposure 

produced relatively better results with minimum shrinkage.   
 

 

Fig.6.8: A comparative analysis of cavity heights on a master template (green) and their imprints 

(red)on mr-UVCur06 polymer with 80 seconds of UV exposure in UV-SCIL process. 

 
Fig.6.9 shows the results based on 40 seconds of UV-exposure time. It is observed that the 

difference of the highest cavity on the master template (180 nm) and the imprint result (162 

nm) is measured to be 18 nm which is a 10% of shrinkage in the vertical dimension. 
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Comparing the results of 40 seconds of UV-exposure to the results of 180 seconds of 

exposure time, a significant drop of 12% in the vertical shrinkage is achieved. It was also 

observed the imprinted cavities cured at 40 seconds of UV-exposure were stable during all 

subsequent processes of top DBR deposition, lift off process in acetone, etc. Therefore, 

imprint process was performed using 40 seconds exposure for the fabrication of FP filters.   
 

 

Fig.6.9: A comparative analysis of cavity heights on a master template (green) and their imprints (red) 

on mr-UVCur06 polymer with 40 seconds of UV exposure in UV-SCIL process. 

 
The exposure time of UV light was further reduced to 30 and 20 seconds, but the imprinted 

cavities manifested a deformation in their shape. This indicates that the applied exposure time 

is not sufficient to cure and harden the imprinted cavities. Tab.6.5 gives a summary of 

average shrinkage of all 64 cavity heights in vertical dimension at different exposure times of 

UV light in SCIL imprint process. The parameters such as UV lamp intensity and process 

delay are kept the same for all the samples. 
 
 
Tab.6.5: Overview of the average shrinkage in vertical dimension of mr-UVCur06 imprinted cavity 

heights at different UV exposure times in SCIL imprint process. 

S.No Intensity 
(Watts/m2 ) 

Process Delay 
(Seconds) 

Exposure Time 
(Seconds) 

Vertical 
Shrinkage (%) 

1 18 300 180 14.80 

2 18 300 120 13.50 

3 18 300 100 12.10 

4 18 300 80 13.30 

5 18 300 40 5.70 
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Conclusion  

From the investigations on shrinkage, it is obvious that the imprinted polymer cavities tend to 

shrink during UV-SCIL process due to polymerization and during top DBR deposition due to 

the rise in temperatures. The polymerization shrinkage reduces with the lowering of UV-

exposure time and the exposure of 40 seconds provides the minimum vertical shrinkage as 

shown in Tab.6.5. However, further decrease in the exposure time leads to the state of under-

curing and thereby resulting in unstable polymer cavities due to insufficient UV dose. It is 

also observed the lower cavity heights demonstrate expansion. Therefore, it is not possible to 

completely avoid the shrinkage in the imprinted polymer cavities by simply changing the 

process parameters for UV-SCIL and top DBR deposition.   
 
 
6.2.2  Optimization of AMONIL for Fabrication of Polymer Cavities  
 
AMONIL (AMO, Germany) is an inorganic polymer material which is implemented as an 

imprint resist for the fabrication of filter cavities. AMONIL offers high optical properties with 

its refractive index of 1.55 in the visible range. The imprints based on AMONIL provide very 

good results for filter cavities with smaller lateral dimensions [27]. The filter cavities of larger 

lateral sizes such 40 x 40 μm2 suffer the problem of incomplete filling and show meniscus 

profile. This problem occurs mainly because of higher viscosity (i.e. 50 mPa. s) of the 

material. Therefore, the viscosity of AMONIL is diluted with ethanol to optimize the imprint 

process and obtain precise filter cavities using AMONIL. 

Different ratios of AMONIL and Ethanol were investigated for imprint process; the following 

imprint process as given in the Tab.6.6 provides optimal results with excellent profile of filter 

cavities.    

 
Tab.6.6: Imprint process recipe with optimized dilution ratio for AMONIL and Ethanol 

Material AMO : Ethanol Coating 
speed 

Exposure 
time 

Process 
delay 

AMONIL 
MMS1 

1  :  3 2000 rpm 180 seconds 360 seconds 

 

Using the optimized imprint recipe, UV-SCIL process was performed to imprint an array of 

cavities with different heights. The cavities are completely filled and show perfectly square 

profile of the individual cavity heights.  
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Fig.6.10 shows the WLI results for the surface profile of 3D filter cavities. The surface quality 

and perfect structuring of 3D cavities with different heights have been achieved.  

 

 
 

Fig.6.10: Imprint results with the optimized AMONIL and Ethanol ratio (1:3) showing square cavities 

of 40 x 40 μm2 lateral dimensions. 

 

6.3  Approaches for Thin and Uniform Residual Layer 

Thickness in UV-SCIL Process 

 

As discussed in (Section 3.4.4), the RL thickness cannot be avoided in a nanoimprint process 

based on soft templates. UV-SCIL imprint process, which is implemented in this work to 

fabricate filter cavities for optical filter arrays, encounters RL in almost all types of imprint 

materials. However, the additional thickness beneath the imprinted cavities can be removed by 

plasma etching or can be compensated in the template design provided the residual layer is 

uniform.   

The 3D SCIL template developed for our static nanospectrometer comprises 64 vertically 

varying filter cavities with heights ranging from 30 nm to 181.2 nm as shown in Fig.6.11. The 

diversity in the cavity heights produces a variation in the RL across all the cavity patterns. To 

achieve uniform RL, different approaches are implemented and discussed in the following 

sections. 
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  Fig.6.11: The array of 64 vertically varying cavities with a step of 2.4 nm on the SCIL template. 

 
6.3.1  Measurement Methods for Residual Layer Thickness 
 

The thickness of residual layer below the cavity heights can quantitatively be measured by two 

methods i.e. the first is a direct method which is based on plasma etching of the polymer and 

the second method is an indirect method of RL measurement from filter lines of FP filters.  

Method I: The first method of residual measurements involves few steps of lithography and 

plasma etching. First of all, mrUVCu06 polymer is spin-coated on a glass substrate. Then UV 

SCIL process is performed on the spin-coated polymer using a 3D SCIL template with 64 

different cavity heights. The imprinted cavity heights are measured with White Light 

Interferometer (WLI). Following the WLI measurements, a thin layer of aluminum is 

deposited over the whole area of the structured cavity heights. Since the imprinted cavity 

structures are transparent, therefore aluminum deposition is done for the subsequent 

lithography steps where alignment of mask pattern on the cavity structures is required. Later, 

photolithography with positive photoresist is done using a mask of stripes. The aluminum is 

removed from the exposed part in an aluminum wet etchant and then polymer without 

aluminum is etched down to the substrate with O2 plasma. The remaining aluminum is 

completely removed in the etchant and finally a thin layer of platinum is deposited on the top 

of the structures and the glass substrate. The height of residual layer is measured as shown in 

Fig.6.12.  
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Fig.6.12:  a) Imprinted cavity heights; b) deposition of aluminum layer and photolithography; c) 

etching of aluminum in wet etchant and plasma etching of mr-UVCur06 down to the substrate; f) WLI 

measurement of residual thickness with the reference to substrate.  

 

Method II: To implement the second method of residual measurements, a complete array of 

64 FP filters based on different cavity heights is fabricated. The FP filters based on two 

identical DBRs having 9.5 periods of SiO2 /Si3N4 and mrUVCur06 cavities are characterized 

with microscope spectrometer setup (Section 4.3.3) for their filter lines. The cavity heights are 

calculated on the basis of filter lines and the corresponding refractive index using Eq. 6-1. The 

heights obtained from FP filter lines include the thickness of the designed cavity height and the 

thickness of the RL. Thus, the calculated heights and the designed cavity heights are compared 

and the resulting difference is deemed as the amount of residual thickness. 

𝐿 =  𝑚   
𝜆𝑐

2 𝑛
    ;  𝑚 =  1, 2, 3, ..     (6.1) 

 
6.3.2 Influence of Initial Resist Thickness on the Residual Layer 
 
The spin-coating speed defines the thickness of the coated resist i.e. the higher the speed of the 

spin-coater the thinner coating layer of the imprint material and vice versa. In this way, the 

volume of the applied imprint material can be controlled. Therefore, it is important to find a 
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relationship between the initial thickness of the spin-coated resist layer and the RL thickness 

resulting from UV-SCIL process. The imprint material, mr-UVCur06, is spin-coated at 

different speeds on different samples and their corresponding thicknesses are measured as 

given in Tab.6.7. 

Tab.6.7: Spin-coating speeds and the corresponding thicknesses of the coated layers. 

Sample name Spin-coating speed mr-UVCur06 thickness 

Sample 1 3000 rpm 242 nm 

Sample 2 4000 rpm 180 nm 

Sample 3 5000 rpm 143 nm 

 
The RL measurements are based on the template layout (INA-SA4). The template layout is 

designed with a distribution of 64 different cavity heights in 16 groups with each group 

comprising 4 cavities and having identical average volume. The distribution of filter cavities 

in groups with a constant height is made in order to produce a low and uniform residual 

thickness in the imprint results. The details related to INA-SA4 are given in the PhD thesis of 

Dr. Albrecht [27].  

Using a SCIL template from INA-SA4, the three samples given in Tab.6.7 are imprinted using 

UV-SCIL process on mr-UVCur06 polymer. The RLs for each sample are measured using 

first method (Section 6.3.1). The quantitative measure of RLs vs. cavity heights for three 

samples is shown in the following figures Fig.6.13, Fig.6.14 and Fig.6.15.   
 

 
 

Fig.6.13: Evaluation of residual layers for 64 cavity heights at initial spin-coated thickness of 242 nm. 
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Fig.6.14: Evaluation of residual layers for 64 cavity heights at initial spin-coated thickness of 180 nm. 

 

 
 

Fig.6.15: Evaluation of residual layers for 64 cavity heights at initial spin-coated thickness of 143 nm. 

 
The above figures indicate that the RLs, which are based on different initial thicknesses of the 

same imprint material, are non-uniform across all the cavity heights. However, the 

comparative analysis of the average RLs for each sample indicates that the lower initial 

thickness produces relatively less residual layer thickness as shown in Tab.6.8.  

The RLs for different initial coated thicknesses can also be evaluated by the characterization 

of FP filters. To accomplish this, three samples are prepared with 9.5 periods of PECVD 

bottom DBRs and then coated with mr-UVCur06 polymer using different spincoating speeds 

as indicated in Tab.6.7.  UV-SCIL process implements the imprint of 64 cavity heights on the 

bottom DBRs followed by the deposition of top DBRs. The filter arrays of the three samples, 
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which are characterized with microscope spectrometer setup for the analysis of transmission 

spectra, demonstrate variations in the spectral width of the filter lines within the stopband. 

Tab.6.9 shows that the larger initial thickness produces a broader spectral coverage of 

stopband by the filter lines from 64 FP filters. 

 
Tab.6.8: Comparison of initial spin-coated thickness and the resulting average residual layer.  

Substrate name Speed of spin 
coater 

Thickness of 
mrUVCur06 

Average residual 
thickness 

Sample 1 3000 rpm 242 nm 117 nm 

Sample 2 4000 rpm 180 nm 93 nm 

Sample 3 5000 rpm 143 nm 90 nm 

 

Tab.6.9: Effect of initial spin-coated thickness of mr-UVCur06 polymer on the total spectral coverage 

by 64 FP filters.  

Substrate name Thickness of mrUVCur06 Spectral coverage 

Sample 1 242 nm 40 nm 

Sample 2 180 nm 31 nm 

Sample 3 143 nm 16 nm 

  

As discussed above, the residual layer thickness can be minimized by lowering the spin-

coated thickness of the imprint material. But the lower initial thickness results in reduced 

spectral bands of the filter lines within the stopband. This arises from the fact that the higher 

cavities are not completely filled due to insufficient volume of the initial coated layer of the 

imprint material. Fig.6.16 shows WLI measurements of the three samples for exactly the same 

cavities indicating that the higher cavity in Sample 1 measures to be 135 nm whereas it is 115 

nm and 90 nm in Sample 2 and Sample 3, respectively. Besides, the vertical step difference 

between the neighboring heights gets reduced which results in the overlap of the spectral 

position from different filters.   
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Fig.6.16: White light interferometer measurements of two adjacent cavity heights of the imprinted 

samples at different initial thicknesses (242 nm, 180 nm and 143 nm). 

 
The narrower spectral band suggests that several FP filters based on different cavity 

thicknesses have identical spectral positions. The overlapping of the filter lines from different 

FP filters is mainly because of the influence of RL thickness and the incomplete filling of the 

higher cavities during imprint process. The non-uniform RL and incomplete filling of the 

higher cavities affect the thickness of the designed filter cavities and make several filter 

cavities identical in the thickness.     

Conclusion 

 Given the above results, it can be concluded that the lowering of the initial thickness of the 

spin-coated resist helps to reduce the RL thickness but at the same time it lowers the spectral 

width within the stopband of the implemented DBRs due to incomplete filling of the higher 

Sample 2: T ~180 nm 

 

Sample 3: T ~142nm 

 

Sample 1: T ~242nm 
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cavities. Therefore, initial thickness should be large enough to realize distinct filter lines for 

different FP filters and, thus, the spectral band covered by the filter lines can be broadened. 

To achieve very thin and highly uniform RLs across all the imprinted cavity heights, the 

distribution layout of the mask (INA-SA4) is further improved as discussed in Section 6.3.3. 

 

6.3.3  Increasing Vertical Step Difference in Cavity Heights 
 
The second approach to handle the non-uniform RL and avoid the overlap of the spectral 

positions of different filters is to increase the vertical step difference between the filter heights. 

As discussed in Section 6.3.2, the filter lines from 64 different FP filters cover a narrow 

spectral band within the stopband, and several filters produce transmissions at the identical 

spectral positions due to non-uniform variation in the resulting RLs. To broaden the spectral 

gap between the filter lines and investigate the influence of the RLs for a cavity array with 

higher vertical step difference, a new master template is fabricated using the template design 

INA-SA4. The master template comprises 64 cavities with heights ranging from 30 nm to 408 

nm with a step of 6 nm. Fig.6.17 shows the designed 64 cavity heights for the master template.  

Using a 3D SCIL template replicated from the master template, UV-SCIL imprint process is 

implemented to produce 64 FP filters. The static filters are based on λc of 550 nm, 9.5 periods 

of SiO2 / Si3N4 PECVD DBRs and mr-UVCur06 polymer cavities. The filter lines from 64 

filters are shown in Fig.6.18. 

 

 

Fig.6.17: 64 different cavity heights of new master template with a step difference of 6 nm. 
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Fig.6.18: Mapping of cavity heights and the corresponding filter lines (above). The optical 
characterization of transmission spectra for FP filters with a step difference of 6 nm (below). 

 

Conclusion  

It is evident from the above figures that increasing step in the filter cavity heights does not 

produce distinct filter lines for 64 FP filters. The covered spectral width is nearly the same as 

it is observed for 2.4 nm cavity gap template. Therefore, it may be concluded that changing 

the step difference of cavity heights from 2.4 nm to 6 nm has no any different effect on the 

resulting RLs and the filter lines from 64 static FP filters. 
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6.3.4  Volume-equalized Template Design for Uniform Residual Layers 
 
The third and more efficient approach is to optimize the template design by distributing the 

vertically varying filter cavities in a manner that the variation in the RL due to the diversity in 

the cavity heights can be controlled in the imprint process. The idea of optimizing the template 

design in order to obtain uniform RLs across different cavity heights is already reported at INA 

in the PhD work of Dr. Albrecht [26].  

I. Analysis of Existing Template Design (INA-SA4) 

The existing template design (INA-SA4) is based on 64 different cavity heights, which are 

arranged in 16 groups with each group comprising 4 cavities. The average height of each group 

is kept the same. Therefore, all the units being identical in volume are considered to fill the 

same amount of imprint material and consequently producing a uniform residual thickness. 

The imprint results, based on the template, demonstrate uniformity in the residual thickness 

around some spots but the desired uniformity across the whole template area has been 

achieved, as shown in Fig.6.19.   

 

Fig.6.19: WLI measurement of imprinted 64 different cavity heights based on mask INA- SA4 [27].  
 

The WLI image shows the difference of the RL thickness in the imprinted cavities. The 

cavities of the two surrounding rows and columns have all the same height, whereas the 

cavities in the inner area have a random height. The inner area on the right side of the Fig.6.19 

shows a variation in color in the gaps of the cavities. The highest cavities (red color) indicate 

the thinnest residual (blue color) and the lowest cavities (yellow) indicate the thickest residual 

thickness (green). The measured difference between the thickest and the thinnest RL is 40 nm 

which is an improvement over the results from the previous layout design where the difference 

between the thickest and the thinnest was measured to be 69 nm [27]. Based on the analysis of 



 

87 
 

the existing template design INA-SA4, it is observed that the average height of each group is 

nearly the same (i.e. 105 nm) as indicated for the first two groups in the green color in 

Tab.6.10. 

Tab.6.10: The elaboration of the distribution of cavity heights in first two units of the mask INA-SA4.  

 

Since the cavities in the groups are not physically isolated, the average height of 4 cavities 

between the adjacent groups (i.e. 82.8 nm) can also be considered. If additional units of the 

cavities from the adjacent units are formed, then the average height of each unit is analyzed in 

Fig.6.20. The figure shows the possible formation of 50 groups and their deviation from the 

average value (105 nm). Apart from the basic 16 units, the rest of the units have a sharp 

variation in the average value. Besides, the position of very high cavity heights in the direct 

neighborhood of very low cavity heights causes volume differences in the neighboring units 

and later produces a variation in RL thickness. The noted differences affect the uniform filling 

of imprint polymer. Therefore, formation of additional quadruple units and the position of 

each single cavity relative to its neighboring cavities need to be considered in order to 

compensate the volume differences of the individual cavity heights. 



 

88 
 

 

Fig.6.20: The comparison of the average heights of the individual units with the mean value (105 nm) 

of the filter cavities in template design INA-SA4. 

Conclusion: The deviation of individual units from the mean value in the design INA-SA4 

produces the reported non-uniformity in the RLs. Considering the limitations in INA-SA4 

design, an optimized template design is implemented and discussed below to achieve highly 

uniform RLs across all the filter cavities during imprint process. 

II. Volume-equalized Template Design (INA-SA5)  
 
The volume-equalized template design (INA-SA5) is an improved version of the previous 

design (INA-SA4). The distribution of 64 filter cavities is based on several volume-equalized 

units where the average height of each single unit is equal to the mean value of all 64 different 

cavity heights (i.e. 105 nm). The implemented 64 cavities include heights from 30 to 181.2 

nm with a common step difference of 2.4 nm. The filter cavities have identical lateral 

dimension of 40 ⋆  40 𝜇𝑚 and the distance between the adjacent heights is 11.2 𝜇𝑚. In the 

volume-equalized template design, not only the average height of each unit is kept constant but 

also the position of each cavity height relative to its neighboring cavities is considered. Since 

the filter cavities are arranged into an array of 8 rows and 8 columns, so the filling factor of the 

individual heights in each unit is likely to be influenced by the cavity heights in the 

surrounding units, thus leading to the rise of a non-uniform thickness of the RL. To control this 

effect, additional units of quadruple cavities from the adjacent units have been considered in 

the same manner as the basic units as shown in Fig.6.21. Moreover, the average height of 8 
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cavities in each row is nearly same, which is expected to provide uniform residual thickness 

for each row across the whole template design. The character A1 and A2 indicate basic units 

whereas A12, which is made out of the two basic units, represent an additional unit. 

 

(ℎ𝑎   +  ℎ𝑏 +  ℎ𝑐 +  ℎ𝑑)

4
 =  𝐴1  =  𝐴2  =  𝐴12 

Fig.6.21: Distribution of 64 cavity heights into 16 units with each unit comprising 4 different heights  

The calculation and distribution of the designed filter cavities in volume-equalized units is 

performed with the help of a mathematical program which is developed in Matlab® (see 

Appendix A1.2). The distribution of 64 different cavities on the template design (INA-SA5) is 

shown in the Tab.6.11. 

The average heights of all possible units from 64 cavities and their comparison to the mean 

value in the optimized template design are given in Fig.6.22. The figure shows comparison of 

units before and after the arrangement. The units, which are based on 4 cavity heights and 

arranged in ascending order, show a non-linear trend in the average values as shown with the 

blue dotted line. However the units, comprising the cavity heights which are distributed in a 

volume-equalized manner, show a uniform average value. 
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Tab.6.11: The elaboration of the distribution of 64 cavity heights in the volume-equalized design 

template INA-SA5. 

178.8 30.0 174.0 34.8 152.4 39.6 147.6 51.6 

32.4 162.0 56.4 176.4 61.2 169.2 66.0 157.2 

128.4 92.4 138.0 70.8 116.4 97.2 118.8 85.2 

102.0 106.8 78.0 140.4 104.4 114.0 90.0 109.2 

111.6 94.8 126.0 99.6 133.2 80.4 121.2 87.6 

82.8 123.6 68.4 135.5 75.6 142.8 73.2 130.8 

145.2 63.6 150.0 58.8 154.8 54.0 159.6 49.2 

44.4 164.4 42.0 171.6 46.8 166.8 37.2 181.2 

 

 

 

Fig.6.22: The arrangement of units in an ascending order (blue) and in volume-equalized manner (red) 

 
The illustration of two basic units and a formation of an additional unit out of them are given 

in the Tab.6.10. The average height of the basic units is close to the mean value (105 nm) and 

the additional unit, which is considered in the template design, measures to be 104 nm. 
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Tab.6.12: The elaboration of the distribution of the cavity heights in first two units of mask INA-SA5. 
 

 
 

 

III. Evaluation of Volume-equalized 3D Nanoimprint Templates 
 

The high resolution 3D master template has been successfully prepared using seven steps of 

lithography and reactive ion etching. The WLI measurement of surface profile of 64 cavities 

with different heights is shown in Fig.6.23. The difference of color indicates a variation in the 

fabricated cavities. The cavities on the master template measure an average variation of 3% in 

the vertical heights from the designed cavities. The average height for individual units, based 

on 4 surrounding cavities, is close to the average of 64 heights (i.e. 105) with a deviation of 2 

to 3 nm.  

The master template was prepared for the replication of 3D SCIL template. The SCIL 

template comprises 64 cavity depths in mirror symmetry to the corresponding cavity heights 

of the master template as shown in Fig.6.24. The replication of the depths on the SCIL 

template is not very precise and suffers an average shrinkage of 4% as compared to the cavity 

heights on the master template. It is also observed that the average height of 64 cavity depths 

on the SCIL template measures to be 100.5 nm as against 105 nm on the master template. 
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Fig.6.23: WLI measurement of 3D cavities of master template (top) and the surface profile of first 8 

cavities with different heights (bottom). 

 

 
 

Fig.6.24: WLI measurement of cavity depths of 3D SCIL template (top) and surface profile of first 8 

cavities with different depths (bottom) 
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IV. Imprint Results and Evaluation of Residual Layer Thickness 
 

Based on the optimized and volume-equalized distribution of 64 cavities, a master template is 

fabricated on a GaAs substrate in a digital manner using several steps of photolithography and 

reactive ion etching. Then, the master template is processed for the replication of a 3D SCIL 

template which is further implemented for UV-SCIL process for the fabrication of 3D filter 

cavities. For the evaluation of RLs across all template patterns, UV-SCIL process is 

performed on a glass substrate using mr-UVCur06 polymer. The applied imprint parameters 

include 3 minutes of process delay and 40 seconds of UV-exposure time. The WLI 

measurement of the imprinted cavities demonstrates uniform residual thickness across all the 

vertically varying filter cavities. The similarity of color in the gaps of the cavities indicates a 

uniformity of the thickness Fig.6.25. 

 

 

 
 

Fig.6.25: WLI measurement shows the surface topology of the imprinted 64 different cavity structures 

and uniform distribution of residual thickness, b). The figure shows the surface profile of first 8 cavity 

heights.    

 
For the quantitative measure of the RL thickness for the individual cavities, the imprinted 

polymer cavities have been partly removed down to the substrate with O2 plasma etching. 

b) 

a) 
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Then, the RL for the cavities has been measured with reference to the substrate. Fig.6.26 

shows a WLI profile of three cavities which measure the same residual thickness (i.e. 110 nm) 

with a deviation of 2-3 nm. This proves highly uniform RL based on the volume-equalized 

template design. 

 

 

 

Fig.6.26: WLI measurement of residual thickness for different cavities with reference to the substrate 

(top). The surface profile of three different cavity heights indicates the same measure of residual 

thickness (bottom).  

 

The RL thickness has also been characterized on the basis of optical characterization of FP 

filters. The filters, which comprise 9.5 periods of SiO2 /Si3N4 for bottom and top DBRs, are 

based on the center wavelength of 550 nm. The filter cavities on the SCIL template are 

nanoimprinted on the bottom DBRs using UV SCIL process. Finally, top DBRs are deposited 

on the imprinted polymer cavities to complete the fabrication of 64 FP filters. The optical 

characterization of the filters is performed using microscope spectrometer setup (section 

4.3.3). The spectral lines from 64 FP filters are shown in Fig.6.27. The figure indicates that 

some of the filter lines are overlapping or are close to each other suggesting that their cavity 

heights have no or very narrow difference in their heights. The probable reasons for this 

phenomenon could be 
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i. The fabricated cavities do not have a common step difference of 2.4 nm as desired in 

the design of the master template 

ii. The thermal shrinkage which occurs during the polymerization process causes a 

random variation in the imprinted cavity heights 

 

 

 

Fig.6.27: Transmission spectra of a filter array based on SiO2 /Si3N4 (9.5 periods) PECVD DBRs and 

mr-UVCu06 cavities 

 

It is important to note that the PECVD DBRs produce a limited stopband of 100 nm (Section 

5.4). The step difference of 2.4 nm in the cavity heights produces a gap of 7 nm in FP filter 

lines. If the RL resulting from imprint process is assumed to be uniform and the step 

difference in the cavity heights is fixed as 2.4 nm, then only sixteen instead of sixty four 

filters are required to sufficiently cover the spectral width of 100 nm. Therefore, the 

transmission spectra for fifteen different FP filers covering the spectrum from 500 - 600 nm 

are shown in Fig.6.28. 
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Fig.6.28: Transmission spectra of 15 FP filters based on 9.5 periods SiO2 /Si3N4 PECVD DBRs and 

mr-UVCu06 polymer cavities. 

 

It is obvious from the above figure that the spectral lines from 15 FP filters are nearly 

equidistant. The mapping of the filter lines to their corresponding cavity heights, as shown in 

Fig.6.29, indicates a linear correspondence between the cavity heights and spectral positions 

of the corresponding filter lines. This indicates a significant improvement in the RL thickness 

in the fabricated filter array based on the volume-equalized distribution of the filter cavities. 

However, it may also be observed from the mapping results that the residual thickness is not 

perfectly identical as the gaps between the adjacent filter lines are slightly different at 

different spots. This variation in the linearity of the filter lines is mainly because of the fact 

that the cavity heights in the fabricated FP filters do not exactly match the designed cavity 

heights. This mismatch comes from two possible reasons i.e. 

i. the vertical step of 2 nm between the adjacent filter cavities is not very perfectly 

achieved during the fabrication of master template due to unstable etch rate of the 

reactive ion etching processes 

ii.  the imprinted cavity heights undergo shrinkage due to polymerization during UV-

based imprint process and due to thermal effects during the deposition of top DBR 
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Fig.6.29: The mapping of cavity heights and the spectral position of their corresponding filter lines. 

 

Conclusion 

It can be concluded that the influence of the non-uniform RL thickness resulting from UV-

SCIL process affects the vertical dimension of resonant filter cavities, thereby, causing a shift 

in the spectral positions of the filter lines. It has been observed that the RL thickness depends 

on the volume of the imprint patterns i.e. different cavity heights fill up different volume of 

imprint material, thereby, resulting in the variation of the RLs. However, the volume 

differences of vertically varying cavities are balanced and consequently the rise of 

inhomogeneous RL is avoided by introducing a volume-equalized distribution of the filter 

cavities. Given this, the template design (INA-SA5) based on the distribution of 64 different 

cavity heights in several volume-equalized units has been reported. A 3D SCIL fabricated from 

the volume-equalized design is implemented for the fabrication of static FP filter arrays. The 

imprint results from the SCIL template have shown a highly uniform RL thickness (~110 nm) 

across all the vertically varying cavity patterns. However, a slight variation of 2-3 nm in the 

reported RLs has been observed. This variation comes from imperfect fabrication of the cavity 

heights during master template fabrication and SCIL template replication processes. The filter 

cavities on the master template suffer an average loss of 3% in vertical resolution. The cavity 

depths on the replicated 3D SCIL template indicate a resolution loss of 4% compared to the 

corresponding cavity heights on the master template. Therefore, the reported non-uniformity in 

the RLs can be avoided by precisely controlling the fabrication processes of 3D filter cavities.  
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The evaluation of the RLs based on the optical characterization of FP filter array has shown a 

nearly linear mapping between the cavity heights and the spectral positions of the 

corresponding filter lines. It is worth-noting the DBRs deposited with PECVD process produce 

a narrow stopband of approx. 100 nm and 16 FP filters with a vertical step of 2.4 nm and 

spectral gap of 7 nm are sufficient to cover the whole stopband. However, the deviations in the 

mapping of the filter cavity heights and the corresponding filter lines could be due to several 

reasons. The reasons may include imperfect fabrication of cavity heights, shrinkage or 

variation in the refractive index of the polymer cavities during the deposition of top DBRs, 

mismatch in the center wavelengths of the bottom and top DBRs, non-uniform deposition of 

DBR thin films or improper characterization measurements. Therefore, the influence of DBR 

deposition on the imprinted polymer cavities needs to be further investigated for the fabrication 

of highly stable and selective FP filter cavities.     
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7.  CHARACTERIZATION OF OPTICAL FILTER 
ARRAYS IN THE VISIBLE RANGE 

 
This chapter deals with the characterization of DBRs, 3D templates with multiple arrays of 

filter cavities and the optical filters.   

Section 7.1 reports on the characterization of multiple DBRs deposited on a single substrate. 

Three DBRs are deposited side by side with a defined gap on a 1 inch glass substrate.  

Section 7.2 discusses the characterization of 3D templates based on multiple arrays of filter 

cavities. It mainly discusses the characterization of three arrays including 16 different cavity 

heights, each, which are fabricated on a single GaAs substrate using different masking 

approaches.    

Section 7.3 explains the characterization of multispectral optical filter arrays which are 

fabricated using 3D templates to cover the whole visible spectral range.   

 

7.1  Characterization of Multiple PECVD-based DBRs on a 

Single Substrate 

The three DBRs based on different center wavelengths (Section 6.3) for the optical 

nanospectrometer in the visible range are deposited on a 1 inch glass substrate where each 

DBR covers one-third of the substrate. To equally distribute the substrate area into three 

divisions, no special mask has been used. However, the division is made with the help of 

photolithography using INA-SA5 photomask. Fig.7.1 shows a microscopic image of the three 

deposited DBRs based on 9.5 periods of SiO2 /Si3N4 each. The part in yellow color on the 

substrate indicates a DBR with 450nm center wavelength and the pink and blue color show 

the DBRs with 550 and 650nm center wavelengths, respectively. The optical characterization 

of the DBRs for their corresponding stopbands and reflectivity is shown in Fig.7.2. The 

surface quality of the DBRs on the sample is affected which, probably, comes from multiple 

lift-off processes involved in the deposition of three DBRs on the same substrate. 
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Fig.7.1: Microscopic image shows three DBRs deposited on a single substrate. DBR on the left has the 

central wavelength of 450 nm, the one in the center is with 550nm and the DBR on the right has a 

center wavelength of 650 nm.  

 
Fig.7.2: Optical characterization of 3 DBRs based on 450 nm, 550 nm and 650 nm center wavelength 

respectively. 
  

To facilitate the lift off process and align the arrays of FP filter cavities on the corresponding 

DBRs during SCIL imprint process, a separation of 60 μm between the DBRs has been 

introduced during lithography as shown in Fig.7.3.  
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Fig.7.3: Microscopic image shows a gap between first and second DBRs (left) and second and third 

DBRs (right) 

 
Conclusion: The deposition of multiple DBRs based on different center wavelengths has 

been successfully realized on a single substrate using a negative photoresist for lift-off 

process. However, the surface quality of the sample degrades due to multiple deposition steps 

which can be improved by optimizing the lift-off processes.  

7.2   Characterization of High Resolution 3D Master Template  
 
The fabrication of the master of the desired high resolution 3D master template                    

(see section 5.2) is performed on a 2 inch GaAs substrate using INA-SA5 photomask. The 

master template comprises three arrays of FP filter cavities (section 5.1.3) to cover the whole 

visible spectrum. Since each array comprises 16 different cavity heights, therefore the 

fabrication process requires five steps of photolithography and physical RIE etching. The 

required etch time (t) and the etching depth (d) for each step is given in the table Tab.7.1. 

 
Tab.7.1: The required etch time t and etch depth d for each fabrication step. 

 Left Array Middle Array Right Array 

Lithography 
Step t  [sec] d  [nm] t  [sec] d  [nm] t  [sec] d  [nm] 

1 2345 58 3600 92 4795 128 

2 540 16 630 16 510 16 

3 260 8 295 8 240 8 

4 100 4 130 4 90 4 

5 35 2 40 2 20 2 
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To accomplish the fabrication of three arrays of filter cavities on a single wafer, different 

masking materials such have been tested to protect the substrate against unwanted etching so 

that the protected areas can later be used for the production of other arrays of FP filter 

cavities. The characterization of the implemented materials for masking is discussed in the 

following sections. 

I. Characterization of Titanium Mask 
For testing of titanium as a protection mask, a thin layer of titanium (~ 50 nm) is deposited on 

the whole wafer except a small area which allows the fabrication of a single array of FP filter 

cavities. Fig.7.4 (a) shows a microscopic image of a GaAs substrate after the lift-off process 

and photolithography. The grey area is an uncovered portion of the GaAs substrate with resist 

patterns for the structuring of the filter cavities. The bright area on the sides is the deposited 

titanium layer for the protection against the RIE etching. After the etching process for 20 

minutes with the recipe of CH4 (6) / H2 (36), the photoresist and the titanium mask were 

removed in their solvents. Fig.7.4 (b) shows the structured areas on the wafer without the 

resist and titanium layer.    

 
Fig.7.4: Microscopic image of the GaAs wafer: a) after the deposition of the titanium mask and 

photolithography with etch patterns, b) after 20 minutes of etching and removal of the resist and the 

titanium mask. 
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Fig.7.5 shows a WLI measurement of the obtained 3D cavity structures. The heights of all the 

cavities are the same i.e. 28 nm. The figure shows a 3D plot of the etched and the mask-

protected areas of the GaAs wafer. It is also observed that the height of the positive grown 

structures is the same as the height of the unstructured area of the wafer. The surface 

roughness (root mean square) of the both structured and the protected area is 0.2 nm.  

 

Fig.7.5: 3D plot for the structured cavity heights and their corresponding surface profile.  
 

 
However, it is observed that the RIE etching for longer time affects the titanium mask. The 

surface of the titanium layer changes and some residual roughening occurs with the etching of 

27 minutes as shown in Fig.7.6 (a & b). The etching for 80 minutes causes damage in the 

masking layer of the titanium as shown in Fig.7.6 (c & d).  
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Fig.7.6: Microscopic image of the Titanium mask after the RIE etching for 27 minutes 30 seconds (a 

and b) and after 77 minutes 30 seconds (c and d). 

Conclusion: Although titanium etchants do not affect the GaAs structures, the layer of 

titanium is not stable against the RIE etching when it is performed for longer time. However, 

the effect may be reduced by increasing the thickness of titanium. It will again be hard to 

control the reported effects when it comes to etching five times in order to achieve 16 

different cavity heights. 

 
II. Fabrication of Master Template with Photoresist as a Protection Layer 

The master template fabricated using photoresist as a protection mask is shown in Fig.7.7. 

The template comprises three arrays of FP filter cavities with a gap of nearly 6 mm between 

them. Each array comprises 9 identical fields with 12 x 12 cavities each. In each field, only 

the middle part of 8 x 8 cavities is interesting to note since it contains the desired cavities 

while the surrounding identical cavities are additionally fabricated as complementary patterns. 

Fig.7.7 shows WLI profile of the three arrays. Each array indicates 64 cavities with only 16 

different heights meaning that each cavity height is repeated four times for redundancy.   
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Fig.7.7:  Photo of the fabricated master template with three different arrays separated with a gap of 6 

mm (above), WLI measurement of the Arrays with 8 x 8 cavities (below).   
 

WLI measurements of the fabricated cavity heights for the three arrays are shown in the 

following figures. The first array of the filter cavities implemented for spectral lines in the 

blue region of the visible spectrum is shown in Fig.7.8. The second and third arrays of the 

filter cavities, covering the green and red regions of visible spectrum, are shown respectively 

in Fig.7.9 and Fig.7.10.  

 
Fig.7.8: WLI measurements of an array of 16 different heights for the first array. 
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Fig.7.9: WLI measurements of an array of 16 different heights for the second array. 

 

 

 
Fig.7.10: WLI measurements of an array of 16 different heights for the third array. 

 

The cavity heights obtained in array1 differ from the desired heights as discussed in Section 

5.1.3. The difference is mainly because of the unstable etch rate of the implemented RIE 

machine which indicates different etch rate for different length of etching time. Tab.7.7 shows 

a summary of all etch steps for the fabrication of the desired arrays on the master template. 

The obtained etch depth (dT) is different from the desired depth (d) in each lithography step. It 

is also worth noting that etch rate decreases with the increase in etch time. For example, the 

etch rate for the first and seconds lithography steps are calculated as 1.55 nm/min and 1.77 

nm/min, respectively.   
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Tab.7.2: Etch time (t), desired etch depth (d) and the obtained etch depth (dT) for each lithography step 
of the Arrays 

 

It may also be noted that the fabrication of three different arrays of cavities was implemented 

with the help of a hand-made aluminum foil which was fixed on the photomask INA-SA5 

during the photolithography. Each time the photolithography is performed, a different mask 

pattern on the photomask is used and therefore the position of the rectangular opening on the 

foil is also shifted accordingly. The shuffling of the masks and the shifting position of the 

aluminum foil during different steps of photolithography is likely to result in the 

misalignment. Fig.7.11 shows the position of the rectangular opening on the foil for the first 

and second lithography steps does not match. The rectangular opening on the aluminum foil 

for the second lithography could not be precisely aligned with the result of the first 

lithography. Following the five steps of photolithography and RIE etching, the uneven edges 

forming different steps on the template were measured with WLI as shown in Fig.7.12.   

 Array 1 Array 2 Array 3 

Lithography 
step 

t  
[sec

] 

d  
[nm] 

dT 

[nm] 
t    

[sec] 
d  

[nm] 
dT 

[nm] 
t    

[sec] 
d  

[nm] 
dT 

[nm] 

1 234
5 58 60.5 3600 92 87 4795 128 129.0 

2 540 16 16.5 630 16 17.5 510 16 16.0 

3 260 8 8.5 295 8 9.0 240 8 8.0 

4 100 4 5 130 4 5.5 90 4 5.0 

5 35 2 3.5 40 2 3.5 20 2 3.0 
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Fig.7.11: The substrate surface protected with the photoresist after the second lithography step. The 

position of the aluminum foil for the first and second lithography step is not aligned, so a second step 

is created in the RIE etching.   

 

 

Fig.7.12: A 3D plot (top) and a profile measurement (bottom) of the resulting levels on the master 

template due to slight difference in the alignment of the rectangular opening during five steps of 

photolithography and RIE etching. 

 
III. Preparation of master template for 3D SCIL templates   

After the successful fabrication of the master template as discussed above, it was used for the 

replication of 3D SCIL template using replication process (see section 5.3). Before 

performing the replication process, the master template is prepared with the deposition of 

some anti-adhesive material (i.e. FDTS) in order to protect its surface structures against any 

contaminations that might occur due to direct contact with the PDMS materials. Fig.7.13 
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shows a microscopic graph of the master template after the deposition of a thin layer of FDTS 

material. It can be seen from the above figure the third array (Array 3) with higher cavities is 

affected with some variation in the filter cavities after the deposition of FDTS material.  

 

 
Fig.7.13: Microscopic image of the fabricated arrays of 3D filter cavities on the master template after 

the deposition of FDTS anti-adhesive layer. 

 

Conclusion  

By modifying the photomask with an aluminum foil, the master template based on three 

different arrays of filter cavities can be fabricated. In the preparation of the master template, 

positive photoresist was used as a mask. The main advantage of this method is that no metal 

deposition is required to protect the surface of the wafer against etching effects. However, the 

structures of the arrays are surrounded by irregular edges or steps which may affect the 

homogeneity of the RL thickness during the implementation of SCIL imprint process. To 

avoid any adverse effects in the imprint process, the opening of aluminum foil needs to be 

improved to have regular edges. 

 

7.3   Optical Characterization of Static Filter Arrays in the 

Visible Range 

 
For the fabrication and characterization of optical FP filter arrays, the master template 

(Section 6.2) was used for the replication of a hybrid 3D SCIL template in order to perform 

imprint of filter cavities on the corresponding DBRs in a single step. Using the replicated 

SCIL template, the arrays of filter cavities were imprinted on mr-UVCur06 polymer using 

UV-SCIL process. Fig.7.14 shows the characterization of the imprint results for three 

different arrays. It is observed from the imprint results that the first cavities in the first two 
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arrays indicate highly accurate heights. However, the cavity heights in the third array are not 

perfectly fabricated. The imperfections come from the fact that the area of 3rd on the master 

template got damaged during the replication process.  

 

Fig.7.14: Imprint results of three arrays of filter cavities on mr-UVCur06 polymer using optimized 

UV-SCIL process. 

 
Since the fabrication of a new master template is a time consuming process, therefore this 

template with damaged third array is implemented for the fabrication of optical filters. After 

the deposition of three DBRs on a substrate, UV-SCIL process was implemented to imprint 

all the three arrays of filter cavities on the corresponding DBRs in order to produce FP filters 

for the whole visible spectral range. The optical characterization of the filters was performed 

using microscope spectrometer, as shown in Fig.7.15.    
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Fig.7.15: Optical characterization of filter array1 (above) and filter array2 (bottom) for the transmitted 

filter lines. 

 

Since the third array of FP filters contains the damaged filter cavities (see Fig.7.13), therefore 

it could not be characterized for any filter lines. The above graphs indicate the optical 

characterization of the remaining two arrays. The spectral quality (FWHM, etc) as well as the 

selectivity of the filter lines is not very good and this might be caused by the effects of 

damaged part of the neighboring array on the master template. To achieve highly selective 

filter lines in the whole visible range, a new master template needs to be fabricated. 
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8. CONCLUSION AND OUTLOOK 
 

In this work, highly efficient optical filter arrays based on Fabry-Pérot (FP) filters for the 

implementation of a miniaturized nanospectrometer in the visible (VIS) range are 

experimentally investigated. These filter arrays are implemented using silicon dioxide (SiO2) 

and silicon nitride (Si3N4) Distributed Bragg Reflectors (DBRs) and mr-UVCur06 polymer 

filter cavities with high resolution 3D nanoimprint process. The efficiency of such filter 

depends on the precise fabrication of highly selective multispectral arrays of FP filters using 

low-cost and high-throughput fabrication processes. The fabrication of multiple spectral filters 

over the whole visible range is achieved with a single patterning step on a single substrate 

using an efficient UV substrate conformal imprint lithography (UV-SCIL). 

One of the key issues in implementing the UV-SCIL process for the efficient optical filter 

arrays is the fabrication of highly precise FP filter cavities with uniform residual layer (RL) 

and minimum vertical shrinkage. The performance of UV-SCIL process is limited due to the 

adverse effects of the resulting residual layer (RL) and polymerization shrinkage. In the case 

of the nanospectrometer, the filter cavities between the adjacent FP filters vary vertically. 

Thus, the volume of each individual cavity varies causing the resulting RLs to vary in 

thickness across all different filters. The rise of inhomogeneous RL causes a random variation 

in the cavity heights and, thereby leading to a spectral shift of the desired filter lines. The 

variation in the residual layer depends on the geometry and size of the printed patterns i.e. the 

higher cavities show thinner RL and lower cavities result in thicker RL. To control the pattern 

dependency of the RL, different approaches have been implemented in this work. With 

change in the spin-coating speed, the initial thickness is manipulated to minimize the resulting 

RL thickness. The lower coating speeds lead to thinner RLs but, however, result in the 

incomplete filling of very high cavities (Section 6.3.2). Therefore, this approach does not 

offer an optimum solution when there is an arbitrary distribution of filter cavities with 

different heights. The vertical step between filter cavities is increased from 2.4 nm to 6 nm on 

a 3D nanoimprint template to reduce the influence of the RLs on the spectral selectivity for 

distinct filter lines (Section 6.3.3). But, this solution does not help and a spectral overlap of 

several filters is observed.  

 The issue of inhomogeneous RLs across diverse filter cavities is resolved by improving the 

design of 3D nanoimprint templates (Section 6.3.4). The new template design, called volume-

equalized template design in this work, is optimized by distributing 64 filter cavities into 
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several volume-equalized units where the average volume of each unit, comprising 4 

vertically varying cavities, is kept constant. Using the volume-equalized 3D templates for 

UV-SCIL process, highly uniform RLs (110 nm) have been obtained across all the filter 

cavities on the template. However, some deviations are observed in the accuracy of spectral 

lines according to their corresponding FP filters. These deviations arise due to the fact that 

variation is observed in the vertical dimension of the filter cavities at some fabrication stages 

i.e. fabrication of the master template with an error of 3% in the cavity heights (Section 6.3 

III), an average shrinkage of 4% in the cavity depths on the replicated 3D SCIL template 

(Section 6.3 IV), polymerization shrinkage of 5-6 % during UV-SCIL process (Section 6.2.1), 

or the possible changes in the refractive index of the polymer cavities during the top DBR 

deposition, etc. The spectral quality and selectivity of the optical filter arrays can further be 

optimized by overcoming the mentioned problems.   

The shrinkage occurs during two stages of fabrication processes and, therefore, categorized as 

two types of shrinkage i.e. polymerization shrinkage that occurs due to irradiation of UV light 

during UV-SCIL process, and thermal shrinkage that occurs due to exposure of polymer 

cavities to higher temperatures during top DBR deposition (Section 6.2.1). The shrinkage in 

the vertical dimension of the nanoimprinted polymer cavities affects the spectral selectivity of 

the implemented optical filters. The thermal shrinkage for mr-UVCur06 polymer cavities in 

vertical dimension measures to be 15.5 % of the designed cavities at 120 °C (i.e. the standard 

temperature for DBR deposition). The shrinkage reduces to around 13% at lower temperature 

of 60 %. The polymerization shrinkage is reduced from 12 % to around 5 % by manipulating 

the exposure time. It is observed that exposure time within certain window (40 seconds to 180 

seconds) produces completely polymerized polymer cavities. However, the effects of 

polymerization shrinkage are minimum at the lower exposure time within this window.    

For the realization of multispectral FP filter arrays on a single substrate (Section 5.1), a high 

resolution 3D master template is developed using a masking approach with the help of 

photoresist and aluminum foil (Section 7.2). The master template based three different arrays 

of different filter cavity heights is characterized using white light interferometer. The 

aluminum foil contains a small square opening to allow only one mask on the mask plate to be 

transferred at a time to the substrate during etching process (Section 5.2). The WLI 

characterization of the 3D master template indicates different vertical steps around the 

corresponding filter arrays due to irregular square shape and misalignment of the aluminum 

foil during the subsequent steps photolithography. The fabrication process can be improved 

by using a highly regular mask instead of aluminum foil for easy alignment of the mask 
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patterns in the multiple steps of lithography processes. The fabrication of multiple DBRs is 

performed on a single substrate using multiple lithography steps and lift-off processes 

(Section 7.1). The quality of the DBRs can be improved by optimizing the lift-off process. 

For further improving the spectral quality and selectivity of the optical filter arrays for high 

resolution nanospectrometer in the VIS range, more experimental investigations are required. 

The effects of top DBRs on the nanoimprinted polymer cavities, especially with reference to 

refractive index and thermal shrinkage, need detailed study. The template fabrication 

processes need further optimization for the precise control of vertical dimension of filter 

cavities. This can be achieved by testing etch rate of the machine processes before initiating 

the actual etching step. In case of multiple filter arrays over the whole VIS range on a single 

substrate, a new mask with only 16 possible cavity heights is required to be developed. The 

spectral width of a single DBR based on SiO2 and Si3N4 materials can sufficiently be covered 

by 16 vertically varying cavities.          
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Appendix 
 
A1.1  Mask Design (INA-SA5) 
INA-SA5 contains seven different masks which are designed for 64 different positive cavity 

structures on 3D master templates with the help of positive photoresist. The mask patterns 

contain an array of 12 x 12 checkerboard-like squares which are same in the lateral sizes i.e. 

40 x 40 um, as shown in Figure A1-1.   

                    
 Mask 1 Mask 2 Mask 3 

 

 
 Mask 4 Mask 5 Mask 6 

 
Mask 7 

Figure A1-1: Schematic of the mask design of INA-SA5: Masks 1-7 
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A1.2  MALAB code: Distribution of cavities for uniform residual layers 
 
clc; clear all; close all; 
TotalRuns=10000000; 
Cavities=[30,32.4,34.8,37.2,39.6,42,44.4,46.8,49.2,51.6,54,56.4,58.8,61.2,6

3.6,66,... 
         

68.4,70.8,73.2,75.6,78,80.4,82.8,85.2,87.6,90,92.4,94.8,97.2,99.6,102,104.4

,... 
         

106.8,109.2,111.6,114,116.4,118.8,121.2,123.6,126,128.4,130.8,133.2,135.5,1

38,140.4,142.8,... 
         

145.2,147.6,150,152.4,154.8,157.2,159.6,162,164.4,166.8,169.2,171.6,174,176

.4,178.8,181.2]; 
Cavities=reshape(Cavities',8,8); 
Average=mean(mean(Cavities)); 
surf(Cavities) 
view(2) 
Sets=Cavities; 
Err=zeros(1,100); 
        Av=mean(reshape(Sets,2,32)); 

  
for i=1:TotalRuns 
%     [val in]=max(mean(reshape(Sets,32,2)')); 
%     x= 2*in-(mod(2*in,8)+1); 
%     y=mod(2*in,8); 
        DataChanged=0; 

  
    x=round(1+(8-1).*rand); 
    y=round(1+(8-1).*rand); 
    if mod(i,100)==0 
        Sets=Sets'; 
       Av=mean(reshape(Sets,2,32)); 

  
    end 

  
    Sets2=Sets; 
    if x==8 
        Av1=(Sets2(x,y)+Sets2(1,y))/2; 
        Av2=(Sets2(x,y)+Sets2(2,y))/2; 
    else  
        if x==7 
            Av1=(Sets2(x,y)+Sets2(x+1,y))/2; 
            Av2=(Sets2(x,y)+Sets2(1,y))/2; 
        else 
            Av1=(Sets2(x,y)+Sets2(x+1,y))/2; 
            Av2=(Sets2(x,y)+Sets2(x+2,y))/2; 
        end 
    end 
    if abs(Av1-Average)>abs(Av2-Average) 

         
        if x==8 
                temp=Sets2(1,y); 
                Sets2(1,y)=Sets2(2,y); 
                Sets2(2,y)=temp; 
        else  
            if x==7 
                temp=Sets2(x+1,y); 
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                Sets2(x+1,y)=Sets2(1,y); 
                Sets2(1,y)=temp; 
            else 
               temp=Sets2(x+1,y); 
               Sets2(x+1,y)=Sets2(x+2,y); 
               Sets2(x+2,y)=temp; 
            end 
        end 

  
    end 

     
    if y==8 
        Av1=(Sets2(x,y)+Sets2(x,1))/2; 
        Av2=(Sets2(x,y)+Sets2(x,2))/2; 
    else  
        if y==7 
            Av1=(Sets2(x,y)+Sets2(x,y+1))/2; 
            Av2=(Sets2(x,y)+Sets2(x,1))/2; 
        else 
            Av1=(Sets2(x,y)+Sets2(x,y+1))/2; 
            Av2=(Sets2(x,y)+Sets2(x,y+2))/2; 
        end 
    end 
    if abs(Av1-Average)>abs(Av2-Average) 

         
        if y==8 
                temp=Sets2(x,1); 
                Sets2(x,1)=Sets2(x,2); 
                Sets2(x,2)=temp; 
        else  
            if y==7 
                temp=Sets2(x,y+1); 
                Sets2(x,y+1)=Sets2(x,1); 
                Sets2(x,1)=temp; 
            else 
               temp=Sets2(x,y+1); 
               Sets2(x,y+1)=Sets2(x,y+2); 
               Sets2(x,y+2)=temp; 
            end 
        end 

  
    end 
    if sum(abs(Average-

mean(reshape(Sets,2,32))))*(1+0.005)>sum(abs(Average-

mean(reshape(Sets2,2,32)))) 
        Sets=Sets2; 
        DataChanged=1; 

  
    end 

  

  
   [val in]=max(Av); 
   Av(in)=(max(Av)+min(Av))/2; 
    yMax= floor((in-1)/4)+1; 
    xMax=in-floor((in-1)/4)*4; 
    if Sets(2*xMax-1,yMax)>Sets(2*xMax,yMax) 
           xSource=2*xMax-1; 
    else 
           xSource=2*xMax;         
    end 
    ySource=yMax; 
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    [val in]=min(Av); 
       Av(in)=(max(Av)+min(Av))/2; 

  
    yMin= floor((in-1)/4)+1; 
    xMin=in-floor((in-1)/4)*4; 
    if Sets(2*xMin-1,yMin)<Sets(2*xMin,yMin) 
           xDes=2*xMin-1; 
    else 
           xDes=2*xMin;         
    end 
    yDes=yMin; 
    Sets2=Sets; 
    temp=Sets2(xDes,yDes); 
    Sets2(xDes,yDes)=Sets2(xSource,ySource); 
    Sets2(xSource,ySource)=temp; 

  
    if sum(abs(Average-

mean(reshape(Sets,2,32))))*(1+0.005)>sum(abs(Average-

mean(reshape(Sets2,2,32)))) 
        Sets=Sets2; 
        DataChanged=1; 
        Av=mean(reshape(Sets,2,32)); 

  
    end 

  

     
if DataChanged==1 && mod(i,100) 
        subplot(3,1,1); 0 
        surf(Sets) 

  
        view(2) 
        colorbar 
        drawnow 
        subplot(3,1,2); 
         plot(mean(reshape(Sets,2,32)),'linewidth',3) 
%          title('Average') 
         drawnow 

          
         Err(1:end-1)=Err(2:end); 
         Err=[Err(1:end-1) sum(abs(Average-mean(reshape(Sets,2,32))))]; 
         subplot(3,1,3); 
         plot(Err,'linewidth',1) 
%                   title('Average') 

  
         drawnow 

  
    end 
end 
Sets 
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