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Zusammenfassung
Ein Fabry-Pérot (FP) Filtern basiertes miniaturisiertes statisches Sensorfeld für hohe
Qualität, Sensitivität und selektive Detektion im sichtbaren Bereich wurde in dieser Arbeit
untersucht. Das FP-Filter besteht aus zwei parallelen hochreflektiven Spiegeln und einer
zwischenliegenden Resonanzkavität. Abhängig von der Dicke oder Höhe der
Resonanzkavität transmittiert jeder Filter ein schmales spektrales Band (die sogenannte
„Transmissionslinie“). Bragg-Spiegel (Distributed Bragg Reflector DBR), die mittels
plasmaunterstützter chemischer Gasphasenabscheidung (plasma enhanced chemical vapor
deposition - PECVD) hergestellten wurden, wurden als hochreflektive Spiegel ausgewählt,
während die substratkonforme Imprint-Lithographie (Substrate Conformal Imprint
Lithography - SCIL), eine Form der Nanoimprint-Technologie, ermöglicht die
verschiedenen Resonanzkavitäten in einem Prozessschritt. Die Struktur, die die FP-Filter
mit

den

Detektorfeldern

verbindet,

ist

das

Sensorfeld

und

wird

auch

‚Nanospektrometer‘ am Institut für Nanostrukturtechnologie und Analytik (INA) genannt.
In dieser Arbeit wird die Qualität der verschiedenen mit Nanoimprint hergestellten
Kavitäten verbessert, indem Prozessparameter wie die Fläche des Imprints, die
Prozessverzögerung, Stufenzeit, WEC-Offset und Belichtungszeit, etc. modifiziert werden.
Ein neues Imprintpolymer (z.B. mr-NIL2010, verdünnt) wird mit häufig genutzten Material
(z.B. mr-UVcur06) verglichen. Die Homogenität der Restschichtdicke wird ebenfalls
verbessert. Darüber hinaus kann die Dicke der Restschichtdicke bis zu einem gewissen
Grad kontrolliert werden. Eine durchschnittliche Transmissionsintensität von ~ 52%, mit
der besten Transmission bis zu 90% und einer durchschnittlichen Halbwertsbreite (Full
Width at Half Maximum

- FWHM) von 2,7 nm wurde in den einzelnen

Stoppband-Filterfeldern erreicht. Die designten 64 unterschiedlichen FP Filter sind in der
Lage 64 individuelle Transmissionslinien über ein spektrales Band von grob 60 nm zu
transmittieren. Ein Multi-Stoppband FP-Filterfeld ermöglicht die Erweiterung der
spektralen Bandes und die Abdeckung wird ebenfalls in dieser Arbeit untersucht. Ein drei
Stoppbänder umfassender Labordemonstrator mit 192 unterschiedlichen FP-Filtern wurde
erfolgreich konzipiert und hergestellt. Der Detektionsbereich wurde von grob 60 nm auf
ii

165 nm vergrößert. Bis zu 96% Transmissionsintensität mit einem Durchschnittswert von
70% und eine Halbwertsbreite bis zu 1,7 nm mit einem Durchschnitt von 3 nm wurde
erreicht.
Stichworte: optische Spektroskopie, multi-Stoppband optische Filter Arrays, 3D
Nanoimprint, Substrate Conformal Imprint Lithography, miniaturisiertes Spektrometer

iii

Abstract
A Fabry-Pérot (FP) filter array based miniaturized static sensor array, for high quality,
sensitive and selective detections in the visible range, is investigated within this work. The
FP filter consists of two parallel highly reflecting mirrors and a resonance cavity in
between. Depending on the thickness or height of the resonance cavity, each filter is able to
transmit a narrow spectral band (called “transmission line”). The plasma enhanced
chemical vapor deposition (PECVD) fabricated Distributed Bragg Reflectors (DBRs) are
chosen as the highly reflecting mirrors while the Substrate Conformal Imprint Lithography
(SCIL), one type of nanoimprint technology, helps to form multiple resonance cavities in a
single step. The structure, which combines the FP filter arrays and the corresponding
detector arrays, is the sensor array and also named “nanospectrometer” at the Institute of
Nanostructure and Analytics (INA). In this work, the quality of nanoimprinted multiple
cavities is promoted by modifying processing parameters, such as imprint area, process
delay, step time, WEC-Offset and exposure time, etc. A new imprint polymer (i.e.
mr-NIL210, diluted) is compared with commonly used material (i.e. mr-UVcur06). The
homogeneity of residual layer is also improved. Moreover, the thickness of residual layer is
able to be controlled to a certain extent. Average transmission intensity of ~52%, best
transmission up to 90% and an average Full Width at Half Maximum (FWHM) of 2.7 nm
is achieved in the single stopband filter arrays. The designed 64 distinct FP filters are able
to transmit 64 individual transmission lines and cover a spectral band of roughly 60 nm. A
multi-stopband FP filter array is able to extend the coverage of this spectral band and, thus,
is also investigated within this work. A three-stopband laboratory demonstrator, including
192 distinct FP filters, is successfully designed and fabricated. The detecting range is
enlarged from previously 60 nm to roughly 165 nm. Up to 96% transmission intensity with
an average value of 70% and FWHM down to 1.7 nm with an average of 3 nm is achieved.
Keywords: optical spectroscopy, Multi-stopband optical filter array, 3D Nanoimprint,
Substrate Conformal Imprint Lithography, miniaturized spectrometer
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Chapter 1
Introduction and Motivation
In recent years, the Internet of Things (IoT) has brought significant research attentions. In
2008, it has already been considered as the next generation of communication and
information network [EPoSS, 2008]. It is foreseeable, that billions of intelligent or smart
objects are able to be interconnected in the future IoT environment [Li, 2015]. In order to
interacting with the physical world, these smart objects are normally integrated with some
kind of low-cost, light weight and smart embedded sensors, devices, or other electronic
systems. Therefore, the development of smart embeddable sensors or detector systems has
a huge demand. Obviously, the miniaturized spectroscopic devices have a great potential
due to the small dimension, high sensitivity and fast data acquisition capability, and
additionally an extremely wide application area. [Yager, 2018]
High quality spectroscopic devices are always used in optical spectroscopy techniques to
study how matter interacts with light. [Tkachenk, 2006] Among them, optical
spectrometers are one of the most common measurement devices for detecting the light
intensity as a function of wavelength. [Lindon, 2016] They reveal high potential in
numerous application fields such as astronomy [Boella et al., 1997], ecology [Green et al.,
1998], environment [Prospero et al., 2002], agriculture and food [Lu, 2016], medicine
[Ivanov et al., 1994], biology [Dempsey et al., 1996; Parson, 2007], chemistry [Rieder et
al., 2004], and etc.
In order to follow the rapid development of smart objects, the miniaturization of
spectroscopic devices has become very important [Park, 2013]. Instead of using
conventional micro-assembly technology, Micro-Electro-Mechanical-Systems (MEMS)
have become more attractive, including MEMS-based miniaturized optical spectrometers.
1

Currently, the spectrometer market is still dominated by mini-/micro- spectrometers, which
are typically based on integration of grating elements. A significant drawback of gratingbased spectrometers is that the dimension cannot be reduced without the penalty of
resolution reduction [Neumann, 2014]. Therefore, the common commercial mini-/microspectrometer products, such as provided by INSION, Hamamatsu Photonics or Carl Zeiss
GmbH, are still in the scale of few centimeters. In the contrast, interferometer-based
spectrometers overcome the limitation of grating-based spectrometers, i.e. the spectral
resolution is independent of the dimension. (Chapter 4)
Fabry-Pérot (FP) filter based spectrometer, as one of the interferometer-based
spectrometers, attracts lots of research attentions. The essential element, the FP filter or
filter array, consists of two parallel highly reflecting mirrors and a resonance cavity in
between (section 2.3). The Distributed Bragg Reflectors (DBRs) are typically chosen as the
highly reflecting mirrors, due to its low absorption and high reflectance properties
compared with metal mirrors (section 2.2). The spectral band with high reflectance is
called “stopband” of the DBR mirror. The resonance cavities determine the selected
wavelength of FP filters and can be made with different materials such as dielectric
material, polymer and even air [Wolffenbuttel, 2004]. Therefore, the FP filter array can be
either tunable by using of air gap or static by means of solid state cavities.
The typical cavity fabrication procedures rely on multiple times of lithography and etching
processes, which complicates the entire fabrication of FP filter array. To ease the procedure
and increase the yield, at the Institute of Nanostructure Technologies and Analytics (INA),
the usage of 3D nanoimprint technology was proposed [Albrecht et al., 2010; Wang et al.,
2010]. Nanoimprint is a patterning technology especially for micro-/nano- scale structures
based on physical deformation of materials, typically polymers. The paper published in
1995 by Stephen Y. Chou and his group led the booming of nanoimprint technology. [Chou
et al., 1995] Lots of other research groups were inspired and, thus, different variations of
nanoimprint techniques were investigated afterwards (Chapter 3).
Because of the implementing of nanoimprint technology and the nanometer scaled vertical
structure dimension, our device (i.e. combination of FP filter arrays and detector arrays) is
named to be “nanospectrometer”. Two types of nanospectrometers were investigated, i.e.
tunable optical sensor array (TOSA) with air-gap cavities and the static sensor array with
polymer imprinted cavities. In TOSA, the polymer layer works as a sacrificial layer and is
2

under-etched to form the air-gap and a movable membrane. [Setyawati, 2011; Woid, 2013;
Ullah, 2015]. In static sensor array, the polymer layer works directly as the resonance
cavity. Note that, the nanospectrometer encloses filter arrays and detector arrays. The
investigation emphasis focuses so far only on the part of filter arrays.
The research emphasis of this thesis work is on the FP filter array investigation of the static
sensor array. The filter array is composed by numerous FP filters with different heights of
resonance cavities. I.e., distinct narrow spectral bands or the so called “transmission lines”
can be transmitted through each filter. The peak of each transmission line (“transmission
peak”) points the exact filtered wavelength. The multiple cavities are achieved by just a
single step of nanoimprint process. Lots of efforts have already been made by the former
researchers on the filter array in both visible (VIS) range [Albrecht, 2012; Wang, 2010;
Memon, 2016] and infrared (IR) range [Nguyen, 2016]. Both UV assistant nanoimprint
lithography (UV-NIL) and Substrate Conformal Imprint Lithography (SCIL) were
investigated. The SCIL technology (refers to Section 3.4), developed by Philips Research
and Süss MicroTec [Ji, 2010] provides bubble free and stable imprint results, and is
inherited till now. Furthermore, different imprint polymers have been tested such as
Sol-Gel (by Philips Research), mr-UVcur06 or mr-UVcur21 (by Micro resist technology),
and AMONIL (by AMO) [Albrecht, 2012; Shen, 2012]. Among them, Sol-Gel provides
convincing imprinted cavity structures. Up to 90% transmission intensity and down to 2
nm in Full Width at Half Maximum (FWHM) transmission lines have been achieved by
using Sol-Gel. However, the long curing duration is the biggest drawback. Therefore,
through comprehensive comparison among all these materials, mr-UVcur06 is so far the
most suitable imprint resist for our application. It provides better structure formation than
ANOMIL, and less curing time than Sol-Gel. Besides, it rarely suffers from the sticking
issue as mr-UVcur21 often does.
Some critical issues are still open to us despite the good results. The precise structure
molding by using nanoimprint technology is always one of the most important research
aspects. Investigations still have to be carried on in order to promote the results. Besides,
residual layer is always an issue to all the fabrication processes using the nanoimprint
technology. For our design, the thickness of the residual layer influences the exact heights
of each resonance cavity and, hence, homogenization of the residual layer thickness is
another investigating direction. So far, most of our former researchers were focused mainly
on single stopband FP filter arrays. Since the transmission lines are always located inside
3

the stopband, the sensing spectral range (i.e. the spectral band between the first
transmission peak and the last peak) is limited by the stopband width. Although the idea of
utilizing multiple stopbands has already been proposed by Dr. Alla Albrecht in her
dissertation [Albrecht, 2012], systematical investigation is still greatly demanded.
In this thesis work, the aforementioned issues are enclosed and discussed. The main
objectives are listed as following. They are mainly divided into three parts, and are referred
to Chapter 6, Chapter 7 and Chapter 8, respectively.
I) Improvement of single stopband FP filter arrays
a) Optimize the performance of cavity filling using nanoimprint process.
b) Homogenize and control the residual layer thickness.
c) Characterize the optimized filter arrays physically and optically, including
temperature stability.
II) Demonstration of multiple stopband FP filter arrays
a) Proof of concept of the multiple stopband FP filter arrays, including investigation of
multiple top and bottom DBR and nanoimprint behavior over terrace like surface.
b) Simulate and design new mask specifically for the multiple stopband FP filter
arrays in the VIS range.
c) Fabricate and characterize the multiple stopband FP filter array demonstrator.
III) Pre-investigation of the idea “direct fabrication on detector”

Thesis Overview:
Chapter 1 gives an overview of the whole thesis work including motivation, challenges,
objectives, as well as outlines.
Chapter 2 details the theoretical basics of Fabry-Pérot (FP) filters: the thin-film
interference (section 2.1), optical behaviors of DBRs (section 2.2) and composition of FP
filters (section 2.3).
Chapter 3 details the fundamentals about the nanoimprint lithography (NIL) technology.
Classification of nanoimprint is enclosed and individually explained: thermal NIL,
UV-NIL and other variations (section 3.2). The related key components, i.e., templates,
4

resists and equipment are separately introduced (section 3.3). Then in section 3.4, the core
technology, i.e., substrate conformal imprint lithography (SCIL) is described in more
detail.
Chapter 4 discusses the state of the art of miniaturized spectrometers. Section 4.1
introduces several investigations from external research groups. And the research status at
INA is clarified in section 4.2.
Chapter 5 presents the involved foundations of fabrication and measurement technologies.
Fabrication technologies including photolithography, etching, and deposition are covered
in section 5.1. Main measurement technologies and devices, i.e., stylus profilometer, white
light interferometer and microscope spectrometer setup are enclosed in section 5.2.
Chapter 6, one of the core chapters of this thesis, reveals all the investigations (i.e.
fabrication and optimization) related to the single stopband FP filter arrays. An overall
fabrication and characterization procedure of FP filter arrays is introduced firstly in section
6.1. Afterwards, section 6.2 discusses the optimization investigations including the
comparison of previous and optimized results. Residual layer measurement and controlling
is shown in the following section 6.3. Finally, section 6.4 presents the characterization
results.
Chapter 7, another core part of this thesis, reveals the design, fabrication and
achievements of multiple stopband FP filter arrays. The first half part of this chapter
(section 7.1) is a proof of concept, i.e., preliminary investigations. Section 7.2 optimizes
the previous results and proposes new design, simulation and the corresponding results.
Chapter 8 presents a pre-investigation of the topic: direct on chip fabrication of filter array.
The potential issues and possible solutions are discussed.
Chapter 9 finally summarizes and concludes the work and achievements done in the thesis
work, proposes possible solutions and future investigations.
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Chapter 2
Theoretical basics of Fabry-Pérot filters
In physics, light has been recognized to behave as both wave and particle in different cases,
the so called wave-particle duality. Trace back to 17th century, Sir Issac Newton has already
proven the particle nature of light such as laws of reflection and refraction. However, the
wave nature was proved until 1801 by Thomas Young’s famous double slit experiment,
which reveals the wave behaviors such as the interference and diffraction phenomena
[Born, 1999; Al-Azzawi, 2006; Kasap, 2009]. Additionally, in 1816, according to Augustin
Jean Fresnel’s discovery of the polarization behavior, the wave nature is finally been well
recognized [Macleod, 2001]. The interference behavior of light in single or multiple layer
systems is of great use for us to understand the theory of Fabry-Pérot (FP) filters.
This chapter deals with the theoretical fundamental of the core element of the
nanospectrometer, i.e. Fabry-Pérot filters. The chapter starts with a concise explanation of
thin-film interference and followed by introduction of light behavior in Distributed Bragg
Reflector (DBR), which usually comprises of a stack of periodic thin films. Finally, it ends
with presentation of FP filters including the construction and the optical properties. Tons of
literatures comprehensively explain the theories of thin-film optics and Fabry-Pérot
interferometers/filters [Knittel, 1981; Macleod, 2001; Ohring, 2001]. Here, some of the
most interesting and important theories are explained.

6

2.1 Thin-film interference
A thin film can be defined as a layer of material in the scale of micro-/nanometers in
thickness [Knittel, 1981]. Normally, thin films or the different combination of thin film
layers are chemically or physically deposited on the optical systems in order to enhance or
weaken the transmission or reflection characteristics (i.e. change the light behavior in the
systems). For example, thin film is always applied for antireflective coating technologies
[Macleod, 2001].

Fig. 2-1 (a) Interaction of light beam through a single thin film (in the case of n1 < n2 > n3 and only
interference of two reflected beams is considered); (b) Illustration of the constructive and
destructive interference of light beams.

Fig. 2-1 (a) illustrates a concise structure of a thin film system. The incident beam is
reflected by both top and bottom interfaces of the thin film, hence, splits into two reflected
beams. For simplified explanation, only two beams are considered in this case, which
means the internal reflection within the thin film is neglected. These two reflected beams
(i.e. beam 1 and beam 2) recombine and interfere with each other. The recombination can
be constructively or destructively as shown in Fig. 2-1 (b). The constructive interference
happens when two beams are in phase, which results in a greater amplitude by
superimposing. However, in destructive interference, two beams are out of phase, after
superimposing, they create a beam with reduced amplitude. I.e. the constructive
interference promotes reflection, while, the destructive interference behaves antireflective.

7

A constructive interference takes place when the relative phase shift of two beams fulfills
Eq. 2-1

∆𝜑 = 0, 2𝜋, 4𝜋, … , 2𝑚𝜋

where m = 0, ±1, ±2 ⋯. Whereas a destructive interference happens when the relative
phase shift
∆𝜑 = 𝜋, 3𝜋, … , (2𝑚 + 1)𝜋

Eq. 2-2

where m = 0, ±1, ±2 ⋯. Since the relationship between optical path difference and phase
difference can be presented as
phase difference (∆𝜑 𝑖𝑛 radians) =

path difference (∆𝑥 𝑖𝑛 𝑛𝑚)

Eq. 2-3

the condition of interference can also be presented as
∆𝑥 = 0, 𝜆, 2𝜆, … , 𝑚𝜆
∆𝑥 = , 𝜆, … , (𝑚 + )𝜆

(constructive)

Eq. 2-4

(destructive)

Eq. 2-5

where m = 0, ±1, ±2 ⋯. Based on theory, when the reflectance occurs in a relatively
lower refractive index (n) medium (i.e. low index medium against high index medium), a
phase shift of π in radian can be observed. On the contrary, if the reflectance takes place
in a higher refractive index medium than the adjoining medium, no phase shift can be
found. Now consider the situation in a thin film structure shown in Fig. 2-1 (a). Assume
the refractive index of thin film (n2) is larger than the refractive index (n1) and (n3) of the
surrounding mediums (i.e. n1<n2>n3), the incident beam reflected by the top interface of
thin film (beam 1) undergoes a phase shift of π and the beam reflected by the bottom
interface of thin film (beam 2) goes through no phase shift. In order to calculate the
interference condition of these two beams, the relative phase shift has to be observed by
means of calculation of optical path difference (∆𝑥).
∆𝑥 = 2𝑛 𝑑 𝑐𝑜𝑠 𝜃

Eq. 2-6

where n2, d represents the refractive index and thickness of thin film and θ2 is the reflection
angle at the bottom interface. Therefore, beam 2 undergoes a phase shift of 2𝜋⁄𝜆 ∗
2𝑛 𝑑 𝑐𝑜𝑠 𝜃 (from Eq. 2-3 and Eq. 2-6), which is replaced by δ for simplification. Based
on this, the relative phase shift of beam 1 and beam 2 is
∆𝜑 =

−𝜋 = 𝛿−𝜋
8

Eq. 2-7

where λ is the wavelength of the incident beam. δ can also be named as a round-trip phase
shift, which will also be used in the explanation of FP interferometer (section 2.2).
From Eq. 2-1 and Eq. 2-2, the constructive and destructive interference occurs, when
∆𝜑 = 𝛿 − 𝜋 = 2𝑚𝜋

or

∆𝜑 = 𝛿 − 𝜋 = (2𝑚 + 1)𝜋

𝛿 = (2𝑚 + 1)𝜋
or

𝛿 = 2𝑚𝜋

(constructive)

Eq. 2-8

(destructive)

Eq. 2-9

From Eq. 2-7 and Eq. 2-8, it can be identified, if optical thickness of the thin film is equal
to a quarter-wavelength of incident light (i.e. 𝑛 𝑑 𝑐𝑜𝑠 𝜃 = λ/4), constructive interference
can always be satisfied (in the case of n1<n2>n3). Hence, the propagation of light through a
quarter-wave thin film undergoes a phase shift of π/2. And when it reflected back to top
interface, it goes through again a π/2 phase shift. I.e., the round-trip phase shift equals in
total π. Due to this special property, the quarter-wave optical thin films are widely applied
in multiple optical systems.
Refractive index is one of the most important parameters during analyzing of optical
behavior in thin film or other multiple layer systems. Actually, the aforementioned
refractive index (n) represents only the real part of the complex refractive index, which can
be expressed as 𝑛 = n – iκ. The imaginary part κ, also known as extinction coefficient,
determines the amount of attenuation when light propagates through a medium [Hecht,
1987]. Both n and κ are wavelength dependent, which is referred to as the material
dispersion. Mostly due to atomic resonances in infrared (IR) range and electronic
resonances in Ultra-Violet (UV) range, absorption bands within these two spectral ranges
can be identified. Compared with these two spectral regions, the visible (VIS) range suffers
from much less amount of absorption. Since this work focuses on the visible range,
detailed explanation of extinction coefficient κ is not discussed. The real part (n) of the
complex refractive index of silicon dioxide (SiO2) thin film as a function of incident
wavelength is exemplarily depicts in Fig. 2-2. More information can be referred to
literatures such as [Hecht, 1987; Macleod, 2001; Jahns, 2012].
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Fig. 2-2 Refractive index (real part n) of SiO2 as a function of wavelength. [Refractiveindex.info, 2018]

2.2 Distributed Bragg Reflector and the optical properties
Out of doubt, one single thin film is not sufficient to provide high reflectance. However, a
stack of periodic thin films with specific design is capable of providing high reflectivity
such as Distributed Bragg Reflectors (DBRs). A DBR is normally formed from two
alternating materials with high and low refractive index as well as an extra high refractive
index layer, as shown in Fig. 2-3. Please note that the refractive index discussed in this
section is only the real part of complex refractive index. I.e., the absorption through the
material is not considered. The pair of two films is normally called one period of DBR. If
set “H” for representing the film with high index and “L” for the low index, the DBR
which has a stack structure of “HLHLH” is called a 2.5 periods DBR. Furthermore, in
order to obtain constructive interference, the quarter-wave thin films are used because of
the specialty as already mentioned in the previous section.

10

Fig. 2-3 Schematic structure of a 2.5 periods Distributed Bragg Reflectors (DBRs)

Fig. 2-3 shows a typical structure of a 2.5 periods DBR with a high refractive index nH and
low refractive index nL. Only the case of normal incidence is explained here. Since
quarter-wave optical thin films are used, the light beam, travels in the thin layer, undergoes
a round-trip phase shift δ = π, as explained previously. Moreover, if the reflection happens
in a medium with lower refractive index then the adjoining medium, a shift of π should be
additionally considered. Assume δo as the original phase of the incident beam, the phases
of reflected beams by each boundary (δA, δB, δC, δD) can be calculated as listed below (Eq.
2-10).
δA = δo + π
δB = δo + δ + 0 = δo + π
δC = δo + 2δ + π = δo + 3π

Eq. 2-10

δD = δo + 3δ + 0 = δo + 3π
⋮
After calculation, it can be observed, all the reflected beams are in phase when they reach
the top interface (i.e. interface A), thus, results a constructive combination.
However, the high reflection of DBR is restricted within a certain spectral band, the so
called “stopband”. Wavelengths within the stopband are reflected. I.e., they are “forbidden”
to transmit through the DBR structure.
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The reflectivity R of DBR can be presented as [Sheppard, 1995; Macleod, 2001]
R=

(
(

/
/

)
)

(
(

/
/

)
)

Eq. 2-11

where ns, nH and nL stands for refractive index of substrate, high and low refractive index
of two alternating materials, respectively. P represents the number of periods of DBR.
While the bandwidth ΔλDBR of stopband can be calculated as [Osting, 2012]
ΔλDBR =

sin-1

Eq. 2-12

where λc is the central wavelength of the DBR stopband.
Eq. 2-11 and Eq. 2-12 indicate that the number of alternating periods determines the
reflectivity of DBR, whereas the refractive index contrast of two presenting materials
defines both the reflectivity and the bandwidth of the DBR stopband. If absorption is
considered as absent, by increasing the number of periods, reflectivity can be increased
ideally up to 100%. Increasing the contrast of refractive index increases both the
reflectivity of DBR and the bandwidth.
For more intuitive explanation, Fig. 2-4 and Fig. 2-5 exemplarily illustrate two simulations
via open-source software “OpenFilters” [Larouche, 2008], which was developed based on
Transfer Matrix Method (TMM) [Thelen, 1989].
Fig. 2-4 is showing the comparison of two DBRs formed by Si3N4 with higher refractive
index (≈ 1.82) and SiO2 with lower reflective index (≈ 1.47). They have the same material
combination, but different numbers of periods (i.e. 9.5p and 15.5p). It can be observed, the
reflection spectrum of DBR with 15.5 periods tends to form a more rectangular shape
compared with 9.5 periods DBR. I.e., the reflectivity increases with the increment of
period numbers.
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Fig. 2-4 Reflection spectra of two DBRs with same material combination (Si3N4/SiO2) but different
numbers of periods (9.5p/15.5p).

Fig. 2-5 is comparing two DBRs with different material combinations but the same number
of periods. The blue curve shows the reflection of a DBR which is formed by ZrO2 (n ≈
2.14) and SiO2 (n ≈ 1.47); while the red one shows the reflection of a DBR which is
stacked by TiO2 (n ≈ 2.25) and SiO2 (n ≈ 1.47). Although they have the same numbers of
period, due to the different refractive index contrast between two materials, the width of
their stopbands is different. The DBR structured by TiO2/SiO2 has a relatively broader
stopband compared with the other, because of the larger refractive index difference.

Fig. 2-5 Reflection spectra of two DBRs with different material combination (TiO2/SiO2 or
ZrO2/SiO2) but identical numbers of periods (9.5p).
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2.3 Fabry-Pérot filters
Fabry-Pérot (FP) filters are a type of optical filters implemented by FP interferometers or
FP etalon named by the developer Charles Fabry and Alfred Pérot in 1899 [Fabry, 1899].
FP interferometers are extensively being used in various areas such as telecommunications
[Humblet, 1990; Cheng et al., 2015], astronomy [Weiner, 1996], laser resonators [Fu, 2016]
and optical sensors [Zhang et al., 2017], etc.
Before getting into the FP filters, it is easier to start with understanding FP interferometers.

Fig. 2-6 Schematic of a Fabry-Pérot interferometer with two ideal high reflective mirrors.

A FP interferometer is constructed by two parallel placed and high reflective mirrors with a
distance d in between [Hernandez, 1986] as shown in Fig. 2-6. The light beam incidents
upon the FP interferometer and generates multiple reflection beams between the two
mirrors. The total reflection and transmission are calculated from the summation of all
reflected and transmitted beams. Note that these two parallel mirrors are considered in
ideal case, which means the optical behavior inside the mirrors (e.g. absorption) is
neglected. Additionally, the absorption in the medium between two mirrors is not
considered as well.
The total reflection (R) and transmission (T) can be presented as [Hecht, 1987]

R=

(

( )

)
(

)
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( )

Eq. 2-13

T = 1 - R =
(

Eq. 2-14

( )

)

where Rs is the reflectance at the mirror, whereas δ, as aforementioned, is the round-trip
phase shift. And it is related to the incident angle of beam (𝜃 ), refractive index of cavity
(n2) and distance between two mirrors (d).
From Eq. 2-14, when δ = 2𝑚𝜋 , the transmission intensity is 100% in the absence of
absorption. The transmission and reflection curves depending on different mirror
reflectance as a function of round-trip phase shift δ are illustrated in Fig. 2-7.

Fig. 2-7 Transmission and reflection curves showing the FWHM and FSR of Fabry-Pérot
interferometer with different reflectance of mirrors.

The distance between two successive maximum transmission modes is called free spectral
range (FSR). In Fig. 2-7, the FSR can be observed as 2π whereas the full width at half
maximum (FWHM) can be calculated from the Eq. 2-14. Assume that

(

)

is replaced

by F, thus transmission
T=

1
1 + 𝐹 sin

2

𝛿
2

=

1
2

=> 𝛿 = ±2 arcsin

Approximated by 𝛿 ≈ ±
Thus, FWHM =

15

√

√

=

1
√𝐹

(for Rs > 0.5)
(

)

Eq. 2-15

=

Finesse ( ) =

Eq. 2-16

Therefore, both FWHM and Finesse ( ) are determined by the reflectance Rs at the mirror.
The higher the reflectance, the smaller FWHM and the greater Finesse can be achieved.
The round-trip phase shift δ is closely related to the distance of resonance cavity d. I.e.,
when the distance is set to be a specific value, a corresponding wavelength is passed out
and the others are attenuated due to the constructive and destructive interference. In this
case, the FP interferometer is executed as a FP filter.
FP filter is normally using Distributed Bragg Reflector (DBR) as the high reflecting
mirrors; hence, works within a certain spectral stopband. A well-designed FP filter allows
only one extremely narrow spectral band (the “transmission line”) to transmit within the
stopband. The wavelength of the selected transmission peak depends on so many aspects,
such as the thickness, refractive index and absorption of resonance cavity as well as the
DBR composition. So many numerical calculations and simulations have been
implemented to analyze the periodic structures by utilizing the powerful tool, Transfer
Matrix Method (TMM) [Nelsson, 1987; Wang W et al., 2010]. To repeat again, the
open-source computer program “OpenFilters”, developed based on TMM, is used for the
simulation of our FP filters.
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Chapter 3
Foundation of nanoimprint lithography
3.1 Introduction
Nanoimprint lithography (NIL), as a sustainable technology for nanofabrication, reveals
great potential in wide application fields. The history of using the concept of nanoimprint
can be traced back to 1970s. The researchers at NTT Laboratories in Japan had already
proposed and studied a similar technology, named as “Molded Mask Method” [Fujimori,
2009]. Besides, also in 1970s, Bartolini et al. presented an emboss technique by using
metal master template and thermoplastic polymers [Bartolini et al., 1970].
However, the vigorous development of nanoimprint technology started in the mid-1990s
because of Stephen Y. Chou and his group’s convincing results published in 1995 [Chou et
al., 1995]. They demonstrated a thermal imprinting technique by using a hard template
(SiO2 mold) and polymethylmethacrylate (PMMA) resist for fabricating sub-10nm
structures. And according to their statements, sub-25 nm vias, trenches and dots were
successfully fabricated. The wording of nanoimprint lithography (NIL) presented in their
work is, afterwards, inherited and widely used by other research groups.
NIL is a promising technology for low cost, large scale and high throughput patterning of
micro-/nano-scale structures [Lan, 2010]. Therefore, NIL shows great potentials in
application areas such as integrated circuits, nano-optoelectronic devices, integrated optics,
light emitting diodes (LEDs) and micro-fluidics, etc. [Balla et al., 2008; Glinsner et al.,
2010; Heckele, 2003]. NIL has become a strong candidate for next generation lithography
(NGL) with its emerging in the International Technology Roadmap for Semiconductors
(ITRS) in 2003.
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The work of Chou et al. [Chou et al., 1995] inspired lots of researchers. Different
variations of NIL were proposed for different specific applications. Therefore, in section
3.2 NIL technologies are briefly classified and introduced individually. Afterwards, the
main components of NIL are explained in section 3.2. Finally, as the core technology used
in this work, the Substrate Conformal Imprint Lithography (SCIL) is additionally
introduced in section 3.4.

3.2 Nanoimprint lithography classifications
The abbreviation “NIL” refers originally to the thermal-NIL process [Lan, 2010], i.e. the
working published by Chou et al. However, during the past two decades, various processes
of NIL-based technologies are emerging to coordinate with different application
requirements [Guo, 2004; Bhushan, 2007]. NIL is working with mechanical deformation of
the resist material by pressing a structured template. The formed micro-/nanoscale
structures are cured by certain subsequent processes. From the curing principles point of
view, there are two fundamental processes of NIL, i.e. thermal and Ultra-Violet (UV)
curing. The thermal curing, also called hot embossing process, is typically implemented
with thermoplastic materials, whereas the UV-curing is normally worked with UV-curable
resists. Meanwhile, NIL technologies can also be classified based on distinct templates.
Generally, three types of templates are applied, i.e. rigid, soft or hybrid templates. Fig. 3-1
concisely classifies the NIL technologies. The different combinations of curing methods
and types of templates provide distinct imprint processes for different applications.
This section is divided further into three subsections. The most typical nanoimprint
lithography technologies (i.e. thermal-NIL and UV-NIL) are firstly introduced in 3.2.1 and
3.2.2. The difference between hard and soft templates is enclosed in section 3.2.2. Section
3.2.3 includes brief introduction of other variations, such as combined thermal and UV
nanoimprint lithography (TUV-NIL), contact transfer and reverse imprint process, etc.
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Fig. 3-1 Concise classification of the typical nanoimprint processes

3.2.1 Thermal nanoimprint
A standard thermal nanoimprint (T-NIL) relies on a template, which consists of predefined
structures and a substrate, which is spin-coated with a thin layer of imprint resist (typically
thermoplastic polymer). The template is brought into contact with the polymeric resist and
pressed under defined pressure. During the increasing of temperature (above the glass
transition temperature), the template is able to be pressed into the melted polymer layer
and forms the structures. After being cooled down, the template is separated from the
substrate and the patterned polymer layer stays on the substrate. The unavoidable residual
layer, in most case, is removed by an anisotropic etching process (e.g. reactive ion etching),
subsequently. Fig. 3-2 schematically illustrates the entire process.
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Fig. 3-2 Schematic of thermal NIL: (a) predefined template and imprint resist coated substrate is
prepared; (b) template is pressed into the resist material under certain pressure and temperature; (c)
template is cooled down and separated from the substrate; (d) subsequent etching process is
implemented to remove the unnecessary residual layer.

The simplicity of the implementation mechanism is one of the greatest advantages of
T-NIL. The temperature and pressure control are always easy to be achieved. Besides,
since in the most general case, rigid templates are used for the T-NIL, it offers a wide
choice of template materials, i.e. any materials, which have a high mechanical strength and
temperature durability. Generally, Si, SiO2, sapphire, and diamond film are the most
promising candidates [Guo, 2007]. Soft PDMS template (or stamp) is also applicable for
T-NIL to allow imprinting over curved and irregular surfaces [Peroz et al., 2007]. Down to
sub-10nm imprinted structures have been demonstrated [Chou, 1997], which indicates that
T-NIL has a high potential for high resolution nanometer scale patterns.
However, T-NIL has also drawbacks, which is mainly due to the thermal process.
Compared with other nanoimprint technologies, the longer duration of heating and cooling
leads to relatively low fabrication throughput. Some efforts have been made to reduce the
thermal duration, such as by using IR laser [Chen et al., 2006] or ultrasonic [Lin et al.,
2005] as heaters.
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3.2.2 UV Nanoimprint
The process of UV nanoimprint (UV-NIL) differs from the process of T-NIL. It uses
transparent templates (typically quartz glass or polymer based soft stamp) cooperated with
UV-curable imprint resist (photopolymer) [Lan, 2010]. Instead of heating system in T-NIL,
UV light source is generally required in UV-NIL.
Usually, in UV-NIL, the imprint resist has a relatively lower viscosity, thus, can easily flow
to the predefined structures on the substrate. The resist can be either spin-coated or
dispensed on the substrate, which indicates two types of UV-NIL methods (Fig. 3-3). After
coating or dispensing of resist, templates are moving towards the substrate and in contact
with the resist layer with or without pressure. Resist is deformed according to the
structures on the template, the same as in T-NIL. Then UV exposure is applied and causes
crosslinking of the components in the resist liquid and cures the resist. After separation of
template, the subsequent etching process is applied to complete the pattern transfer.

Fig. 3-3 Schematic of UV-NIL: (a1) imprint resist is spin-coated on the substrate; (b1) imprint
resist is drop dispensed on the substrate; (a2/b2) template is in contact with the resist layer, UV
light is applied and resist is cured; (a3/b3) template is separated from the substrate; (a4/b4)
unrequired residual layer is removed by etching process.
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The spin-coating based UV-NIL provides homogeneous thickness distribution over the
entire substrate surface and is apparently more suitable for uniform structures. Normally, in
this case, a vacuum system is necessary during imprint. The dispensing-based UV-NIL, e.g.
Step and Flash Imprint Lithography (S-FIL) [Colburn et al., 1999], can be performed
without vacuum. However, easy appearing of air bubbles is the main issue in this case [Ryu
et al., 2014]. The promoted version of S-FIL, namely Jet and FlashTM Imprint Lithography
(J-FILTM) (by Molecular Imprints Inc.), is able to distribute customized resist pattern to
match the exact template patterns [Molecular Imprints, 2001]. And it might be able to get
rid of the air bubbles problem. [Zhang et al., 2016; Sreenivasan, 2017]
Obviously, due to the absence of heating and cooling duration, the imprint process of
UV-NIL is much shorter than T-NIL. Moreover, UV-NIL is possible to be conducted at
room temperature under low imprint pressure [Lan, 2010].
In T-NIL, rigid templates are primarily used. However, in UV-NIL, both rigid templates
and soft stamps reveal attractive and promising results, hence, widely used. This refers to
two further types, i.e. hard UV-NIL and soft UV-NIL. Hard UV-NIL by using rigid
templates is able to provide very high resolution. Down to 5 nm dimension features are
reported to be achieved by Austin et al. [Austin et al., 2004]. However, it has the limitation
in imprint area due to the waviness or non-ideal planar substrate. Soft UV-NIL, on the
contrary, is more attractive for large scale patterning and defect controlling [Farshchian et
al., 2011]. In addition, due to the high flexibility of the soft stamps, it has less risk of
mechanical damage of the templates. However, also due to the relatively low Young’s
modulus, the easier deformation of soft stamps under pressure is the potential issues, which
limits the imprint resolution, uniformity and reproducibility [Kwon, 2016; Lan, 2013]. To
overcome this drawback of soft UV-NIL, variations have been developed. For example,
the Substrate Conformal Imprint Lithography (SCIL) or UV-SCIL is able to integrate the
advantages of both soft stamp and rigid template with a special structured hybrid
template/stamp, which will be additionally introduced in the section 3.4. Sub-10 nm
resolution over up to 6-inch substrate has already been demonstrated by using UV-SCIL [Ji
et al., 2010].
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3.2.3 Other variations of NIL
In section 3.2.1 and 3.2.2, two fundamental processes for NIL (i.e. thermal NIL and
UV-NIL) have been introduced. However, during the over 20 years evolution of NIL
technologies, variations and combinations of different NIL technologies have been
developed in order to cater to different requirements, such as for the purpose of residual
free pattern transferring, industrial scale high throughput production, etc. In the following,
several commonly used variations of NIL are introduced.

Combined thermal and UV-NIL (TUV-NIL)
In order to improve the imprint performance, combined thermal and UV-NIL (TUV-NIL)
is developed. As its name implies, it simultaneously combines T-NIL and UV-NIL.
UV-curable thermoplastic polymer is implemented as resist instead of normal material.
Due to the intrinsic glass transition temperature of this special polymer, it forms a
solid-state film after spin-coating as opposed to conventional polymers used in UV-NIL
which remains liquid state before been cured. During the imprint process, the substrate is
kept at a constant temperature above its glass transition temperature and, hence, less
imprint force is required. UV light is introduced for fast curing process thereby shortens
the imprint duration. TUV-NIL can also avoid the thermal expansion mismatch between
template and substrate. [Brunetti et al., 2007; Guo, 2007]

Laser-assisted direct imprint (LADI)
Laser-assisted direct imprint (LADI) is considered commonly the most successful direct
patter transfer technique, in which no subsequent etching process is required. In 2002,
Chou et al. has reported nanostructures patterning in silicon with resolution better than
10 nm and short embossing time (< 250 ns) by using LADI. The excellent performance is
attributed to the low viscosity of molten silicon.
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Fig. 3-4 Schematic of Laser assisted direct imprint (LADI) processes. Original figure from [Chou,
2002]

The working principle is based on applying of excimer laser irradiation. Fig. 3-4 describes
the entire working processes. (a) The quartz mold and silicon substrate are in contact with
each other. (b) A single or multiple excimer laser pulses are applied to melt a thin surface
layer of substrate. (c) The mold is embossed into the molten substrate layer within a short
time. (d) After the embossing process, the liquid thin surface layer is again solidified. (e)
The imprint process is complete after the separation of mold and substrate. Chou et al.
believes the high resolution and speed of LADI is also applicable to other varieties of
materials and is able to extend to other processing techniques. [Chou, 2002]

Reverse-contact nanoimprint lithography
The residual layer, in the typical NIL technologies, is inevitable and is normally removed
by a subsequent etching process. Therefore, lots of investigations are made achieve the
residual layer free NIL technologies. In a sense, the aforementioned LADI is a kind of
residual free imprint technology in which no further etching process is required. The
reverse-contact nanoimprint is another promising direct imprint technology for residual
free patterning. As opposed to the regular NIL, in reverse NIL, the imprint resist is
spin-coated onto the template rather than the substrate. The resist portrays the desired
patterns already by filling up the trenches on the template. Afterwards, the resist pattern is
able to be transferred from the template to a substrate due to the difference of surface
energy. Typically, the template has a lower surface energy than the substrate. I.e. the resist
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has better adhesion to the substrate and can be separated from the template during the
imprint process. [Lan, 2010]
Another advantage of reverse NIL is the possibility of building three-dimensional and
multi-layered micro-/nano-scale structures. Nakajima et al. demonstrated multi-layered
nano-channels by using reverse NIL. The template is heated up over the glass transition
temperature (Tg) of polymer, and the substrate is kept under Tg to avoid the deformation of
lower layers [Nakajima et al., 2006]. Meanwhile, Kehagias et al. solved this issue by
combined photolithography with reverse NIL (RUV-NIL). The UV curable material (i.e.
mr-NIL 6000 from Micro resist technology) provides a good mechanical stability after
curing. Instead of etching process, the uncured parts can be simply removed by aceton or
other solutions [Kehagias et al., 2006; Kehagias et al., 2007]. Fig. 3-5 shows the schematic
of multilayer patterning by these two groups. Subsequently, in 2015, Fernández et al.
reported their successful large area (cm2) residual free patterning with reverse NIL by
utilizing a soft PDMS stamp [Fernández et al., 2015].

Fig. 3-5 Schematic of multilayer patter transferring (left) by Nakajima et al. using typical
reverse-contact nanoimprint lithography with temperature controlling and (right) by Kehagias et al.
using photolithography combined reverse NIL (RUV-NIL). Original figures from [Nakajima et al.,
2006; Kehagias et al., 2007].
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Roller-type nanoimprint technology
Another emphasis of NIL evolution is towards the direction of the large-area and high
throughput patterning for industrial purpose. Other than the standard soft UV-NIL,
roller-type nanoimprint lithography (RNIL) reveals much higher potential for large area
and high throughput manufacturing. The roller can not only be used with a flat template
and provide smooth roller press, but also can include structures and be utilized directly as a
roller template (see Fig. 3-9 c1, c2) [Tan, 1998]. Generally, Roller-based nanoimprint
technologies have two types, i.e. roll-to-plate (R2PNIL) and roll-to-roll nanoimprint
lithography (R2RNIL). RNIL also indicates possibility and potential for multilayer
patterning [Nagato et al., 2009]. Fig. 3-6 shows the diagrams of two UV assisted roll
nanoimprint systems. Detailed introduction is not included here, and more information
refers to [Lan et al., 2008; Kooy et al., 2014].

Fig. 3-6 Schematic diagrams of two UV roll nanoimprinting systems. (a) roll-to-plate UV
nanoimprint lithography with rigid substrate and (b) roll-to-roll UV nanoimprint lithography with
flexible substrate. Original figures from [Ahn et al., 2006]

There are much more other variations of NIL technologies and it is not possible to enclose
all of them here. For example, nanoimprint can also be combined with conventional
photolithography (CNP), in which micro- and nano-scale patterning can be achieved in one
fabrication process [Cheng, 2004] and nanoelectrode lithography, which is an integration
of nanoimprint and electrochemical reaction [Yokoo, 2009], and etc. More information can
be found [Lan, 2010; Zhou, 2013].
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3.3 Nanoimprint templates, resists and equipment
Nowadays, the investigations of NIL are generally towards two directions: the research of
basic NIL components and the research of practical applications. The research of basic NIL
components (i.e. processes, equipment, resists and templates) is the basis for practical
applications. An overview of NIL components can be found in Fig. 3-7 [Lan, 2010]. The
processes refer to different NIL curing methods, which has been introduced in the previous
section (section 3.2), therefore, are not enclosed here. The other three components are
introduced in the following.

Fig. 3-7 Overview of nanoimprint components: process, equipment, resists and templates. Modified
figure after [Lan, 2010]

3.3.1 Templates (Molds)
Template, sometimes also called mold, contains predefined micro-/nano-scale patterns
which should be transferred to the substrates, therefore, is the most basic component of
nanoimprint lithography. The resolution and feature of template determines the resolution
of imprinted structures. As already mentioned, template can be hard by using rigid material
such as silicon, dielectric materials, metals, or soft with polymeric materials, or even
hybrid materials, as long as the material has a high mechanical property to eliminate
deformation, e.g. sufficient Young’s modulus [Guo, 2007]. Among these three types, the
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hybrid or multilayered template reveals great potential because it provides large-scale
conformal substrate contact without demand of high contact force.
Fabrication of rigid template is usually with the help of traditional micro-fabrication
processes, whereas the soft or hybrid material templates are molded from the rigid template.
Sometimes, in order to distinguish between them, the soft or hybrid material templates are
named to be soft or hybrid stamps. The selection of template material should consider the
intended applications and thermal expansion in case of T-NIL, transparency in case of
UV-NIL, the compatibility with fabrication technologies and so on. Most common material
for rigid templates is Si, SiO2, metals, sapphire, and diamond film [Guo, 2007]. The
commonly used fabrication steps are combinations of lithography and etching processes as
illustrated in Fig. 3-8. The lithography process can be the photolithography (more detail in
section 5.1), electron-beam lithography for extra small features [Watanabe et al., 2014],
interference lithography for large-area periodic structures [Wolf et al., 2012], or even
nanoimprint itself. The soft or hybrid stamps are molded after the fabrication of the rigid
template. In most case, the anti-sticking treatment is necessary to reduce the surface energy
and provides an easier separation. The most widely used approach is solution- or
vapor-phase deposition of a self-assembled monolayer of fluorosilane [Guo, 2007].

Fig. 3-8 Schematic illustration of common fabrication processes of rigid template (a1-a3) and soft
stamp (b1-b3).
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3.3.2 Resist (Polymer)
All the nanoimprint components are correlated to each other. The choice of imprint resists
relies on the particular nanoimprint process and template to be used. For example, in
T-NIL, thermoplastic material should be applied whereas, in UV-NIL, UV curable material
is used. Besides, when soft NIL is used, the sufficiently low resist viscosity should be taken
into account to achieve a perfect formation of patterns. Moreover, if the resist layer is
directly used as functional layer, the mechanical strength after the curing should also be
considered. If the imprinted layer is worked as etching mask, the etching properties of the
resist material become important. [Guo, 2007]
In the case of T-NIL, choosing the proper glass transition temperature (Tg) of thermoplastic
material is important. A high Tg leads to longer heating and cooling duration of process. A
low Tg might increase the risk of pattern deformation after curing (i.e. low stability of
cured material). Therefore, a trade-off should be made according to different applications.
The mostly applied materials are commercially available, such as polymethylmethacrylate
(PMMA) and polystyrene (PS) [Nagase, 2010].
The trend of using UV-NIL technologies promotes the investigation of UV curable
materials. Nowadays, different companies and institutes offer UV-curable materials such
as Nanonex (USA), Molecular Imprint (USA), AMO (Germany), Micro resist technology
(Germany), Obducat (Sweden) and so on. The desired film thicknesses after spin-coating,
the practical viscosity, fast UV-curing at low UV doses, less shrinkage and high etching
resistance should always be taken into account. [Kim et al., 2006] More comprehensive
introductions about NIL resists can be found in [Guo, 2007; Costner et al., 2009].

3.3.3 Equipment (Tool)
NIL equipment, which realizes the implementation of the whole process, is also one of the
key components. The equipment should be compatible to the selected NIL process,
templates and resists. I.e., different equipment is required for different types of NIL
technologies. The equipment brings the theoretical idea of NIL processes into reality.
Typically, the most common NIL machines are classified into three categories: single press,
step-and-repeat press, and roller-based imprint as shown in Fig. 3-9. In single press imprint,
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the entire patterns are transferred in only one step. Thus, the total dimension of predefined
patterns on template is usually smaller or the same as the substrate size. Instead, in
step-and-repeat imprint, only a small area is imprinted at a time and the template is moved
to another position, where the imprint is repeated. Therefore, in this case, positioning
module of machine is greatly required. Whereas, the roller-type imprint machines should
provide continuously large-area pattern transferring. [Bhushan, 2007]

Fig. 3-9 Overview of three common types of NIL tools. Original figure from [Bhushan, 2007]

Basically, a NIL machine consists of an imprint module (including template holder), a
substrate stage, an accurate alignment module, and a condition or environment control
module. The imprint module, as well as, the substrate stage should be supplied by a
vacuum system, which is able to fix the template and the substrate. Moreover, they
determine the uniform and parallel surface contact during imprint. The accurate alignment
module is important especially for multilayer or 3D patterning. The environment control
module such as temperature, UV exposure, and pressure control also influences the quality
of imprinted results. Currently, Molecular Imprints (USA), Obducat (Sweden), EVG
(Austria), SUSS MicroTec (Germany), Nanonex (USA) are the five leading NIL tool
providers. [Lan, 2010]
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3.4 Substrate Conformal Imprint Lithography (SCIL)
In this section, emphasis is put on more detailed introduction of Substrate Conformal
Imprint Lithography (SCIL) technology. UV assisted SCIL, which is one promoted version
of SCIL process, is the core technology used in this thesis work.
As aforementioned, that the soft UV-NIL overcomes the drawbacks of other common NIL
process (i.e. T-NIL, UV-NIL with rigid template). However, soft UV-NIL also has some
inherent disadvantages due to the insufficient surface strength. Therefore, variations have
been proposed and developed [Hornung et al., 2010]. SCIL is one of the most successful
variations of soft UV-NIL, developed by Philips and Süss MicroTec. SCIL is able to keep
the best resolution achieved in UV-NIL with rigid template, as well as, the possibility of
large scale pattern transferring. Besides, the whole process of SCIL is implemented under
room temperature and no requirement of large contact force. What’s more, SCIL process
has a very high compatibility against particle contaminants as revealed in Fig. 3-10
[Verschuuren, 2017].

Fig. 3-10 Examples of structure conformal imprint over particles by using SCIL. Original pictures
from [Verschuuren, 2017]

The main revolution of SCIL is on account of the tri-layer structured stamp, as shown in
Fig. 3-11 [Verschuuren, 2017]. The tri-layer structured stamp contains a relatively low
Young’s modulus material (e.g. Soft PDMS) as a buffer layer to maintain conformal
contact. Micro-/nano-scale patterns, which are molded from a rigid master template, exist
on an additional thin layer of material with high Young’s modulus (e.g. Hard PDMS or
X-PDMS). The process of stamp molding is schematically illustrated in Fig. 6-4 and detail
process flow can be found in Appendix C. Typically, a thin and flexible glass carrier with
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a thickness of ~200 µm is used for low pattern deformation. However, the thin glass carrier
is rather brittle and costly. In our research, the carrier is replaced by a flexible, thin and
transparent plastic carrier (GO-CL- VP from folex IMAGING). It has been reported, that
the reusability of the tri-layer stamp by using hard PDMS is up to 500 times [Schmitt et al.,
2012] and X-PDMS is at least 600 times [Verschuuren, 2017].

Fig. 3-11 Schematic illustration of tri-layer composite stamp used for SCIL process. Modified
figure from [Verschuuren, 2017]

Apart from the special stamp, the unique imprint process is another specialty of SCIL. The
process is under the control of a sequential imprint procedure, which is with the help of the
vacuum grooves on the stamp holder. Fig. 3-12 describes the entire processes. (1) Stamp is
fixed on a stamp holder by vacuum supply. (2) A substrate coated with liquid-phase resist
is loaded to the substrate stage and brought up to the defined distance (< 100 µm) to the
stamp. The vacuum grooves sequentially ventilate with a small pressure (~20 mbar), which
causes a soft contact between the stamp and resist layer on the substrate. The start position
can be set as from left, right or the center of the stamp. (3) The stamp releasing process is
carried on under control. Since the pressure supply is very small, the imprint (i.e. pattern
formation) process is actually counting on the capillary force. (4) Once the whole stamp is
getting in contact with the resist layer, time duration is assigned for the pattern construction,
usually called “Process delay”. Afterwards, the curing process is carried on by UV
exposure (in case of UV-SCIL) or thermally. (5-6) After curing, the grooves on stamp
holder are again gradually introduced with vacuum supply, which separates the stamp from
substrate. I.e., the separation process works like peeling, hence, less separation force is
required. The same, that the separation direction can be customized (from left, right or
center). (7-8) Finally, the sequential separation process is finished. And the substrate stage
moves against the stamp holder to increase the distance and allows the sample unloading.
[Verschuuren, 2017]
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Fig. 3-12 Imprint processes of Substrate Conformal Imprint Lithography (SCIL). Original figure
from [Verschuuren, 2017]

At INA, the UV-SCIL process is implemented using the Mask Aligner (MA6) from Süss
MicroTec (Fig. 3-13). There are many customized parameters, such as imprint area,
process gap, sequence step-time, process delay, exposure time, wedge error compensation
(WEC), etc. Therefore, it can be tailored to match different investigation purpose. Different
imprint resists are used at INA, such as the most typical Sol-Gel (Philips Research,
Netherlands), AMONIL (AMO, Germany), and mr-UVCur06, mr-UVCur21, mr-NIL210
(Micro resist, Germany) [Micro resist, 2018], etc.

Fig. 3-13 Photo of Mask Aligner 6 (MA6) from SUSS MicroTec for UV assisted Substrate
Conformal Imprint Lithography (UV-SCIL).
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Chapter 4
State of the art of miniaturized spectrometers
This chapter presents the state of the art of miniaturized spectrometers. The researches
outside our institute are firstly analyzed (section 4.1). The status of our miniaturized
spectrometers (i.e. at INA) is discussed afterwards (section 4.2).

4.1 External researches of miniaturized spectrometers
Optical spectrometer is one of the most rapidly developing sensing techniques due to its
overwhelming application potential. It can be said without fear of exaggeration that optical
spectrometers can be applied everywhere in human life. The conventional spectrometers
with large dimensions and low cost-efficiency are no longer suitable for the so called
“smart personal environment” [Tubaishat, 2003].
Great efforts have been made from the last decade towards the miniaturization of high
resolution and cost-efficient optical spectrometers. Compare to the conventional
micro-assembly [Smith, 2000], the Micro-Electro-Mechanical System (MEMS) based
micro-spectrometers reveal much greater potential [Wolffenbuttel, 2004].
The MEMS-based spectrometers can be classified as grating-based [Kwa, 1992],
interferometer-based [Wolffenbuttel, 2005] or even hybrid systems [Heideman et al., 1993;
Shi, 2014]. Some researchers reported the combination of grating element with planar
waveguide [Goldman et al., 1990] or optical fiber technology [Mohr, 1991] to further
improve the performance. Although the grating-based mini- or micro-spectrometers are
still dominating the miniaturized spectrometers market, the large limitations and
constraints are still inevitable due to the principle [Wolffenbuttel, 2004]. Fig. 4-1 is
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exemplarily showing three commercial miniaturized spectrometers. Among them, the best
spectral resolution (ΔλFWHM) is reported to be around 7 nm from Carl Zeiss GmbH,
however, the device dimension is also the biggest. This refers to a truth that reduction of
size always relies on the penalty in resolution regarding the grating-based
micro-spectrometers. I.e., a compromise always has to be made between device size and
resolution.

Fig. 4-1 Examples of commercial mini-/micro-spectrometers: (a) INSION, 67 x 36 x 22 mm,
ΔλFWHM < 10 nm [INSION, 2012]; (b) Hamamatsu Photonics, 20.1 x 12.5 x 10.1 mm, ΔλFWHM ≈
15 nm [Hamamatsu, 2017]; (c) Carl Zeiss, 67 x 60 x 40 mm, ΔλFWHM ≈ 7 nm [Carl Zeiss, 2018]

Interferometer-based spectrometer, also as one of the strongest candidates of MEMS-based
spectrometers, reveals an enormous potential. Depending on different types of
interferometers, the miniaturized spectrometer could be mainly based on Michelson [Li et
al., 2017], Mach-Zehnder [Florjańczyk et al., 2007] and Fabry-Pérot (FP) [Wangx, 2010].
Due to the difficulty of integration of beam splitters used in Michelson and Mach-Zehnder,
FP based micro-spectrometer captures more attention. Several researches on FP based
microspectrometers are concisely introduced in the following.
Trace back to year 2000, Correia et al. reported a single-chip spectrometer by combining a
16-channel static Fabry-Pérot filters and associated with CMOS photodetectors in the
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visible spectral range as shown in Fig. 4-2 [Correia et al., 2000]. Semitransparent metallic
layers (i.e. 20 nm Al and 45 nm Ag) were chosen to be the mirrors for their FP filter array.
PECVD deposited SiO2 layer works as the resonance cavity. According to their description,
N photolithography and etching processes are required in order to achieve 2N different
resonance cavity thicknesses. In this case, 4 fabrication loops were implemented for 16
cavities. The overall device size is 4.7 x 4.7 mm. FWHM is measured to be around 16nm with
maximum transmittance of about 15%. Due to the relatively high absorption and low
reflectivity of the semitransparent thin metallic layers, the spectral resolution is not so
satisfying.

Fig. 4-2 16 channel static Fabry-Pérot filter array on a CMOS chip with dimension of 4.7 x 4.7 mm.
Original figures from [Correia et al., 2000]

Afterwards, in 2007, Wang et al. promoted this idea with an increasing channel number.
The thin metallic layers were replaced by periodic dielectric layer stacks (i.e. DBR
mirrors). 128 FP filters with different resonance cavity thicknesses were fabricated by
using the combinatorial deposition technique as illustrated in Fig. 4-3 (top). Exclusive of
the deposition procedures of two DBR mirrors, fabrication of 2N cavities requires N steps
of photolithography and deposition. They achieved an improved result in the near infrared
(NIR) range (722 nm – 880 nm) with FWHM ranging from 1.7 nm to 3.8 nm and
transmission intensity from 21% - 65%. The dimension for each cavity is, in their case,
1.5 mm x 0.75 mm (in total 12 x 12 mm2). [Wang S.W. et al., 2007]
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Fig. 4-3 Diagram of the process for the combinatorial deposition technique used to fabricate 128
different Fabry-Pérot filters. Original figures from [Wang S.W. et al., 2007]

Due to the complicated and irreproducible fabrication processes, another idea was
proposed by Emadi et al. in 2010. Instead of the discrete cavity arrays, they proposed a
tapered cavity layer by using resist reflow combined with dry etching technique (Fig. 4-4).
The spectral resolution, in this case, is related to the angle of the taper. The controlling of
different resist reflow is one of the most critical issues in this idea. Moreover, the fixed
linear distribution of the tapered cavity layer makes it not possible for specific application
tailor.

Fig. 4-4 Diagram of a miniaturized spectrometer by combination of detector array and a
Fabry-Pérot filter with tapered cavity layer. Original figure from [Emadi et al., 2010]
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The above-mentioned ideas are either involving with complicated fabrication procedures or
suffering from unpredictable spectral performance. To solve these issues, we proposed a
new idea to fabricate the resonance cavities of FP filter arrays in a time and cost-efficient
manner [Albrecht et al., 2010].

4.2 Nanospectrometer: state of the art at INA
This section introduces the state of the art of the miniaturized spectrometer at INA. Our
aim is to achieve a highly miniaturized optical spectrometer which is capable for industrial
production as well as remaining low fabrication cost. The filter array, as one of the most
core elements of miniaturized spectrometer, is so far the main research emphasis. The same
as the other research groups, our design is also based on the FP filter arrays. The FP filters
are formed by two highly reflected dielectric mirrors (DBR) and organic resonance cavities
with distinct thicknesses/heights. A schematic diagram of our proposed sensor arrays (i.e.
FP filter array with a corresponding detector array) is depicted in Fig. 4-5. Detailed
fabrication procedures are discussed in Chapter 6. The key point of our design is
introducing of nanoimprint technology. Therefore, the miniaturized spectrometer was
named to be “Nanospectrometer”, not only because of the highly miniaturization but also
due to the utilization of nanoimprint technology.

Fig. 4-5 Schematic illustration of a sensor array proposed at INA including a detector array and a
Fabry-Pérot filter array. Original figure from [Hillmer, 2017]
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For the DBR deposition, both PECVD and IBSD were taken into account at the beginning
[Wang et al., 2010]. However, the IBSD deposited DBR mirror suffers from film stress
issue, which dramatically reduces the lifetime of samples. Although one of our former
researchers has tried to reduce the film stress of IBSD [Ullah et al., 2015], it is still not
efficient compare with the results achieved from PECVD.
Additionally, in the past, two types of nanoimprint methods were implemented (i.e.
UV-NIL and UV-SCIL) by using different templates [Wangx, 2010]. UV-SCIL technology,
as an edge cutting nanoimprint technology overcomes the drawbacks of the other method
(section 3.4), therefore, is inherited till now.
Moreover, different organic imprint resists have been investigated for the imprint processes
such as Sol-Gel (Philips Research, Netherlands), AMONIL (AMO, Germany), mr-UVcur21
and mr-UVcur06 (Microresis technologyt, Germany) [Albrecht, 2012; Wangx, 2010].
Sol-Gel resulted excellent imprint structures, however, due to long curing duration was
eliminated. AMONIL led to poor structure formation due to the relatively high viscosity
(about 50 mPa·s) [Shen, 2012]. Mr-UVcur21 showed excellent results during the UV-NIL
processes. Unfortunately, it always suffered from a sticking issue to the SCIL stamp
because of the chemical properties [Wangx, 2010]. Finally, mr-UVcur06 becomes the most
potential candidate among all the selected materials. As a UV curable material, it
overcomes the main drawback of Sol-Gel. Due to the material viscosity of about 14 mPa·s,
it shows acceptably good cavity filling and structure formability. Furthermore, based on
my investigations, the sticking problem did not commonly happen by using mr-UVcur06.
Lots of exciting results have already been made by our former researcher not only in the
visible range [Wangx, 2010; Albrecht, 2012; Memon, 2015], but also in the near infrared
range [Nguyen, 2016]. Best single transmission intensity of 90% and 2 nm Full Width at
Half Maximum (FWHM) in the visible range has been achieved by using Sol-Gel [Wang et
al., 2013].
However, the further research remains few open issues. Firstly, the most common issue of
all the nanoimprint related researches is the controlling of residual layer. Our former
researchers have already faced this problem and investigated on how to homogenize the
residual layer [Albrecht, 2012; Memon, 2015]. Although they made improvement by
rearrangement of cavity height distribution, still more investigations are required. What’s
more, the investigations are still focused on single stopband filters so far. Hence, the
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transmission lines are restricted within the stopband of DBR mirror, which further limits
the whole spectral detecting range of sensor array. The idea of extending of this spectral
range by multiple stopband has been brought out by Dr. Albrecht in her dissertation
[Albrecht, 2012] and Dr. Memon has tried to fabricate multiple stopband filter arrays in his
research work [Memon, 2015]. However, the dimension of the filter array is not
satisfactory and further investigation is greatly demanded. This thesis work is dealing with
the filter array in the visible range on the basis of the current status of nanospectrometer.
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Chapter 5
Foundations of fabrication and measurement
technologies for FP filter arrays
This chapter is comprised of two sections, which deals with some mainly used fabrication
and measurement technologies related to this work. The first section introduces the main
fabrication technologies. Photolithography is widely used in our experiments, such as
master template fabrication, DBR structuring, etc. Reactive Ion Etching (RIE), as a dry
etching technology, is used for master template fabrication. Three typical deposition
technologies (i.e. Plasma Enhanced Chemical Vapor Deposition (PECVD), Physical Vapor
Deposition (PVD) and sputtering deposition) are introduced afterwards. Since the core
technology (i.e. UV-SCIL) has already been introduced in section 3.4, it does not repeat
again.
The second section takes care of three mainly utilized measurement and characterization
technologies. A profilometer, which is used to depict the surface profile in micrometer
scale, is firstly introduced. White Light Interferometer (WLI), as another surface profile
scanning tool, is mostly applied to observe the topography of filter arrays in nanometer
scale. A microscope spectrometer setup including a Peltier system (for temperature control)
is used for investigation of the optical transmission or reflection spectra of individual filter
arrays.
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5.1 Fabrication technologies
5.1.1 Photolithography
Photolithography, as the most well-known form of lithography, is used to transfer very fine
patterns (usually in micrometer scale) onto a substrate or functional layer via designed
photomask and light-sensitive photoresist. Differ from the nanoimprint lithography
(Chapter 3) the principle of photolithography mostly relies on chemical reactions of
photoresist. [Madou, 2002; Razeghi, 2009; Pease, 2008]
A photomask is commonly used to selectively prevent some areas of the photoresist being
exposing. The electromagnetic wave (e.g. near UV light or X-ray) causes chemical
reactions inside photoresist, therefore change its solubility [Cahn, 1996]. There are
generally two types of photoresist i.e. positive and negative [Moreau, 2012]. For different
purposes, proper type of photoresist should be chosen. The photoresist layer can be utilized
as a protection layer followed by etching process or as a sacrificial layer followed by
deposition and lift-off process as explained in Fig. 5-1.

Fig. 5-1 Schematic illustration of positive and negative photolithography processes.
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(a) Firstly, photoresist is evenly spin-coated on a cleaned and prebaked substrate. After the
coating, a so called “softbake” process is required to remove the remaining solvent in the
photoresist. (b) Then a photomask is utilized to partially block the UV exposure. (c)
Afterwards, some parts of resist, due to the exposure, can be removed by corresponding
developer. This is the so called “development” process. In case of positive photoresist,
exposed areas are developed. Whereas for negative photoresist, unexposed parts are
dissolved. Due the absorption effect and intensity profile of light exposure [Valiev, 2012],
different profiles of photoresist can be achieved as shown in (c1) and (c2). Positive
photoresist is easily being used as a protection layer for etching process (d1) and (e1).
Negative photoresist, due to the undercut, is better to be utilized as a sacrificial layer
followed by deposition (d2) and lift-off (e2) process.
The implementation of photolithography at INA is with the help of a mask aligner MA4
from by Süss MircoTec combined with a mercury lamp, which provides a spectral range
from ~ 350 nm to 450 nm. It is compatible with substrates up to 4” and masks up to 7”.
The soft contact mode [Thompson, 1983] is usually operated in order to minimize the
damage of photomask and is able to achieve a standard optimum resolution of ~ 800 nm.
The hard contact mode is also available and increases the resolution up to ~ 300 nm, but
under the expense of lifetime of photomask. For our investigations, since the lateral
dimension of our structure is in the micrometer scale, soft contact is sufficient to satisfy the
requirements.

5.1.2 Etching Processes (Dry and Wet Etching)
Etching process plays an important role in surface micromachining and often implement as
follow-up procedures after photolithography [Ghodssi, 2010]. It defines as an anisotropic
or isotropic removal of materials. An anisotropic etching is with high directionality and can
be used for master template fabrication; while an isotropic etching provides usually high
selectivity, therefore, is utilized for lift-off process and resist or layer removal. Etching
processes can also be generally classified as dry and wet categories. Dry etching can be
both isotropic and anisotropic by means of chemical reactions or/and bombardment of ions.
Wet etching usually works with the help of certain solvent, which is able to selectively
dissolve or remove material(s). [Shul, 2000]
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5.1.2.1 Dry Etching: Reactive Ion Etching (RIE)
Reactive ion Etching (RIE) [Cahn, 1996] is one of the plasma enhanced dry etching
technologies. It offers high directionality, hence, is a perfect technology for us to create the
perpendicular sidewalls of structures on master template. The working principle of RIE is a
combination of physical ion bombardment and chemical reactions.

Fig. 5-2 Schematic diagram of parallel plate reactor Reactive Ion Etching (RIE) system (left) and
Oxford Plasmalab 80+ RIE (right). Original figure from [Oxford Instruments RIE, 2018]

Fig. 5-2 shows a RIE system with typical parallel plate reactors [Shul, 2000] (left) and a
photo of Oxford Plasma 80+ RIE system (from Oxford Instruments), which is used in this
research. The system introduces two parallel placed electrodes (anode on the top and
cathode on the bottom), which generates normally an international standard radio
frequency (RF) (13.56 MHz) electromagnetic field in between. Additionally, the chamber
is pumped and kept under a low pressure (0.008 Torr in our case), thus, ionizes the gases
(from the top inlets) and generates the plasma, which is a coexisting state of positively
charged ions and free electrons. Due to the small mass of free electrons, they are able to
follow the high frequency and be accelerated up and down inside the chamber. Those
electrons, drifted towards the ceiling of chamber (i.e. anode) are been grounded and fed out;
however, those electrons, are oriented and deposited to the substrate, create a large bias
voltage between two electrodes, the so-called DC (direct current) bias. Because of this, the
positively charged ions are also accelerated and drifted towards the substrate (i.e. Cathode).
During the reaction ions etch the surface of material via chemical reactions, the physical
sputtering etching process also occurs because of the high kinetic energy of those
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accelerated ions. Moreover, the reactive ions are always heading perpendicular to the
substrate, which is possible to result anisotropic etching profile. [Vossen, 1979]
The Oxford Plasma 80+ RIE machine at INA normally works with the etching of Indium
(In), Phosphorus (P), Gallium (Ga), Arsenic (As) compound semiconductors (e.g. GaAs or
InP). GaAs wafers are chosen for master template fabrication. For the purpose of GaAs
etching, Hydrogen (H2), Methan (CH4), Argon (Ar) and Oxygen (O2) are applied with
certain combination ratio (Appendix C).

5.1.2.2 Dry Etching: Oxygen Plasma Asher
Oxygen Plasma Etching (O2-Ashing) is also one type of plasma-assisted dry etching
technology, however, applies with another type of reactor (i.e. Barrel or tube reactor).
Differ from the parallel plate reactor, it does not generate electrical bias voltage, hence no
physical ion bombardment occurs. Oxygen Plasma Asher etches via pure chemical reaction,
thus isotropic.

Fig. 5-3 Schematic diagram of barrel reactor Oxygen Plasma Ashing system (left) and TePla 200-G
Oxygen Asher (right). Modified figure after [Electron Microscopy Science, 2018]

Fig. 5-3 presents a typical barrel reactor etching system (left) and the TePla 200-G Oxygen
Asher, utilized at INA (right). Similarly, a RF power (normally 13.56 MHz) is applied via
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electrodes mounted internally or externally to the cylinder-shaped chamber. Meanwhile
chamber is pumped to a low-pressure circumstance. The processing gas is dissociated into
active species by means of the high frequency and low-pressure environment (i.e.
generation of plasma). For example, in the general case of O2, the dissociated O2 species
react readily with organic molecules and convert them to carbon monoxide (CO), carbon
dioxide (CO2) and water (H2O) [Razeghi, 2009]. Due to this reason, the TePla 200-G
Oxygen Asher is used for the purpose of photoresist stripping and surface cleaning from
organic dust.

5.1.2.3 Wet Etching: Lift-off and Aluminum Etch
Wet etching is generally based on chemical reaction between solvent and material(s), hence
etches with high selectivity. One solution can be found, which is highly selective for
reacting with a specific material and without affecting others. Moreover, it can also be
accomplished according to the difference between the soluble rates of two different
materials. Since the wafers or substrates are normally immersing in the solution, wet
etching is typically isotropic. [Moreau, 2012]
Lift-off process can be considered as an example of wet etching processes. The sacrificial
layer is etched away by immersing in a solvent. For example, in our research, the exposed
negative photoresist (e.g. AZnLof 2070 5:1) can be etched using aceton at room
temperature or N-Methyl-2-Pyrrolidone (NMP) at 80 ⁰C. The process can refer to Fig. 5-1
(c2) -(e2).
Wet etching process is also commonly used for thin metal layer removal. Aluminum wet
etch process, as an example, is through the chemical reaction between aluminum and the
aluminum etchant. The aluminum etchant used at INA is offered by Microchemicals GmbH,
which contains 73% H3PO4 (for dissolving Al2O3), 3.1% HNO3 (for Al oxidation), 3.3%
CH3COOH (for wetting and buffering) and 20.6% H2O (for particular etching rate at room
temperature). This mixture is able to etch the aluminum layer with rate of roughly
40nm/min [Microchemicals, 2013].
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5.1.3 Deposition technologies
Deposition

technology,

as

another

commonly

used

follow-up

procedure

of

photolithography, plays an important role in MEMS, also for our fabrication process
[Ghodssi, 2010]. Too many deposition technologies exist nowadays, generally, divided into
two categories: based on chemical or physical processes. Depending on different precursor
phases, the chemical process can be further distributed into gas/vapor-phase and
liquid-phase technologies [Seshan, 2002]. However, the physical process is typically based
on gas/vapor-phase precursors, and therefore, can be classified as thermal evaporation or
sputtering deposition [Mattox, 2010].
In this part, we focus on three involved deposition techniques i.e. Plasma Enhanced
Chemical Vapor Deposition (PECVD), Physical Vapor Deposition (PVD) with thermal
evaporation and sputtering deposition.

5.1.3.1 Plasma Enhanced Chemical Vapor Deposition (PECVD)
Plasma Enhanced Chemical Vapor Deposition (PECVD) is one type of CVD technologies
with introducing of plasma. PECVD is typically the most common method for deposition
of silicon dioxide (SiO2) films. Besides, it is possible to deposit nearly stress-free silicon
nitride (Si3N4) films [Ghodssi, 2010]. Compared with other deposition methods, the
working temperature of PECVD is relatively low (in our process 120 °C), and therefore, is
a wise choice for temperature sensitive samples. The plasma is generated via an RF power
supply, which is typically at 13.56 MHz. By tuning the power of RF generator eases the
controlling of deposition rate and film stress, which makes the deposition more flexible for
matching different film requirements [Ghodssi, 2010]. Moreover, by introducing the
plasma also promotes the chemical reaction of precursor gases, and therefore ensures a
faster deposition rate and higher flux density.
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Fig. 5-4 Schematic diagram of a PECVD system (left) and Oxford Plasmalab plus 80 PECVD
machine (right). Original figure from [Oxford Instruments PECVD, 2018]

Typically, the plasma is generated in between top and bottom electrodes (purplish area)
inside a vacuum chamber, as shown in Fig. 5-4 (left). Samples are usually located on top of
the bottom electrode (heated table), which is grounded. The precursor gases are injected
through the top “showerhead” like gas inlet. After the dissociation and reaction of
precursor gases, induced by plasma, a solid state layer is finally formed on the substrate.
The volatile reaction byproducts and unused species cannot be avoided during the process.
Thus, regular chamber cleaning is generally required.
At INA, the Oxford Plasmalab plus 80 PECVD machine (from Oxford instruments) is
utilized, as shown in Fig. 5-4 (right). Gas state Silane (SiH4) is used as the
silicon-containing precursor gas for both SiO2 and Si3N4 layers. Gas state Ammonia (NH3)
and Nitrous oxide (N2O) works as nitrogen-containing and oxygen-containing precursor
gases respectively for Si3N4 and SiO2 (Eq. 5-1/Eq. 5-2) [Hillmer, 2017].
SiH4 (g) + NH3 (g) → Si3N4 (s) + H2 (g)
SiH4 (g) + N2O (g) → SiO2 (s) + N2 (g) + H2 (g)

Eq. 5-1
Eq. 5-2

The deposition parameters for DBR fabrication can be found in Appendix D. Via this
standard processing parameter, we suffer minor film stress issue after deposition. And
therefore, the film stress investigation of PECVD does not included in this thesis work.
48

5.1.3.2 Physical Vapor deposition (PVD)
Physical vapor deposition (PVD), unlike chemical vapor deposition (CVD), is by means of
physical mechanism, such as through thermal evaporation, sputter deposition, arc vapor
deposition, ion plating, ion beam-assisted deposition and so on [Mattox, 2010]. Here only
thermal evaporation and sputter deposition are explained in detail.
Thermal evaporation
In thermal deposition, a vaporized atoms or molecules from the target material reaches the
substrate without any collisions with other gas molecules in the chamber. This type of
deposition method requires a relatively high vacuum circumstance (normally greater than
10-5 Torr) [Ghodssi, 2010]. The vapor can be generated by using a resistive heating system
in the case of lower melting point material (e.g. Aluminum) or by focused electron beam
(e-beam) heating in the case of higher melting point material such as Titanium, as
schematically illustrated in Fig. 5-5. Due to the increasing of evaporation pressure and
high vacuum chamber condition, molten and evaporated material travels through the
chamber and condenses on the surface of the substrate and forms a thin layer. Usually, for
more homogenous thin films, the substrate holder rotates during the deposition process
[Ghodssi, 2010].

Fig. 5-5 Schematic diagrams of thermal evaporation technologies with a (a) resistive heating
element and (b) focused electron beam. Modified figure after [Ghodssi, 2010]
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Sputtering - ion bombarding
Sputtering is working with a pure physical process, where the atoms in a solid state target
material are ejected or sputtered by the bombardment of accelerated ions. [Wasa, 2012]
Due to the momentum transfer, these ejected atoms form a thin film on the substrate kept
on the anode plate. Fig. 5-6 shows the schematic diagram of sputtering deposition with two
different bias voltage systems. After pumping the chamber to the base pressure, a noble gas
(usually Argon (Ar)) is introduced as the bombardment gas to avoid chemical reactions.
Plasma is at this time generated by applying bias voltage (either DC or RF power). The Ar
gas is ionized into charged ions (Ar+) with high energy and accelerated towards cathode
(i.e. the target material). These ions have enough energy to knock out target material. For
most conductive targets, DC power supply is applied for plasma creation. Whereas, for
non-conductive target, RF power system is required in order to avoid charge effects.

Fig. 5-6 Schematic diagrams of sputter deposition with a (a) DC power source and (b) RF power
system. Original figure from [Ghodssi, 2010]
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Fig. 5-7 Images of (a) Pfeiffer PLS 500 Evaporation System and (b) Emitech K550 Sputter Coater
used at INA.

Both evaporation and sputtering deposition technologies are used at INA for different
material coating. The Pfeiffer PLS 500 Evaporation System (Fig. 5-7 (a)) is based on
evaporation deposition including both heating system and e-beam evaporation. In some
investigations of this thesis work, the Pfeiffer machine is used to deposit thin aluminum
layer. Emitech K550 Sputter Coater (Fig. 5-7 (b)) is on the basis of sputtering deposition.
Gold and platinum target can be mounted, hence, is possible to deposit gold or platinum
layer (depending on the mounted target) due to its fast processing duration. However, the
high cost of the sputter machine is a significant issue, which should be taken into account.

5.2 Measurement and characterization technologies
Besides

the

aforementioned

fabrication

technologies,

three

measurement

and

characterization technologies are introduced in this section. A stylus Profilometer works
with a contact mechanism of surface profile identification (section 5.2.1). White Light
Interferometer, in the contrary, is a non-contact surface topography scanning (section 5.2.2).
Additionally, optical characterization is implemented by means of a self-build microscope
spectrometer setup and a Peltier element (section 5.2.3).
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5.2.1 Stylus Profilometer
Stylus profilometer, as the name implies, consists a stylus, which is able to move vertically
in contact with the surface of a sample under a particular contact force. In the meantime,
the stylus can move laterally along a predetermined direction for a defined distance (see
Fig. 5-8 left) [Lee, 2012]. I.e., surface topography can be drawn as a function of lateral
displacement. Hence, a stylus profilometer is capable of terrace, roughness and curvature
measurement. It can be observed, that the scanned surface profile loses resolution compare
to the real case. This vertical resolution is related to the tip radius of the stylus, scan speed
and data signal sampling rate, etc. In the optimum case, the highest vertical resolution can
be in the angstrom scale [Stout, 2000].

Fig. 5-8 Schematic diagram of a contact stylus profilometer (left) and Ambio XP-100 profilometer
(right). Modified figure after [Lee, 2012]

At INA, an Ambios XP-100 stylus profilometer (Fig. 5-8 right) from Ambios Technology
Inc. is used in order to measure a terrace-like multiple-DBR profile. This profilometer has
a vertical resolution of roughly 3 nm, lateral scan ranges up to 30 mm and compatible for
maximum 1.2 mm height. Its contact force can be tuned between 0.03-10 mg depending on
individual requirements. [Ambios Technology Inc., 2007]
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5.2.2 White Light Interferometer (WLI)
Contact stylus profilometer provides fast measurement for steps in micrometer range,
however, for large area 3D nanometer scale scanning, it is time consuming and not
practically possible in our case. Therefore, white light interferometer (WLI), as a type of
non-contact surface profile measurement instrument offers a fast profile scanning.
Moreover, since it measures optically via light waves, it reduces the risk of damaging
samples, hence increases reliability.
Fig. 5-9 presents the overview of the WLI setup (left) and a photo of Zygo NewView 5000
WLI from Zygo Corporation (right). The WLI setup looks similar to a common optical
microscope. However, the specialty of the WLI is that it contains a Mirau interferometer.
With the help of this interferometer, the reference beam (1-2-3-4) and the beam reflected
by sample (1-5-6-4) are coupled and interfere with each other, hence generates bright and
dark fringe pattern, the so called interferogram. Normally, a piezoelectric actuator is
installed in order to move the objective vertically for interference light searching. The
white light is chosen as light source, which is because of the smaller coherence length (i.e.
limited orders of the interference fringes), thus, easier to find out the 0th order (i.e. greatest
modulation). The interferogram of each pixel is captured by the high-resolution detector
array. Also, output of the detector array is proceeded and digitized by the computer.

Fig. 5-9 Schematic diagram of the white light interferometer (WLI) setup (left) and photo of Zygo
NewView 5000 WLI. Modified figure after [Wyant, 2002; Blunt, 2006]
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Zygo NewView 5000 WLI used at INA has a vertical resolution up to 0.1nm and extended
vertical scan length up to 20 mm. Two objectives (i.e. 5x Michelson and 50x Mirau) are
able to be mounted onto the instrument in order to fulfill different requirements. The lateral
field of view with 5x Michelson objective is up to 3.525 mm x 2.65 mm, which is able to
provide an overview of an entire filter array of our design. The 50x Mirau objective is
perfect for detail investigation such as observation of surface roughness.

5.2.3 Microscope spectrometer setup and temperature control stage
For the purpose of precise optical characterization of our fabricated FP filter arrays, a
compact microscope spectrometer setup was built and reported already by Dr. Mai [Mai et
al., 2012]. By means of this setup, it is possible to precisely focus and measure the
transmission or reflection spectrum of each single FP filter.
The compact microscope spectrometer is a combination of a microscope and a commercial
grating-based spectrometer as shown in Fig. 5-10 [Mai, 2012]. The illumination system of
the setup is constructed by two halogen lamps (HAL 100 from Carl Zeiss). One is used for
reflection and the other is for transmission measurement. The optical microscope (Imager
D1m from Carl Zeiss) is mounted with three EC Epiplan-Neofluar objective lenses (2.5x,
10x and 50x) and an aplanatic-chromatic condenser from Carl Zeiss for collimation and
magnification. Additionally, a controllable stage with a smallest step size of 0.1 µm is
introduced for an accurate positioning of the sample, which is extremely important for our
research because of the small lateral dimension of our individual filter arrays. The data
recording of the setup is achieved by a coupling device (from J&M Technologies), which
consists of an optical lens and an adjustable aperture. Fig. 5-10 (b) reveals the detail
construction including the coupling device for transmission measurement. As shown, the
transmitted light is split into two beams through the beam splitter. Around 20% of the
entire light is transmitted through CCD camera and the realtime image is captured by
computer, and rest of the light (≈ 80%) is selected and coupled to an optical fiber and
finally transfer to a grating-based commercial spectrometer (HR 2000 Ocean Optics).
Finally, the output data from spectrometer is transferred and analyzed by computer
program. The utilized spectrometer has a working range from 400 to 900 nm and a spectral
resolution of ~ 0.5 nm, which is sufficient for the research.
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Fig. 5-10 Schematic diagram of (a) the compact microscope spectrometer for optical
characterization of FP filter arrays and (b) detailed construction of transmission optical
measurement. Modified figures after [Mai, 2012]

Additionally, in this thesis work, a precise temperature controlling stage (LTS120 - Peltier
system from Linkam Scientific Instruments) is introduced to the compact microscope
spectrometer setup as shown in Fig. 5-11 [Linkam, 2017]. The system provides precise
controllability up to 0.1 °C in the range of -40 °C to 120 °C. It can be mounted to the stage
of our microscope spectrometer setup for accurate positioning (Fig. 5-11 right). The stage
includes a 2.5 mm aperture hole, which is adequate for the lateral dimension of our FP
filter array. The temperature tuning is operated with the help of a system controller
(T95-Linksys32). The touch screen of the system controller is easy and intuitive for
operation. Moreover, instead of liquid nitrogen cooling system, this Peltier system
incorporates with a water circulator pump system, which makes the entire system being
flexible. By utilizing the temperature controlling stage, we can measure the samples under
any desired temperature and implement more investigations (section 6.4).

Fig. 5-11 LTS120 Peltier system and T95-Linksys32 System Controller (from Linkam Scientific
Instruments) [Linkam, 2017] (left); LTS120 Peltier system, mounted to the stage of microscope
spectrometer setup (right).
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Chapter 6
Fabrication and characterization of
single stopband FP filter arrays
The main experimental results for this thesis are separated into two chapters (i.e. Chapter 6
and 7). This chapter is mainly dealing with the investigation and promotion of the single
stopband FP filter arrays based on the state of the art (section 4.2). But before the result
discussion, an entire fabrication procedure is revealed in section 6.1 for an easier
understanding. Then the following section introduces the optimization of fabrication
including firstly a short introduction of previous results (section 6.2.1), variation of
nanoimprint parameters (section 6.2.2) and nanoimprint polymer comparison (section
6.2.3). The residual layer measurement and its controlling are evaluated in section 6.3.
Finally, optical characterization including the observation of temperature stability
regarding the optimized FP filter array is presented in section 6.4.
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6.1 Fabrication and characterization flow

Fig. 6-1 Concise flowchart of fabrication and characterization processes of this research.

An overview of the entire fabrication and characterization flow of the research is firstly
introduced. A flowchart is presented in Fig. 6-1. And each step is explained in the
following.
Simulation
The purpose of simulation is to determine the desired central wavelength, the number of
distinct filters as well as the heights and distribution of the cavity array. The required
cavity heights of each filter are simulated by open software “Openfilters”, which is based
on Transfer Matrix Method (TMM) [Thelen, 1989]. With the help of this software, the
required cavity heights are calculated according to the desired transmitting wavelength.
Customized materials can be added and are capable in the software.
Considering the homogeneity of residual layer after nanoimprint process, after the
simulation of each cavity heights, the distribution of cavity array should be taken into
account. Detailed discussion can be found in section 6.3.
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Master template fabrication and general layout
After simulation, a master template is firstly fabricated. This master template is the
fundamental of the entire subsequent procedures including the hybrid stamp molding and
resonance cavity array imprinting. I.e., the accuracy of master template determines the
quality of final products.

Fig. 6-2 A concise example of master template fabrication process with two loops: the first loop,
(a1) spin-coating of photoresist, (b1) alignment, exposure and development with designed
photomask, (c1) etching required thickness by reactive ion etching (RIE), (d1) photoresist removal;
(a2)-(d2) repeat the first loop but with different photomasks and create different vertical levels of
cavities.

Fig. 6-2 describes two loops of fabrication processes, which is able to create two different
vertical levels. A loop includes one step of photolithography and etching processes. (a1)
First of all, positive photoresist is spin-coated evenly over the prepared substrate. (b1)
Depends on designed mask, the photoresist is partially exposed under UV light and further
developed to construct the desired profile. Generally, precise alignment is required in this
step. (c1) Reactive Ion Etching (RIE) is used to etch down to the required depth. (d1)
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Complete removal of photoresist layer is the end of a loop. After characterizations, the
second loop is followed up. Thus, different vertical level can be achieved by implementing
multiple loops. The number of loops determines the number of vertical levels. Their
relationship can be presented as
Number of different vertical levels = 2 (N - 1)
where N is the number of fabrication loops. For example, to achieve 16 different vertical
levels, five fabrication loops are required. Theoretically, based on accurate design of
photomask, any kind of structure profiles (i.e. as many vertical levels as required) can be
achieved. However, in reality, due to the alignment accuracy and precise etching rate,
limitations still exist. Note that, although the fabrication of master template seems rather
complicated, only one is sufficient for the whole process.
In our case, generally 64 different vertical levels (cavity heights) with 2 nm difference are
designed, which means 7 fabrication loops are executed. MA4 from Süss MicroTec is used
for photolithography, which provides us ~800 nm accuracy for lateral alignment as
introduced in section 5.1.1. GaAs wafer is worked as the master template in this research.
Reactive Ion Etching (RIE) (by Oxford Instruments) is applied for accurate height control.
The etching depth of each loop is calculated by a MATLAB program written by Dr. Wang
according to the given distribution of cavity array [Wang, 2010]. The vertical accuracy of
etching can be achieved up to +/- 1 nm. Since this thesis does not deal with the
investigation of master template.

Fig. 6-3 General overview of a single stopband FP filter array.

59

Fig. 6-3 illustrates the general layout of a single stopband FP filter array. It contains 9
identical arrays, and the distance between two adjacent arrays is roughly 120 µm. Each
array consists of 12 x 12 = 144 checkerboard like mesa structures with lateral dimension of
40 µm x 40 µm. Within these 144 mesa structures, the 64 (highlighted in red color) in the
center encloses the 64 distinct cavity heights (i.e. 64 different transmitted wavelengths for
the fabricated FP filter array). The surrounding redundant mesa structures are used to
prevent these centered 64 structures from distortion during nanoimprint process.

Soft stamp molding
As already introduced in section 3.4, a special hybrid material soft stamp (simplified as
“soft stamp” in the following) is required for SCIL process, which is molded from the
master template by using a Mask Replication Tool (MRT) from Süss MicroTec. The
structure on the soft stamp contains an opposite structure profile to the profile of master
template. If the master template contains “positive” mesa or protrusion structures, the soft
stamp has the “negative” concave profiles. The molding procedure is revealed in Fig. 6-4.
First of all, master template should be treated with an anti-sticking layer (vapor deposited
1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS) monolayer) for the purpose of
residual free separation after molding. (a) The hard PDMS is spin-coated on the master
template evenly and post baked on hot plate till it gets tacky. The thickness is roughly
100 µm. (b) Afterwards, master template with the layer of hard PDMS is fixed on the MRT
through vacuum trench. Then soft PDMS is directly dispensed over the hard PDMS layer
from the center. (c) A transparent plastic carrier is fixed on the cover of MRT with applied
vacuum channels and flipped over the soft PDMS. With the help of digital screws on MRT,
the carrier (i.e. cover of MRT) is horizontally drove downwards to form a homogeneous
soft PDMS layer (~600 µm). (d) After the curing procedure (usually 3-4 days), soft stamp
is separated from master template and ready for SCIL process. The detail procedure is
revealed in Appendix C.
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Fig. 6-4 Fabrication flow of hybrid material soft stamp for Substrate Conformal Imprint
Lithography.

FP filter array fabrication
Once the procedures of simulation, master template and soft stamp are finished, a large
numbers of FP filters can be fabricated. I.e., the time-consuming master template
fabrication and soft stamp molding is required to be fabricated only once. For single
stopband FP filter arrays, the entire fabrication steps can be concluded as three sub-steps,
which are bottom DBR deposition, imprinting of multiple resonance cavities and top DBR
deposition (Fig. 6-5). (a) Bottom DBR is deposited layer by layer via PECVD (section
5.1.3). (b) Imprint polymer is homogeneously spin-coated on the bottom DBR. (c) SCIL
process is executed by MA6 (Süss MicroTec) with the corresponding soft stamp. In the
case of single stopband FP filter arrays, accurate alignment is not required during the SCIL
process. (d) Top DBR is deposited by PECVD same as the fabrication of bottom DBR. In
this part, the main focus is on the optimization and investigation of resonance cavities.
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Fig. 6-5 Schematic diagram of fabrication process of single stopband FP filter array

Characterization and mounting to camera
After the fabrication of FP filter arrays, two main characterizations are always followed up
(i.e. Profile capture through WLI and detection of transmission spectra of each single
cavity with the help of a self-build microscope spectrometer setup, described in section
5.2.2 and 5.2.3.). After essential characterizations, samples are chosen to be cut and
mounted to commercial cameras. Previously, before dicing of the sample, a 50 nm
aluminum layer is structured and deposited on the sample in order to allow the light pass
through only the filter area as the sample shown in Fig. 6-6 (left). However, this additional
step is eliminated due to the optimization of read out method. Photos presented in Fig. 6-6
are taken by one of our researchers at INA. [Istock] It indicates the size of our FP filter
array sample and presents the image after being mounted to a commercial camera. The
related follow-up investigations are carried on at INA, hence, are not enclosed here.
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A.Istock

A.Istock

Fig. 6-6 Images of sample diced and mounted to a commercial camera. [Istock]
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6.2 Optimization of imprinted cavities
The shape of the imprinted mesa structure, especially the top surface, is critical because it
directly influences the evenness of top DBR. And therefore, it affects the parallelism of the
bottom and top DBR of FP filters and finally determines their optical properties. This
section deals with the optimization of imprinted resonance cavities. The investigations are
towards two directions (i.e. variation of SCIL parameters and the comparison with a new
imprint polymer). The previous nanoimprint results are depicted firstly for a clear
comparison.

6.2.1 Introduction of previous results
The investigation is based on the general design, which consists of 64 different cavity
heights distributed from 30 nm to 181.2 nm with a step difference of 2.4 nm. The layout of
mesa structure is the same as the one shown in Fig. 6-3.
A master template named “TGn074” was used, and the corresponding soft stamp was
molded. Fig. 6-7 reveals two types of 3D images taken from WLI (the 3D topographic
images (a1, a2) and 3D aerial view images (b1, b2)) of one array in master template
TGn074 and the identical array in soft stamp. Different color scale represents the vertical
level of the surface topography (i.e. color-coded). Additionally, the surface profiles of
selected rows (c1, c2) are revealed. It can be observed the soft stamp and master template
has opposite structures as aforementioned.
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Fig. 6-7

Color-coded WLI 3D topographic images (a1, a2) and aerial view images (b1, b2) of one

mesa array in master template “TGn074” and soft stamp. Surface profiles of selected rows (c1, c2).

Tab. 6-1 Previous parameters of SCIL process for cavity array fabrication

Previous SCIL parameters
Material

mr-UVcur06

Imprint Area [mm]

90

Process Delay [s]

300

Step-time [s]

0.4

WEC-Off Setting

Off

UV Exposure [s]

180
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Multiple samples were fabricated by implementing the parameters listed in Tab. 6-1. The
detailed explanation of each parameter can be found in the next section (section 6.2.2). As
an example, Fig. 6-8 shows the 3D WLI images of one imprinted sample. The profile of
the identical row from this sample is compared with the identical row on the master
template. From the WLI images, it can be observed, that the most surrounding cavities
have distorted after nanoimprint. This is the reason, why the redundant cavities are
introduced to the design. Moreover, it is obvious, that the surface roughness increases. And
the profile comparison intuitively shows the difference between master template and
imprinted sample. Apparently, the profile of the mesa structures cannot reach the
expectation. Firstly, the higher cavities cannot fully achieve the desired height. Secondly,
the lower cavities grow due to unexpected reason. And lastly, the residual layer is still not
sufficiently homogeneous.

Fig. 6-8 Color coded WLI 3D images (aerial view and topography) of one imprinted sample, which
was fabricated by using previous processing parameters (top). Profile comparison of the identical
rows from the imprinted sample (in green) and master template (in black) (bottom).
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For more comprehensive comparison, the 64 individual cavity heights were measured and
compared in Fig. 6-9. It depicts the heights/depths of master template (in black), soft stamp
(in red) and sample (in green) as a function of designed cavity heights. It can be identified,
heights of master template TGn074 is almost following the linier sequence as desired. The
several unexpected protrusions are due to the unstable etching rate and/or inhomogeneous
etching, which have been discussed in Dr. Wang’s dissertation [Wang, 2010]. Fortunately,
it causes minor problem for us, because we only need to observe the accordance among
them. From the figure, a very good coincidence between soft stamp and master template
can be identified. However, in the opposite, the imprinted sample reveals relatively worse
accordance. The same as we discussed in Fig. 6-8, cavities grow for relatively shorter
height and decline for relatively higher height. Therefore, in the next two sections, the
possible optimization and solutions are discussed.

Fig. 6-9 Actual heights/depths of master template, soft stamp and imprinted sample as a function of
designed heights.
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6.2.2 Optimization of SCIL processing parameters
Different parameters of SCIL process obviously influence the quality of nanoimprinted
structure. As already mentioned previously, many parameters require to be considered,
such as imprint area, process delay, step time, WEC-Offset and exposure time, etc. It is not
realistic to modify all the combinations of SCIL parameters. Therefore, several key
parameters are discussed in this section. Note that all the results shown in the following are
the average values of more than 4 samples. And for more accurate measurement under
WLI, all the imprinted samples are deposited by a 30 nm Au or Pt layer using sputter
deposition (section 5.1.3) to achieve more uniform surface reflection.
Imprint Area
The imprint area is the area where the hybrid/soft stamp is released by the vacuum grooves.
The dimension of imprint area should be considered according to the size of the substrate.
As illustrated in Fig. 6-10, the size of imprint area affects the contact of the hybrid stamp
and sample surface, thereby, influences the construction of structures. A too small imprint
area may cause an incomplete imprinting. A too large imprint area may lead to a distortion
of hybrid stamp. This could be a possible reason to explain why the lower cavities end up
with higher imprinted height.

Fig. 6-10 Schematic explanation of contact between soft stamp and sample surface by varying
imprint area: a relatively small imprint area (top) and a relatively large imprint area (bottom).
68

In MA6 machine, the imprint area is able to be varied between 0-180 mm. 90 mm is the
previously used value, and therefore was reduced. Value smaller than 40 mm has been
tested, however, it causes always incomplete structures. Here the other parameters remain
the same as previous parameters except the value of imprint area as listed in Tab. 6-2. A
comparison results with imprint area equals to 40, 50, 90 mm is revealed in Fig. 6-11. The
result proves, with the decreasing of imprint area, the actual cavity heights become more
fitting to the heights of master template. I.e., the heights of the shorter cavities tend to
decrease, which means the distortion of soft stamp is reduced. And the heights of the
higher cavities are increased, which implies the material filling is better than the previous
case.
Tab. 6-2 SCIL process parameters with modified values of imprint area

Material

mr-UVcur06

Imprint Area [mm]

40, 50, 90

Process Delay [s]

300

Step-time [s]

0.4

WEC-Offset

Off

UV Exposure [s]

180

Fig. 6-11 Comparison of imprint results with different imprint area (i.e. 40 mm, 50 mm, 90 mm).
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Process Delay
The process delay refers to the time duration after the contacting of soft stamp and sample
before the UV curing. As revealed, SCIL process is dependent mostly on capillary force,
this time duration is for the construction of structures (i.e. cavity filling process of imprint
resist). It should be long enough to ensure a better structure formation. Meanwhile, it
should be as short as possible to decrease the fabrication duration. In this investigation, the
previous parameters remain the same except the process delay, which is increased from
300s to 420s. The parameters and results can be found in Tab. 6-3 and Fig. 6-12. From the
figure, it can be found that the longer process delay provides better results than the shorter
process delay. However, process delay of 360s and 420s results similar actual cavity
heights. If the entire fabrication duration is taken into account, obviously process delay of
360s has advantage.
Tab. 6-3 SCIL process parameters with modified values of process delay

Material

mr-UVcur06

Imprint Area [mm]

90

Process Delay [s]

300, 360, 420

Step-time [s]

0.4

WEC-Offset

Off

UV Exposure [s]

180

Fig. 6-12 Comparison of imprint results with different process delay (PD) (i.e. 300s, 360s, 420s).
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From the observation of both the imprint area and the process delay, it can be seen that the
results are promoted by modifying either the imprint area or the process delay. Although
there is still no interpretation which one affects more of the results, it is clear both of them
affect the quality of imprinting. Therefore, the best case of both parameters is chosen for
the subsequent experiment (i.e. imprint area = 40 mm; process delay = 360s).
Step-Time
Step-time determines the releasing speed of the soft stamp by vacuum grooves. The time
interval between two releasing vacuum grooves is called the step-time. It can be ranged
between 0-10s in MA6. The optimized parameters (i.e. imprint area and process delay) are
inherited this time. Step-time is tuned among 0.2s, 0.4s and 1s to observe whether it
influences the imprint quality further (Tab. 6-4). From Fig. 6-13, minor influence on the
results can be obtained. Hence, the step-time remains unchanged (i.e. 0.4s).
Tab. 6-4 SCIL parameters with modified values of process delay

Material

mr-UVcur06

Imprint Area [mm]

40

Process Delay [s]

360

Step-time [s]

0.2, 0.4, 1

WEC-Offset

Off

UV Exposure [s]

180

Fig. 6-13 Comparison of imprint results with different step-time (i.e. 0.2s, 0.4s, 1s).
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WEC-Offset
The Wedge Error Controller (WEC) adjusts the parallelism between the soft stamp and
substrate before the process starts. It ensures that the substrate holder is parallel to the
stamp during the imprint process. The WEC-Offset is able to be modified from -50 to 50
unitless. The positive value refers to an increased gap between stamp and substrate,
whereas, the negative value decreases the gap between them. In the common case, the
WEC-Offset is set to be off. We tried to decrease the gap by decrease the WEC-Offset to
-10; however, the unexpected sticking problem occurred. Therefore, WEC-Offset remains
off.
UV exposure
The UV exposure time depends on the applied imprint material and the actual doses
provided by the light source. According to the data sheet of mr-UVcur06 provided by
Micro resist technology [Micro resist, 2018], the sufficient curing dose is approximately
1400 mJ/cm2 (in air), using UV light of 320 – 420 nm. And higher doses do not affect the
quality. Therefore, exposure of 180s is sufficient for the process and remains unchanged.
Tab. 6-5 Previous process parameters vs. optimized ones for cavity imprint

Previous

Optimized

Imprint Area [mm]

90

40

Process Delay [s]

300

360

Step-time [s]

0.4

0.4

WEC-Offset

Off

Off

UV Exposure [s]

180

180

Material: mr-UVcur06

A short summary and comparison is given between the samples imprinted by the previous
processing parameters and the optimized ones (Tab. 6-5). Fig. 6-14 exemplarily compares
the results of two samples. Figure (a) is the aerial view WLI image of the sample imprinted
by using the previous processing parameters, whereas, (b) shows the optimized sample.
Apparently, the optimized sample has a better surface roughness compare with the
previous one. Figure (c) is comparing the surface profile of one identical row from the
master template (i.e. TGn074), the previous sample and the optimized sample. It can be
clearly observed, the profile of the optimized sample (in green) has a much better
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accordance to the profile of master template. Figure (d) finally illustrates the actual cavity
heights of each single cavity height and proves the promotion of the optimized result. As
already mentioned, before characterization under WLI, a 30 nm Pt/Au layer was deposited
by sputter deposition on each sample for more accurate measurement. The difference
between the optimized sample and the master template is assumed to be because of the
shrinkage of mr-UVcur06 during the deposition, which is discussed in the next section.

Fig. 6-14 Example of samples imprinted according to the previous parameters and the optimized
ones: (a) Aerial view WLI image (color coded) of one sample fabricated with previous parameters,
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(b) Aerial view WLI image (color coded) of one sample fabricated with optimized parameters, (c)
surface profile of the identical row of master template (in black), previous sample (in red) and
optimized sample (in green) and (d) actual cavity heights of each single cavity as a function of
designed heights.

6.2.3 Polymer selection
In the previous section, the imprint material is not discussed but the processing parameters,
while this section compares mr-UVcur06 with another newly invented imprint material
mr-NIL210 from Micro resist technology. Material mr-UVcur06 is inherited because of its
faster curing duration and better construction of cavity structures. During the optimization
of imprint parameters, the quality of imprint result by using mr-UVcur06 is further
improved.
However, a fact has been realized during the investigation, which is the shrinkage of
mr-UVcur06 under high vacuum environment. Even after UV curing, the structures are
observed to be shrunk in both vertical and lateral dimensions. Mainly due to the low
viscosity, mr-UVcur06 is hard to achieve a sufficient spin-coated film thickness, which
leads to the difficulty of cavity fabricating in the near infrared range (NIR) (higher cavity
thickness is required). Because of this reason, our former researcher Dr. Nguyen searched
for a substitute, which is a newly invented nanoimprint material also provided by Micro
resist technology, named mr-NIL210 [Nguyen, 2016; Micro resist, 2018]. By this
opportunity, this new material was also used for the fabrication in visible range, as well.
Actually, there are three versions of mr-NIL210 available now by Micro resist technology
depending on the film thickness at spin coating speed of 3000 rpm for 60s. The one
investigated at INA is the version mr-NIL210-500 nm (i.e. film thickness at 3000 rpm is
roughly 500 nm).
Fig. 6-15 illustrates the spin coating curves of mr-UVcur06 and mr-NIL210-500 nm for 60s.
It can be identified the initial resist thickness of mr-UVcur06 at 3000 rpm is roughly
245 nm, which is just half of the thickness of mr-NIL210. Therefore, in order to obtain the
similar initial thickness, mr-NIL210 is diluted by a polymer thinner AZ-EBR with ratio of
3:2. In the following, comparison between mr-UVcur06 and diluted mr-NIL210 is
discussed and compared.
74

Fig. 6-15 Spin-coating curves of mr-UVcur06 and mr-NIL210-500 for 60s. Modified figure from
[Nguyen, 2016]

Film transmission
First of all, the transmissions of two imprint material with identical thickness have been
investigated. Samples were spin coated with mr-UVcur06 and diluted mr-NIL210 at
3000 rpm and measured under the microscope spectrometer setup. Fig. 6-16 reveals their
transmission spectra, as well as, the transmission of a pure glass substrate. Both materials
provide ~ 90% transmission intensity and minor difference is observed. Diluted mr-NIL210
has slightly higher transmission intensity compared with mr-UVcur06.

Fig. 6-16 Optical transmission spectra of a glass substrate, samples spin-coated with mr-UVcur06
film and diluted mr-NIL210 film (at 3000 rpm, 60s).
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Cavity filling
The structure construction, as one of the most important aspects, is investigated. Mesa
structures are imprinted with diluted mr-NIL210 (process flow can be found in Appendix
C). WLI images of one fabricated sample are shown in Fig. 6-17. As it reveals, the result is
similar and almost identical to the result came out from optimized mr-UVcur06 samples
(Fig. 6-14 (b)). The surrounding area (green area) is slightly uneven, which indicates
inhomogeneous surface thickness.

Fig. 6-17 Result of one imprinted cavity array with diluted mr-NIL210 (3:2): aerial view WLI
image, WLI 3D topographic image and surface profile of one cavity row.

Shrinkage
Material shrinkage after curing is an important aspect in nanoimprint technology. The
shrinkage leads to the inaccuracy of actual fabricated structure. In our case, the influence
on the vertical direction is important, because it reduces the cavity heights and affects the
exact position of transmission lines. The shrinkage is normally caused by pressure during
further process (e.g. deposition or hard baking processes). We investigated the behavior of
samples fabricated with two different materials under different deposition environment.
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Samples imprinted with cavity arrays (by mr-UVcur06 and diluted mr-NIL210) are
prepared. Half of the samples were deposited with 50 nm gold film by using the sputter
machine (K550) and the other half of the samples were deposited with 50 nm aluminum
layer by PVD (Pfeiffer) (instruction of machines refers to section 5.1.3). The Pfeiffer
machine requires a higher vacuum environment during deposition than the sputter machine.
And the total processing duration of physical vapor deposition is much longer than the
processing time of sputter deposition.

Fig. 6-18 Actual cavity heights of samples imprinted with mr-UVcur06: deposited with 50 nm gold
layer by K550 (in green); deposited with 50 nm aluminum by Pfeiffer (in red).

Fig. 6-19 Actual cavity heights of samples imprinted with diluted mr-NIL210 (3:2): deposited with
50 nm gold layer by K550 (in green); deposited with 50 nm aluminum by Pfeiffer (in red).
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Fig. 6-18 and Fig. 6-19 describe the behaviors of samples fabricated by two materials,
which were deposited by means of two different technologies. Obviously, mr-UVcur06
suffers more shrinkage than diluted mr-NIL210 after deposition. Considering mr-UVcur06
samples first, the average shrinkage of 7% and 16% are detected by depositing gold and
aluminum layer, respectively. However, for diluted mr-NIL210, only 1% and 6% shrinkage
are observed.
Afterwards, samples were placed on a hot plate, which was set to be 120 °C, in order to
check whether cavities suffer from more shrinkage. The reason for chosing this
temperature is because that the following procedure (i.e. top DBR deposition) is executed
at the same temperature. Fortunately, the cavity heights tend to be stable (i.e. no more
shrinkage were identified). I.e., although the shrinkage might be inevitable, it is possible to
compensate it by means of design tailoring.

Optical characterization
Optical characterization, as introduced, is the last step before sample dicing and mounting
to a detector array. By analyzing the previous three aspects, the diluted mr-NIL210 might
be a promising candidate to replace mr-UVcur06 and solve the problem of shrinkage.
Therefore, several FP filter arrays were fabricated with diluted mr-NIL210 cavities and
characterized with microscope spectrometer setup.
Fig. 6-20 exemplarily reveals the optical transmission lines of 64 individual FP filters from
two samples. The central wavelength of these samples is roughly 560 nm. From just one
sample point of view, the transmission intensity of each filter is above 40%. Most of the
filters transmit two transmission lines, which refers to high resonance cavities. The shifting
of these transmission lines might be argued as inappropriate design of cavity heights.
However, if considering two samples simultaneously, the bad reproducibility can be
identified. Δλ1-64 represents to the spectral band from the first transmission peak to the last
transmission peak. The different Δλ1-64 of two samples indicates the height difference of
corresponding cavities and further leads to the distinct residual layer thickness of these two
samples. The most possible explanation is an unstable initially spin-coated film thickness,
which could be because of inappropriate mixing of material or unsuitable resist thinner.
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Fig. 6-20 Optical transmission lines of two FP filter arrays fabricated with diluted mr-NIL210
cavities.

In a short summary, diluted mr-NIL210 has slightly higher transmission intensity than
mr-UVcur06. The cavity filling behavior of diluted mr-NIL210 is as good as mr-UVcur06
with optimized processing parameters. Material mr-UVcur06 suffers from roughly 16%
vertical shrinkage under high vacuum circumstance, while diluted mr-NIL210 shows much
smaller distortion (~ 6%). It could be a suitable substitute of mr-UVcur06, however, the
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optical transmission spectra indicate that the thickness of the spin-coated mr-NIL210
(diluted) is unstable, which leads to great shift of transmission lines. The reason is assumed
to be improper dilution material or incomplete mixing process. Since the company (Micro
resist technology) is providing now other versions of mr-NIL210 (e.g. mr-NIL210-200 nm).
It might be a perfect substitute of mr-UVcur06. Unfortunately, it is not able to be included
in this thesis and could be a proper direction of future investigations. The subsequent
research of this thesis still relies on the usage of mr-UVcur06. Fortunately, the shrinkage of
mr-UVcur06 stops at ~ 16%. Therefore, this problem can be solved simply by
compensating the vertical reducing to design. I.e., the designed cavity heights should
increase ~ 16%. For example, if an 85 nm cavity is actually desired, the designed cavity
height should be around 100 nm.
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6.3 Residual layer measurement and control
One of the specialties of our design is the absence of etching process after nanoimprint,
which means the thickness of residual layer is counted into the total cavity thickness of
each FP filter. Due to this reason, the homogeneity of residual layer becomes critical. By
modification of the distribution of individual cavity heights, the evenness of residual layer
is possible to be promoted [Memon, 2016]. However, it can be further improved by
optimizing imprint parameters based on the modification of processing parameter
discussed in section 6.2.2. In this section, investigations regarding residual layer
measurement and control are discussed.

Fig. 6-21 Surface profile of the identical cavity row from previously imprinted sample and
optimized sample with comparison of residual layer homogeneity.

First of all, a brief comparison is made between a previously imprinted result and an
optimized one. Fig. 6-21 shows the results of them. The blue line with dots depicts the
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approximated residual layer profiles of samples after imprinting. It is obvious, that the
previous sample shows rugged residual layer profile, whereas, the optimized sample has a
much smoother residual layer.
However, by this method, only an approximate profile can be observed. It is difficult to
measure the exact thickness under the mesa structure directly, due to the existence of
residual layer. Therefore, some treatments have to be implemented to the imprinted cavity
arrays. In the following, a method for an accurate measurement of residual layer thickness
is introduced.

Fig. 6-22 Processes implemented on the imprinted sample for accurate residual layer thickness
measurement.

Fig. 6-22 describes the entire residual layer measurement treatment. (a) First of all, cavities
are imprinted on a cleaned glass substrate. (b) Then the sample is coated with a 50 nm
thick aluminum layer by using PVD (Pfeiffer). After deposition, the sample is spin-coated
evenly with positive photoresist (AZ1518). Under photolithography process, part of the
sample is free of photoresist (i.e. sample is partially exposed and developed). (c)
Afterwards, sample is immersed in the aluminum etchant for roughly 1 min 15s (etching
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rate ~ 40 nm/min). Part of the aluminum layer, where without photoresist coverage, is
totally removed. (d) After checking under the microscope, sample goes through Oxygen
plasma ashing at 150 Watt for 5-10 mins for the purpose of organic imprint polymer
(mr-UVcur06) removal. Only the areas, free of aluminum, are influenced. (e) The
photoresist layer and aluminum layer are totally rinsed away by immersing in NMP and
aluminum etchant, respectively. (f) A gold layer is coated by using Emitech K550 Sputter
Coater over the whole sample for accurate WLI measurement.
After the treatment, certain areas of the sample (blue area in Fig. 6-23) are free of resist,
thus, the exact height of the resist layer is able to be obtained.

Fig. 6-23 Color coded aerial view WLI image and WLI 3D topographic image of a sample after
residual layer measurement treatment.

Fig. 6-24 Residual layer profile in between two cavity rows of five individual samples fabricated
under different spin-coating speed.
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Two ways were implemented in order to measure the residual layer thickness. We firstly
observe the samples through the method shown in Fig. 6-23. The approximate profile of
residual layer in between two cavity rows is measured, so that an approximate residual
layer thickness profile can be observed as revealed in Fig. 6-24. By means of varying the
spin-coating speed of imprint resist, the initial thickness of spin-coated resist varies and
can subsequently change the residual layer thickness. Apparently, higher spin-coating
speed leads to lower residual layer thickness. A trend can be observed that when
spin-coating speed is at 2700 or 2800 rpm, relatively smooth residual layer profile can be
observed. The sample spin-coated at 2600 rpm has the most uneven residual layer
thickness varies from 120 nm to 140 nm.
The second way is more time-consuming but providing more accurate values compared
with the first one. The residual layer thickness under each cavity (Hr) is considered. It is
obtained by calculating the difference between the total height (Ht) and cavity height (Hc)
as illustrated in Fig. 6-25.

Fig. 6-25 Illustration of actual residual layer thickness measurement and calculation method.

Fig. 6-26 Average residual layer thickness of samples fabricated under different resist spin-coating
speed as a function of designed heights.
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Fig. 6-26 presents the obtained residual layer thickness under each cavity as a function of
designed cavity heights. The spin-coating speed of resist coating is ranging from 2600 to
3000 rpm. And the values were taken from several samples (i.e. average values). It can be
figured out, that the residual layer thickness decreases by increasing of spin-coating speed,
except for the spin-coating speed of 2600 rpm. The tuning of residual layer thickness
seems possible to be achieved by varying the resist coating speed. However, limitations
exist. When the speed is higher than 3000 rpm, the homogeneity becomes worse compared
with slower speed. Additionally, higher than 3000 rpm spin speed results in a thinner initial
resist layer, which could cause incomplete cavity filling. Meanwhile, when speed is slower
than 2600 rpm, the residual layer thickness becomes unstable, which also causes an
uncontrollable situation. This explains why the average residual layer thickness at
2600 rpm is almost identical to the thickness spin coated at 2700 rpm. Although the
limitations exist, the thickness is still possible to be tuned roughly from 80 to 120 nm.
The controllability of residual layer provides a huge advantage to our filter arrays for
different central wavelength. As mentioned before, the fabrication processes of master
template and soft stamp are always time consuming. For different central wavelength,
distinct heights of cavities should be designed to fit the certain wavelength range, which
means the requirement of new master template and soft stamp. If the total cavity heights
can be simply tuned by modifying the spin-coating speed, we may skip the fabrication
processes of master template and soft stamp for some cases. Fig. 6-27 concludes the
average residual layer thickness according to different spin-coating speed.

Fig. 6-27 Average residual layer thickness as a function of resist spin-coating speed.
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6.4 Optical characterization and temperature stability
In the section 6.2.3, we briefly reveal the optical transmission spectra of FP filter arrays
with mr-NIL210 imprinted cavities (Fig. 6-20). Due the uncontrollable spin-coated layer
thickness, the spectral band Δλ1-64 suffers magnificent shift among distinct samples.
Fortunately, this phenomenon does not undergo with mr-UVcur06 samples. Therefore, in
this section, we go through the optical characterization of FP filter arrays fabricated with
mr-UVcur06 and the temperature stability investigation.
Fig. 6-28 exemplarily reveals transmission spectra of one fabricated FP filter array. Figure
(a) includes all 64 transmission lines of 64 individual FP filters and figure (b) shows
selected 16 transmissions for a better illustration. The actual values of wavelengths,
transmission intensity and FWHM of each individual transmission lines are measured as
reported in Tab. 6-6, Tab. 6-7 and
Tab. 6-8.
Tab. 6-6 Wavelengths of transmission lines in nanometer

nm

1

2

3

4

5

6

7

8

1

573.8

519.4

572.1

521.2

566.4

523.7

562.6

529.9

2

522.1

571.2

529.7

570.8

531.2

569.9

538.1

564.2

3

553.8

544.8

558.5

533.5

547.0

545.6

548.7

541.9

4

549.6

542.8

538.3

557.6

554.5

546.8

545.9

546.8

5

546.1

548.3

552.7

546.1

553.6

539.0

551.6

544.1

6

541.4

553.8

533.7

557.1

537.0

565.9

536.8

557.1

7

560.2

532.8

564.2

532.1

564.8

529.9

567.5

525.5

8

526.1

569.9

524.3

573.6

527.0

571.6

521.5

578.9

The central wavelength of this sample is 550 nm, and transmission lines are distributed
from 519 nm to 579 nm with a spectral band of ~ 60 nm (i.e. Δλ1-64 = 60 nm). The
highlighted (bold) cavities in Tab. 6-6 are the transmission lines shown in Fig. 6-28 (b).
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Fig. 6-28 Optical transmission spectra of (a) 64 transmission lines and (b) 16 selected transmission
lines of one filter array with central wavelength of 550 nm.
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Tab. 6-7 Transmission intensity of individual transmitted peaks in percentage

%

1

2

3

4

5

6

7

8

1

53.44

52.58

63.21

44.71

55.36

48.65

54.79

51.63

2

55.42

42.70

38.02

66.48

51.53

62.70

39.16

53.05

3

50.45

53.63

47.88

51.34

49.71

51.65

54.93

49.32

4

54.46

48.53

50.00

47.49

50.65

42.29

54.24

51.70

5

47.55

53.88

53.49

46.83

39.41

40.83

56.82

49.63

6

38.15

57.20

54.50

46.89

50.31

54.36

52.28

52.48

7

56.15

49.67

59.53

44.84

59.10

41.27

59.02

48.09

8

52.44

64.25

56.48

62.28

52.19

65.63

50.34

67.94

Tab. 6-8 Full width at the half maximum (FWHM) of individual transmitted lines in nanometer

nm
1

1
3.95

2
3.57

3
3.07

4
4.01

5
2.64

6
3.12

7
2.64

8
2.45

2

2.9

3.94

3.78

2.64

2.23

2.85

2.66

2.86

3

2.21

2

2.86

2.45

2.44

2.21

1.99

2.22

4

1.99

2.44

2.44

2.87

2.64

2.88

2.21

2.22

5

2.43

1.99

2.21

2.65

3.31

3.11

1.98

2.43

6

2.66

2.21

2.22

3.09

2.44

3.08

2.22

2.43

7

2.42

2.44

2.64

2.67

2.64

3.11

2.86

3.34

8

2.9

2.63

2.67

3.29

2.45

2.64

3.57

3.5

Tab. 6-7 presents the transmission intensity (range between 38% and 68%; average
intensity of about 52%). The best transmission intensity achieved during the whole
investigation is ~ 90%. FWHM of individual cavity are measured and revealed in Tab. 6-8.
The smallest FWHM is identified to be 1.99 nm, while the biggest FWHM is observed to
be 4.01 nm. An average FWHM of 2.7 nm is achieved.
A commercial long pass filter at 525 nm and short pass filter at 575 nm (OD4 Series by
Edmund Optics) were used. The combination of two filters constructs a band pass filter,
which allows the transmission within a certain wavelength band (in this case from 525 nm
to 575 nm). Fig. 6-29 shows the transmission spectra of these two filters (long pass in red
and short pass in green) as well as the band pass filter (in blue) by stacking of the long pass
and short pass filters.
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Fig. 6-29 Optical transmission spectra of a commercial long pass filter at 525 nm and short pass
filter at 575 nm (OD4 Series by Edmund Optics).

Sample was simply stacked together with these two filters during measurement.
Transmissions are only allowed within 525 nm and 575 nm (Fig. 6-30). Due to the high
transmission of the band pass filter, the transmission intensity of sample is observed with
minor difference.

Fig. 6-30 Transmission spectra of a FP filter array sample measured with a commercial long pass
filter at 525 nm and a short pass filter at 575 nm.
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Temperature stability
Stability of the filter array is one of the most important characteristics. I.e., the transmitted
wavelengths should remain constant during the change of surrounding environment.
Therefore, temperature dependency is observed.
A commercial heat chamber (LTS120 Peltier system) (introduced in section 5.2.3) is used
for the investigation to ensure a constant and accurate temperature control. The
temperature was tuned from room temperature (~ 22 °C) to 120 °C with a step of 20 °C.
The increasing rate was set to be 20 °C/min, while the maintaining time for each step after
increasing was five minutes to make sure the sample is exactly at the setting temperature.
Fig. 6-31 illustrates the ramp profile of the temperature setting (red line) and the
measurement points (blue dots).

Fig. 6-31 Ramp profile of temperature setting and the measurement points for the investigation of
temperature stability of FP filter array.

Fig. 6-32 exemplarily presents one of the transmission lines, which is shifted from
originally ~ 563 nm at room temperature to ~ 565 nm at 120 °C. The difference of
transmitted wavelength during the heating is around 2 nm. The main reason causing this
behavior is supposed to be the expansion of polymer. When the temperature was reduced
back to room temperature, the transmitted wavelength was shifted back to the original
value. Therefore, it can be concluded, that the filter array remains stable during the
increasing of temperature up to 120 °C.
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Fig. 6-32 Shift of one filter transmission line during the temperature increment from room
temperature to 120 °C

To summarize this chapter, it discusses the investigations regarding single stopband FP
filter arrays. The central wavelength of investigated samples is usually 550nm in order to
fit the previous master template design, so that fabrication of a new master template is
avoided. The quality of imprinted cavity is promoted by modifying imprint parameters.
Since the imprint resist mr-UVcur06 suffers from shrinkage after curing, a substitute was
tried to be investigated. Mr-NIL210 diluted by AZ EBR with ratio 3:2, as a promising
candidate, was compared with mr-UVcur06. Although it provides excellent cavity
formation and minor material shrinkage, its spin-coated film thickness is unfortunately
hard to be controlled, which results unsettled residual layer thickness after imprint. Another
version of mr-NIL210 provided by the same company is worth to be investigated, but it is
unfortunately not able to be enclosed in this work. Besides, residual layer measurement
and controlling of mr-UVcur06 is discussed. It is proven, that the residual layer thickness
can be modified from ~ 80 nm to 120 nm. By taking advantage of this, the complicated
fabrication procedure of master template might be omitted for some special cases.
Exemplarily, a detailed optical characterization is revealed. Peaks of transmission lines are
ranging from ~ 519 nm to 579 nm with a spectral range of 60 nm. The highest transmission
is measured to be 68% for this sample and up to 90% for the best result among all the
samples. The average FWHM is 2.7 nm with a best value of 1.99 nm. By means of a long
pass and a short pass filter, it is able to cut off the transmissions outside the stopband. The
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temperature stability was discovered with the help of a Peltier element. A 2 nm shift was
observed by temperature increment from room temperature to 120 °C. What’s more,
samples remain stable for at least 2 years.
From these results, an issue can be noticed, which is the narrow spectral range from the
first transmission line to the last one (i.e. Δλ1-64). As revealed, the transmission lines of one
filter array are only able to cover a restricted range (i.e. Δλ1-64 = ~ 60 nm within stopband).
This problem, thus, leads us to the question, how to extend this spectral range?
Different solutions have been discussed. The first possible solution, been suggested, is
changing the material combinations of DBR, so that the stopband width can be extended.
As introduced, the bigger difference of the refractive index results wider stopband width.
Different material combinations have already been investigated via both PECVD and Ion
Beam Sputtering Deposition (IBSD) [Wang et al., 2010]. DBRs built by SiO2/Si3N4 via
PECVD result in a roughly 100 nm stopband; while TiO2/SiO2 stacked DBR system (via
IBSD) can achieve around 200 nm stopband width. It might be a convincing solution to
enlarge the stopband width and, thereby, extend the width of Δλ1-64, but there are still some
restricts. On the one hand, due to the restriction of material choice at INA, it is difficult for
us to enlarge the stopband width broader than 200nm. On the other hand, the IBSD
sputtered DBR layers face not only extremely long fabrication duration, but also an
unexpected film stress, which causes the reduction of the interface adhesion and, therefore,
strongly reduce the lifetime of filter arrays.
The second option could be separate fabrication of individual filter arrays with distinct
central wavelengths and bonding them together with accurate slicing and bonding
technologies. Unfortunately, the method leads to more problems. First of all, precise dicing
and bonding technologies should be investigated to maintain the miniaturization of devices.
Secondly, multiple times of cavity imprint processes should be performed, and multiple
master templates are required, which complex the investigation. Furthermore, it is not
executable for direct fabrication on an integral detector array.
In the next chapter, a third solution is brought forward and discussed. By means of this
method, replacing of DBR stack materials is not necessary. Meanwhile, the FP filter arrays
are still fabricated on one substrate, therefore, fabrication on an integral detector chip is
achievable. They are able to cover different spectral range and are named to be
multi-stopband FP filter arrays.
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Chapter 7
Design, fabrication and characterization
of multiple stopband FP filter arrays
As summarized in the Chapter 6, single stopband FP filter arrays have a limited detecting
spectral range (i.e. Δλ1-64 = ~ 60 nm). For the sake of broadening the range, this chapter
introduces a method for fabricating multi-stopband FP filter arrays on a single substrate.
Comprehensive investigation including preliminary experiments (i.e. prove of concept) and
the latest achievements with newly designed mask are presented.
The chapter is divided into two parts. The first part (section 7.1) discusses the preliminary
investigations, which proves the concept of idea. All the investigations done in this part
was on the basis of the previous design, i.e., the old master template TGn074. Based on the
preliminary results, the second part brings an optimized new design especially for the
fabrication of multi-stopband FP filter array. The new design and the latest fabricated
samples including the characterization are revealed.
For an overview of multi-stopband FP filter arrays, Fig. 7-1 concisely describes the entire
fabrication procedures. (a) Firstly, multiple bottom DBRs are structured and deposited by
using photolithography and lift-off processes. (b) Afterwards imprint resist is spin-coated
on the entire surface evenly. (c) A single step of nanoimprint process is required to
fabricate all the designed cavities over these multiple bottom DBRs. (d) Multiple top DBRs
are finally structured and deposited by means of photolithography and lift-off procedures.
Figure (e) exemplarily shows a filter array with 3 stopbands and 9 distinct cavities, which
is able to transmit 9 different wavelengths.
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Fig. 7-1 Schematic diagram of fabrication procedure of multi-stopband FP filter arrays with three
different DBR stopbands and 9 distinct heights of cavities.
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7.1 Preliminary investigations: proof of concept
The preliminary investigation is following the sequence of fabrication steps as introduced
in Fig. 7-1. It has to be emphasized again, that all the investigations shown in this section
were executed with the help of the previous design (i.e. previous master template and soft
stamp). This means the layout of cavity arrays such as array dimension, cavity distribution
or heights might not be perfectly suitable for a multi-stopband FP filter array. However, for
the purpose of concept proven, it is sufficient and efficient.
Fig. 7-2 repeats the previous array layout for the sake of clarity and completeness.
Additionally, a WLI image of one array from master template TGn074 is shown. There are
9 repeated arrays, and each contains 64 different cavity heights (i.e. vertical levels). The
dimension of each array is roughly 600 x 600 µm2 and the distance between two adjacent
arrays is roughly 120 µm.

Fig. 7-2 Previous design and WLI image of one cavity array of master template TGn074.

7.1.1 Fabrication and characterization of multiple bottom – DBRs
In order to achieve multiple DBRs on one substrate, they should be structured and
deposited at a desired position to avoid overlapping. And the dimension of DBRs should fit
to the dimensions of cavity arrays. The structuring of DBRs is achieved by means of
photolithography and lift-off processes. As introduced in section 5.1.1, photoresists can
generally be classified as positive and negative. Positive photoresist is normally used for
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etching, whereas the negative one is better for deposition and lift-off. However, at the
beginning, both types were investigated. Positive photoresist AZ1518 and negative
photoresist AZnLof 2070 diluted by resist thinner AZ-EBR (5:1) are used. After
spin-coating, the film thickness of both materials is 3.5µm and 1.8µm, respectively. After
the process, negative photoresist was measured to result a much smoother edge compare
with the positive one. Moreover, the negative photoresist is easier for lift-off after DBR
deposition. Due to these reasons, the negative photoresist AZnLof 2070 (5:1) was used.

Fig. 7-3 Processes of fabricating two bottom DBRs on one substrate by using negative photoresist

Fig. 7-3 schematically illustrates a fabrication procedure for two individual DBRs on one
glass substrate with negative photoresist. In this case, it describes two loops of lithography,
deposition and lift-off steps. (a1) Negative photoresist is spin-coated on a prepared glass
substrate. (b1) A proper photomask is used for the lithography to prevent UV light
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exposure from certain area, so that only the desired area is exposed. (c1) The unexposed
part of the negative photoresist is developed. (d1) The first DBR is deposited via PECVD.
(e1) Lift-off process is followed up by soaking the sample in N-Methyl-2-Pyrrolidone
(NMP), so that the remaining photoresist is washed away including the DBR layer
deposited on it. Thus, the first DBR is fabricated. For the second DBR, it simply repeats
the steps of first loop as shown from (a2) to (e2). To fabricate N individual DBRs, N loops
of procedures are required.
(A)

(B)

(C)

(D)

Fig. 7-4 Photomask with four different sizes and its corresponding fabricated samples. The width of
each size is (A) 8.47 mm, (B) 1.93 mm, (C) 6.35 mm and (D) 1.45 mm, respectively. Modified
figure after [Zaman, 2016]

Based on this process, samples with multiple DBRs of 4 different dimensions were
fabricated by utilizing a photomask as shown in Fig. 7-4. All of the samples are
successfully fabricated. However, unfortunately these 4 dimensions cannot fit our previous
array design due to the short distance between two adjacent arrays. Since lack of suitable
photomask, we tried to fabricate smaller DBR stripe width by means of a double exposure
process. This process is able to fabricate a stripe with any required width, but it is only
suitable for negative photoresist. Fig. 7-5 explains this process. (a) The photoresist is
spin-coated on a prepared substrate. (b) Exposure is carried out by using any existing
photomask, which is able to cover half of the sample. (c) Instead of development, another
exposure process after well alignment is followed up to form a small stripe shape. The
exact stripe width can be controlled in this step. (d) Lastly, the unexposed area is washed
away through development.
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Fig. 7-5 Fabrication method of DBR stripes in lack of proper photomask.

According to the double exposure method, samples including three DBR stripes were
fabricated. Fig. 7-6 reveals the characterization results of one sample. The width of these
DBR stripes is controlled to be ~ 1 mm with a gap of ~ 50 µm between each other. The
central wavelengths of the three DBRs are designed to be 520 nm, 590 nm and 660 nm
with 9.5 periods of Si3N4/SiO2 stack layers. The choice of these three wavelengths is for
the purpose of forming a continuous broad stopband, which is explained more in the next
section. Figure (a) is an optical microscope image, in which smooth edge and clean surface
can be observed. (b) Surface profile is measured by using a stylus profilometer (Ambios
XP-100) as introduced in section 5.2.1. The heights of each DBR are measured to be
roughly 1.52, 1.74 and 1.94 µm, respectively. (c) Optical transmission curves are obtained
by using microscope spectrometer setup (section 5.2.3). The average transmission intensity
within the stopbands is < 10% from 480 nm to 710 nm; thus, a wider stopband is created
by the combination of three stopbands. During the experimental work, minor shifting of
the central wavelength can be observed due to the instability of PECVD machine, however,
can be neglected.
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Fig. 7-6 Microscopic image (a), surface profile (b) and transmission spectra (b) of a sample, which
has 3 DBR stripes with distinct central wavelengths 520 nm, 590 nm and 660 nm, respectively.

7.1.2 Nanoimprint over terrace surface
For single stopband FP filter arrays, only one step of nanoimprint process is implemented.
Identically, for multi-stopband FP filter array, all cavities are fabricated in a single step,
which keeps the whole fabrication procedure simple. However, in this case, two additional
challenges are inevitable, because the imprinting implements no longer on a flat surface
but over topography (i.e. terrace like multiple bottom-DBRs).
Investigation of the spin-coated resist film
The first difficulty is regarding the spin-coated resist film. As discussed, the residual layer
thickness after imprint relies on the initial spin-coated resist thickness. We must make sure,
that the resist can be evenly coated over the terrace like surface.
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In reality, samples with different stripe dimensions were investigated, however, for the
purpose of simplification, we only discuss the details of the samples with the smallest
stripe width (i.e. ~ 1 mm). These samples were spin-coated with mr-UVcur06 by following
the general recipe (in Appendix C) and cured under UV lamp for 10 mins. Afterwards it
was measured under the stylus profilometer (Ambios XP-100). The comparison profiles of
multiple DBRs, before and after spin-coating, are revealed in Fig. 7-7. The relative heights
are illustrated (without resist in black line; with resist in pink line). It is easy to observe,
that the spin coating of polymer increases the surface roughness. However, fortunately, the
profile changes mostly remain identical, which means the homogeneous resist coating over
the whole sample. Small protrusions (pointed by red arrows) and slight depressions
(highlighted in red circles) appear in the profile. The protrusions are always observed at the
edge of each DBR stack, which are roughly 100 µm wide and 50 nm high in average.
Meanwhile, the dips, obtained at the area close to the sidewall of DBR stripes, have a
width of roughly 100 µm as well. Because of this reason, in order to prevent cavity arrays
from distortion, they should avoid being imprinted in these areas. According to different
DBR stripe width, the dimension of cavity arrays and distance between two adjacent arrays
should carefully be calculated.

Fig. 7-7 Comparison profiles of multiple DBRs (width = 1 mm) without (black) and with (pink)
spin coated polymer.

100

Nanoimprint over topography
The second concern is how the imprint behaves over topography rather than
homogeneously flat surface. Considering of the efficiency, instead of implementing test on
multiple DBRs, samples including just one DBR stripe (width = 1.45 mm; thickness =
1.6 µm) were used. It is predictable, if cavity array can be imprinted on such high step
without any difficulty, it should be able to imprint over multiple DBR stripes. Fig. 7-8
schematically illustrates the concept of this investigation.

Fig. 7-8 Illustration of nanoimprint test over a DBR stripe (width = 1.45 mm; height = 1.6 µm).

The soft stamp with previous design was used for the investigation, which means the
layout of cavity arrays is as described in Fig. 7-2. Each cavity array is roughly 600 µm x
600 µm and with a 120 µm distance between two arrays. During investigation, some arrays
are intentionally aligned to imprint on the glass substrate and some are imprinted on the
DBR stripe on the glass substrate.
Fig. 7-9 exemplarily presents the result of one sample. Figure (a) shows an optical
microscope image. The right area (i.e. relatively brighter area), which provides higher
reflection, presents the DBR stripe. The left area is the glass substrate. From this image, it
can be observed, all cavity arrays are completely imprinted over both areas. (b) A
topographic WLI 3D image additionally illustrates the edge of DBR stripe, in which the
height of deposited DBR stripe can be easily identified. Due to the height of DBR stripe, it
is difficult to measure the heights of individual cavities from two arrays simultaneously.
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Therefore, figure (c) and (d) reveal one array imprinted on glass substrate and one on DBR
stripe, which was deposited on the glass substrate, respectively. The corresponding aerial
view WLI image, topographic WLI 3D image and a profile of one selected cavity row are
depicted. For the array which was imprinted on the glass substrate (i.e. figure (c)), it can be
observed that depression appears at the rightmost column, which is the area close to the
DBR sidewall. While, the array imprinted on the DBR stripe over glass substrate shows
different result. The distortions have been observed on the leftmost two columns of filter
array. If we look back and make a comparatively analysis of these results with the profile
of spin-coated resist film (Fig. 7-7), a perfect coincidence can be recognized. Therefore, it
can be summarized that the distortion detected on both filter arrays relies on the
spin-coated resist profile. Fortunately, it doesn’t affect our used cavities in the center of the
array. This result further indicates that limitations exist for implementing nanoimprint over
topography, which is caused mainly by the spin-coated profile of resist film. Moreover, it
evidences, for imprinting on a terrace step of ~ 1.6 µm in the vertical extension, the areas
where 100 µm close to the sidewall should be avoided during imprint.
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Fig. 7-9 Results of imprinted cavity arrays over a DBR stripe (~ 1.6 µm thick and 1.45 mm wide).
(a) optical microscope image; (b) topographic WLI 3D image; (c) color coded WLI aerial view
image, topographic image and a profile curve of one cavity row imprinted on glass substrate; (d)
color coded WLI aerial view image, topographic image and a profile curve of one cavity row
imprinted on DBR stripe on the glass substrate;
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7.1.3 Fabrication and characterization of multiple top - DBRs
Deposition of multiple top-DBRs is not only facing the same issue as deposition of
bottom-DBRs, but also an additional difficulty, which is how to implement the multiple
steps of photolithography and lift-off processes without affecting the imprinted cavity
arrays. An idea was proposed and is explained in this section to prevent the cavity arrays
and minimize the influence of follow up processes. The idea is to deposit a protection layer
in advance. However, since any inserting of external layer changes the whole stack
structure of FP filters, it is not easy to select a suitable protection layer.

Fig. 7-10 Methodology of multiple top-DBR deposition for multi-stopband FP filter arrays.

Fig. 7-10 explains the methodology of how to deposit the multiple top-DBRs without
affecting the polymer layer. (a) Samples with multiple bottom-DBRs and imprinted cavity
arrays are prepared. (b) Before the lithography and lift-off process, a thin layer of Si3N4 is
deposited. The reason for chosen Si3N4 is in order to avoid change of DBR construction.
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The thickness depends on the designed central wavelength of DBR (i.e. the first stack layer
thickness of the DBR which has the shortest central wavelength). (c) Then negative
photoresist is spin coated over the surface and structured with proper mask. (d) Afterwards,
the remaining stack layers of the corresponding DBR are deposited as usual. (e) In
combination with the thin protection layer, which is deposited in step (b), a complete top
DBR is formed. (f) Followed by proper lift-off process and, thus, one FP filter array is
fabricated. Repeat the lithography and lift-off processes (e-f) to deposit other top DBRs.
However, to study the feasibility of this idea, two concerns are required to be confirmed.
I.

Whether the interruption of DBR deposition influences the optical spectrum?

DBRs are intentionally deposited with two interrupted steps and compared with the
simulation via “OpenFilters”. The central wavelength of this DBR is designed to be
550 nm. Fig. 7-11 reveals the comparison of the transmission spectra of this DBR and the
simulated result. From the figure, we can find the experimental result (in pink) almost fits
to the simulation curve. The shift of ~ 5 nm between two spectra can be considered as the
acceptable fabrication error. After comparing several samples, we concluded that the
interruption of DBR deposition process by using PECVD rarely influence its optical
transmission spectrum, which is mainly shown by the maximum reflectivity (i.e. minimum
transmission) within the stopband.

Fig. 7-11 Experimental transmission spectrum (pink) of a DBR, deposited in two interrupted steps,
compared with the corresponding simulation result (black).
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II. Whether the thin layer of Si3N4 is able to protect the imprinted structure?
The thickness of the thin protection layer relies on the central wavelengths of the multiple
DBRs. It cannot be too thick to destroy the structure of the desired DBR stack. Meanwhile,
it should also be thick enough to protect the imprinted cavities. For example, if the central
wavelengths of triple stopband FP filter arrays are chosen to be 520 nm, 590 nm and
660 nm, the first stack layer (Si3N4) thickness is roughly 72 nm, 81 nm and 91 nm
according to the simulation. Therefore, the thickness of protection layer should be less than
72 nm. To prove the possibility, we imprinted few samples by using the same imprint
processes, and only half of them were deposited by a thin layer of Si3N4 (~ 65 nm). All of
those samples were soaking in the NMP solution for one hour and measured under WLI
afterwards. Fig. 7-12 and Fig. 7-13 reveal the results.
Fig. 7-12 shows the results of a sample which is without the protection layer. The WLI
images of the sample before (a) and after (b) immersing in NMP reveal that the cavities are
dramatically shrunk. The profiles of cavity row (c) indicate the shrinkage is roughly half of
the original cavity heights. The NMP solution dissolved partial of the polymer structures in
one hour. And it can be predicted, the structures might completely disappear after longer
immersing time.
Fig. 7-13, on the other hand, depicts a sample, which is protected by the thin layer of Si3N4
(~ 65 nm thick). From the two WLI images, it can be observed, the roughness of the
sample gets slightly increased after soaking in NMP. However, the cavity heights suffer
minor reduction. Due to the limitation of the protection layer thickness, it is difficult to
deposit a protection layer which is higher than the cavity heights to fulfill a complete
coverage. However, from the results achieved, it is proven the Si3N4 layer of ~ 65 nm has
the ability to prevent the cavities from NMP solution for at least one hour.
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Fig. 7-12 WLI results of sample without Si3N4 layer before (a) and after (b) socking in NMP for 1
hour. (c) Profile of one cavity row before (black) and after (pink) socking in NMP.

Fig. 7-13 WLI results of sample with Si3N4 layer before (a) and after (b) socking in NMP for 1
hour. (c) Profile of one cavity row before (black) and after (pink) socking in NMP.
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7.1.4 Optical characterization of samples based on previous design
According to the investigation discussed in the last three parts, the possibility of fabricating
the multi-stopband FP filter arrays has been proven. Therefore, on the basis of those results,
some triple-stopband FP filter arrays were fabricated. The central wavelengths of each
DBR are still designed to be 520 nm, 590 nm and 660 nm. As mentioned at the beginning
of this chapter, because new design of filter array was not available, the old master
template “TGn074” (Fig. 7-2) and soft stamp were used. As already introduced, the
distance between two adjacent filter arrays is only 120 µm, and the overall width of one
array is 600 µm. To organize these arrays into three DBR stripes and avoid the overlap of
two adjacent DBRs, the stripe width was decided to be 690 µm as illustrated in Fig. 7-14.

Fig. 7-14 Schematic illustration of pre-testing triple-stopband FP filter arrays

For structuring such narrow DBR stripes, double exposure lithography method (Fig. 7-5)
and lift-off processes were implemented. Afterwards, cavities were imprinted over the
DBR terraces with the optimized imprint parameters (Tab. 6-5). Fabrication of top DBRs
followed up according to the methodology shown in Fig. 7-10.
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Fig. 7-15 Photo of one fabricated sample with triple-stopband FP filter arrays and the optical
microscope image. Modified figure after [Zaman, 2016]

Fig. 7-15 shows an example of one fabricated sample and its optical microscope image. It
can be observed that the three DBR stripes are well aligned and deposited on one substrate.
The rough DBR rim can be identified and is supposed to be because of the incomplete
lift-off process during top DBR fabrication and/or because of the double exposure
lithography process. It might also be because of the bad quality of the old soft stamp. Apart
from this, the sample was well aligned during the nanoimprint process, and 9 arrays (3 x 3)
are perfectly distributed on three DBRs. The transmission lines of three arrays are revealed
in Fig. 7-16.
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Fig. 7-16 Transmission lines of three selected filter arrays from a triple-stopband FP filter array.
Original figure from [Zaman, 2016]

For a better overview, 16 transmission lines were selected from each filter array. Thus,
totally 48 transmission lines are illustrated in the figure. The spectral coverage (i.e. from
the first transmission peak to the last one) of this sample is from 495 nm to 695 nm. Since
in reality the cavity heights were designed to fit the DBR central wavelength at 550 nm,
shift of the transmission lines is inevitable. Due to this reason, overlapping of transmission
lines and a detecting spectral gap can be identified at around 550 nm and 625 nm,
respectively. The transmission lines at shorter wavelengths have relatively lower
transmission intensities, which are ranging from 35% to 69%. FWHM are measured to be
2.9 nm to 3.8 nm. For stopband with central wavelength at 590 nm, intensities are between
50% and 68% and FWHM are from 2.9 nm to 3.9 nm. And for stopband with central
wavelength at 660 nm, intensities are measured between 47% and 83% and FWHM are
from 3 nm to 3.9 nm.
Due to the unsuitable mask and cavity heights, the pre-tested demonstrator is not as good
as expected. However, fortunately it has well proven the feasibility of multi-stopband FP
filter arrays. Based on these preliminary results, new mask and filter arrays are designed,
which are revealed and discussed in the next section.
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7.2 Results based on optimized new design
Based on the results achieved from the preliminary investigations, an optimized new
photomask is designed. The following aspects have been taken into consideration.
(i) A suitable photomask for structuring DBR stripes is greatly required. In spite of the
fact that the double exposure lithography process (Fig. 7-5) is able to successfully
shape a narrow DBR stripe, it complicates the fabrication procedure and increases the
risk of fabrication errors.
(ii) The number of cavity arrays should be increased in order to increase (a) the total yield
and (b) efficiency. In the previous design, the identical array is repeated 9 times (3 x 3)
in case of a single-stopband sample. However, in the case of fabricating a
triple-stopband sample, the number of arrays fitting to each stopband is reduced to
only three, which is not efficient for an investigation purpose.
(iii) Dimension of the array layout (e.g. the distance between two adjacent arrays) should
be reorganized. In order to avoid distortion of cavities during nanoimprint process, the
relationship between DBR stripe width and distance between two arrays should be
calculated.
(iv) Individual cavity heights and distribution regarding each stopband should be
numerically simulated to avoid inappropriate shift of desired transmission lines. The
material shrinkage (discussed in section 6.2.3) and residual layer thickness (discussed
in section 6.3) should be taken into consideration as well.
A 4 x 4 inch photomask (INA_Template_SA7) has been designed via “AutoCAD”. And the
detail mask design is revealed in Appendix A. Mask for structuring multi-DBR is included,
as well as, the protection mask used for direct-on-chip fabrication (discussed in Chapter 8).
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7.2.1 Identification of the required cavity heights
First of all, we did not change the dimension of each single cavity (i.e. 40 µm x 40 µm) and
the layout of each cavity array (12 x 12 array) to avoid any changes in the optimized
nanoimprint result. Therefore, the dimension of one array is still about 600 µm x 600 µm.
Considering the area (~ 100 µm) close to the edge of each DBR, the stripe width should be
at least 800 µm. Alternatively, we took the misalignment tolerance during imprint process
into account, the DBR stripe width was designed to be 1mm. Therefore, the distance
between two adjacent arrays is ~ 415 µm.
Tab. 7-1 and Fig. 7-17 reveal the numerical simulation of triple-stopband filter arrays.
First of all, the central wavelengths of DBRs are still designed to be 520 nm, 590 nm and
660 nm. According to the simulation via “OpenFilters”, the actual required cavity heights
suitable for each DBR are 122 – 242 nm, 144 – 264 nm and 167 – 287 nm, respectively.
The corresponding detecting wavelength band of transmission lines are 492 – 553 nm, 561
– 625 nm and 631 – 692 nm, thus, constructs a continuous detecting band from 492 nm to
692 nm with a spectral step of ~ 1 nm. Theoretically, 64 individual transmission lines can
be obtained within each stopband. I.e., totally 192 transmission lines can be achieved.
Subsequently, the actually imprinted cavity heights are further modified by taking the
residual layer thickness and material shrinkage into account. Based on previous
investigations, the residual layer thickness is varied according to different spin coating
speed of imprint material, as well as, the different structure design of filter arrays. Due to
this reason, it is difficult to give an accurate thickness of residual layer. By trading of all
the preliminary results, the residual layer thickness was proposed to be 100 nm. The
vertical shrinkage of mr-UVCure06 was measured to be ~ 15%, whereas the lateral
shrinkage was not taken into account. Therefore, the imprinted heights are ranging from 26
– 165 nm, 51 – 190 nm and 76 – 215 nm, respectively.
Tab. 7-1 Numerical simulation and calculation of triple-stopband filter arrays

DBR 1

DBR 2

DBR 3

520 nm

590 nm

660 nm

Cavity heights

122 nm – 242 nm

144 nm – 264 nm

167 nm – 287 nm

Transmission lines

492 nm – 553 nm

561 nm – 625 nm

631 nm – 692 nm

Imprinted heights

26 nm – 165 nm

52 nm – 190 nm

78 nm – 215 nm

Central wavelength
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Fig. 7-17 Simulation of detecting band of triple-stopband FP filter arrays via “OpenFilters”.

The distribution of cavities still follows the so called “volume-equalized” design for a
more homogeneous residual layer [Memon, 2015]. In this design, the volume summation
of four adjacent cavities is equivalent. The actual cavity heights and distribution is revealed
in Appendix B.

7.2.2 Introduction of new master template and soft stamp
Master template is the basic of the entire processes. A GaAs master template (TGn032)
was fabricated by using the new mask (INA_Template_SA7, Appendix A). Nine loops of
lithography and etching processes were implemented to achieve 192 different vertical
levels.

Fig. 7-18 Layout of optimized triple-stopband filter arrays including 192 different vertical levels.
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Fig. 7-18 shows concise layout of the new design. The entire structure includes 6 identical
sections, and each section encloses 9 arrays. These 9 arrays are designed for 3 different
DBRs (i.e. different stopband), therefore, creates 3 sub-arrays, shown in different color.
Each array further includes 12 x 12 = 144 cavities and 64 different heights (i.e. vertical
levels) by the centered 8 x 8 cavities. Fig. 7-19 reveals a photo of the master template
TGn032 and the WLI image of one section, which contains 3 x 64 = 192 different cavity
heights.

Fig. 7-19 Photo of master template TGn032 and the WLI image of one filter array.

The actual fabricated cavity heights were measured and compared with designed values in
Fig. 7-20. It can be observed that the achieved cavity heights follow the overall trend of
designed values. The actual heights for DBR central wavelength at 520 nm and 660 nm are
almost matching the designed heights, whereas the actual heights at 590 nm have relatively
large difference compared to the designed values. Small variations are acceptable due to
the instability of etching rate and measurement error. However, it is important to note that
the lower cavity heights could cause a shift of transmission lines to the shorter wavelength.
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Fig. 7-20 comparison of cavity heights between master template TGn032 and designed values.

Subsequently, a hybrid soft stamp is molded from master template TGn032 (in Fig. 7-21).
The process flow can be found in section 6.1 and Appendix C.

Fig. 7-21 Photo of one hybrid soft stamp molded from master template TGn032.
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7.2.3 Fabrication and characterization of multi-stopband samples
Multi-stopband FP filter arrays were fabricated and characterized by using the new soft
stamp. The fabrication procedures have already been introduced in the previous section
(Fig. 7-1). Fig. 7-22 reveals the results of one sample including microscope image and the
optical transmission spectra. Compared with the preliminary sample, results of the new
samples are greatly promoted. Clear sample surface and smooth DBR edges can be
identified.

Fig. 7-22 Photo and optical microscope image of FP filter arrays with three different DBRs at
central wavelength 520 nm, 590 nm and 660 nm, respectively (top). Corresponding optical
transmission spectra of 3 x 64 = 192 filters measured by microscope spectrometer (bottom).
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Tab. 7-2 Experimental spectral position of first and last transmission lines; lowest, highest and
average transmission intensity; average value of full width at half maximum (FWHM)

DBR1

DBR2

DBR3

λc=520 nm

λc=590 nm

λc=660 nm

Actual λc

~520 nm

~585 nm

~650 nm

First peak

507 nm

560 nm

617 nm

Last peak

557 nm

613 nm

670 nm

Lowest transm. (%)

50.9%

34.7%

58.5%

Highest transm. (%)

96.5%

86.7%

74.5%

Average transm. (%)

75.1%

65.5%

68.2%

Average FWHM (nm)

2.97

3.18

3.08

Tab. 7-2 summarizes the actual central wavelength of each DBR, the spectral position of
first and last transmission lines, the lowest, highest and average transmission intensity in %
and the average FWHM in nanometer. The transmission lines provide a continuous spectral
coverage of 163 nm (from 507 nm to 670 nm) with a spectral step of ~ 1 nm. The highest
transmission intensity is up to 96.5% and the average value of all FP filters is 69.6%.
FWHM is measured to be ranging between 1.7 nm and 5 nm with an average value of
3 nm.
A comparison between the simulation and experimental results of three different DBRs (i.e.
λc = 520, 590, 660 nm) is performed in Fig. 7-23. The figures present the first and last
transmission line, individually. Δλsim(1-64) and Δλexp(1-64) indicate the simulated and the
experimental spectral band between the first and the last transmission line, respectively.
The comparison reveals that the extension of Δλexp(1-64) is always smaller than of Δλsim(1-64)
in all the three cases. This could be due to material shrinkage as briefly analyzed in Section
6.2.3. We learned that the higher cavities suffer more from the shrinkage, which would
result there in a stronger shift of transmission lines to shorter wavelength (called
“blue-shift”). Consequently, the influence of shrinkage on the shortest cavity should be
minor, and the corresponding wavelength shift would be very small in those cases. For the
first transmission lines, therefore, the experimental results and simulated ones should be
nearly at the identical spectral position.
In the following, the three cases (DBR1, DBR2 and DBR3) are analyzed, to check this
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shrinkage-hypothesis. However, in Fig. 7-23 we observe no better agreement between
experiment and simulation for the shortest wavelength lines (1) than for the longest
wavelength lines (64). In addition, shrinkage would generally lead to a shift to shorter
wavelength (blue-shift). Therefore, the shifts between the experimental and simulated
results are not only due to shrinkage but also other reasons (e.g. residual layer thickness).
However, the blue-shifting influence of the material shrinkage will be a part of the overall
behavior.
Next, we check the validity of an alternative residual-layer-hypothesis. We consider four
prominent spectral positions: shorter wavelength border of the stopband, filter line 1, filter
line 64 and longer wavelength border of the stopband. In all four cases a common trend is
observed if we consider the same sequence (DBR1, DBR2, DBR3). Following this
sequence, the black spectral positions continuously shift much stronger to longer
wavelengths in comparison to the red spectral positions. For all three DBRs the in total 3 x
4 = 12 prominent spectral positions are supporting this trend without exception.
In Nanoimprint technology the residual layer thickness depends on the printed structure
volume. In the sequence (DBR1, DBR2, DBR3) the printed volume increases and the
average residual layer decreases. At the beginning, the residual layer was designed to be
100nm. If the actual fabricated residual layer thickness is higher than 100 nm, transmission
lines would shift to longer wavelength (called “red-shift”).
Therefore, in a short summary, the observed shifts of the four prominent wavelengths in
Fig. 7-23 is most probably an individual interplay between the shifting effect of the
residual layer influence and the blue-shifting effect of the shrinkage influence.
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Fig. 7-23 Comparison between simulation and experimental results of a multi-stopband FP filter
array.
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Chapter 8
Filter arrays “Direct fabrication on detector”
As mentioned, our proposed fabrication method of FP filter arrays is foreseen to be
possible for direct fabrication on detector chip, since there is no requirement for sample
dicing and re-bonding. Therefore, in this chapter, the pre-investigations are discussed, and
related results are revealed.
For direct fabrication on detector, more challenge should be faced. Differ from the glass
substrate the detector chip encloses detector elements and bonding wiring. Therefore, some
areas of the chip should be free of fabrication material. I.e., some areas should be without
any coverage of DBR or imprint resist.
Two solutions are considered as illustrated in Fig. 8-1. The first method is by means of
lithography and lift-off processes. (a1) Negative photoresist layer is spin-coated on the chip.
(b1) After UV exposure under proper photomask, the certain area should be free of
photoresist. (c1) The fabrication processes of FP filter array are carried on. (d1) The rest of
negative photoresist is lifted-off as well as the structures fabricated on it. The biggest
challenge of this method could be implementing nanoimprint over trenches or concave
structures. Differ from the terrace-like surface, trenches have opposite topography. Due to
the strength of the SCIL stamp, it might be difficult to ensure the completeness after each
imprint. Besides, complete photoresist lift-off could also be challenging.
The second solution is applying etching technology. (a2) The FP filter arrays are fabricated
as usual on the chip. (b2) Positive photoresist is coated in this case over the sample. (c2)
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After UV exposure with proper photomask, some areas are still covered by photoresist. (d2)
And etching process is introduced here to remove the unnecessary DBR and polymer
layers. In this method, exact etching rate should be investigated. Additionally, an etching
stop layer might still be required for chip protection.

Fig. 8-1 Schematic of two proposals for “direct fabrication on detector”: (a1) by photolithography
and lift-off process and (a2) by etching.

Considering the long time period for etching rate investigation, only the first method (i.e.
lithography and lift-off) was investigated in this work. The glass substrate was cut into the
dimension according to a commercial chip. Negative photoresist (AZnLof 2070 5:1) is used
and the photomask is also enclosed inside the mask INA_Template_SA7 (Appendix A).
As predicted, it is rather difficult to imprint all the cavity structures on the desired area.
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Although by modifying the imprint parameters, some good samples were fabricated, the
reproducibility is still not satisfying. Fig. 8-2 shows one of the successfully fabricated
samples.

Fig. 8-2 Photo of one test sample for “direct fabrication on detector” by using lithography and
lift-off processes.

Fig. 8-3 Transmission spectra of one filter array from the sample for “direct fabrication on
detector”.
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For pre-investigation, single stopband (at 590 nm) FP filter arrays were fabricated. The soft
stamp molded from master template TGn032 was used. Therefore, it contains 6 identical
sections, and each has 9 filter arrays (Fig. 7-19). Fig. 8-3 reveals the optical transmission
spectra of one filter array. Less difference is observed compared with the previously
achieved results (e.g. Fig. 6-28). However, more overlapping of transmission lines can be
identified. The reasons could be incomplete cavity filling or uneven residual layer.
More systematic investigations are required. For example, how is the behavior of the chip
against photoresist and other solutions? How to improve the imprint completeness of
structures during nanoimprint process? And investigation of the etching rate of DBR layers
and polymer layer is required.
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Chapter 9
Conclusion and outlook
Within this work, the static Fabry-Pérot (FP) filter arrays (including single stopband and
multiple stopband) in the visible range for nanospectrometer have been investigated. The
filter arrays are fabricated using silicon dioxide (SiO2) and silicon nitride (Si3N4)
Distributed Bragg Reflectors (DBRs) and nanoimprinted resonance cavity arrays. The
usage of nanoimprint technology simplifies the complicated cavity fabrication procedure in
just one step and was proposed at the Institute of Nanostructure Technologies and
Analytics (INA) [Albrecht et al., 2010; Wang, 2010].
In the past, different nanoimprint technologies (i.e. UV-NIL, SCIL and UV-SCIL) have
been implemented. Multiple imprint polymers such as Sol-Gel, AMONIL, mr-UVcur06 and
mr-UVcur21 have been studied [Albrecht, 2012]. Residual layer homogeneity has been
improved by using “volume equalized” cavity distribution [Memon, 2016]. Additionally,
single stopband FP filter array in near infrared range has also been investigated [Nguyen,
2016]. Although great results have been achieved, some critical issues still exist.
In this thesis, the single stopband FP filter arrays have been further optimized regarding the
performance of cavity quality during nanoimprint process. (Chapter 6) Several core
parameters of nanoimprint were modified and two imprint materials (i.e. mr-UVcur06 and
diluted mr-NIL210) were compared systematically. The diluted new resist mr-NIL210
reveals great potential on the fabrication of resonance cavity structures. However, the
unstable spin-coating film thickness results in varying transmission lines after fabrication
(section 6.2.3). The homogeneity of residual layer has been further improved by modifying
the imprint parameters. Meanwhile, it has been proven, to some extent, the thickness of the
residual layer is able to be controlled by tuning the polymer spin-coating speed (from
124

~ 80 nm to 120 nm). During optical characterization, the FP filter array remains stable
under high temperature (up to 120°C) (Fig. 6-32).
Moreover, multiple stopband FP filter arrays have been systematically investigated in this
work in order to extend the detecting spectral range. Research such as multiple DBR
fabrication, nanoimprint over terrace-like surface and other related topics were
implemented. Based on these previous results, a new mask (INA_Template_SA7) has been
designed. And cavity distribution and individual heights have been numerically simulated.
A laboratory demonstrator, which includes three stopbands with central wavelength of
520 nm, 590 nm and 660 nm, has been accomplished and characterized. (Chapter 7, Fig.
7-22) Within each stopband 64 different transmission lines exist and spectrally cover a
detecting band of > 50 nm with a step of ~ 1 nm. The total spectral coverage of the
demonstrator is 163 nm from 507 nm (first transmission line within 520 nm stopband) to
670nm (last transmission line within 660 nm stopband). Transmission intensity is up to
96.5% with an average value of 69.6% and FWHM is down to 1.7 nm with an average
value of 3 nm.
Concise pre-investigation on the topic “direct fabrication on detector” is also enclosed in
the work. Since the fabrication substrate is replaced by detector chip, some areas (with
bonding element or wiring) should be prevented from fabricated structures (i.e. DBR and
polymer layers). Two solutions were considered, which is by using etching technology or
lift-off processes. Due to the time limitation, only the method of using lift-off processes
was investigated. Test samples were successfully fabricated; however, the incomplete
nanoimprinted cavity arrays are the biggest issue. (Chapter 8, Fig. 8-2)
More subsequent investigations are required based on this work. First of all, investigation
of new version of material mr-NIL210 (i.e. mr-NIL210 200 nm) is proposed to be a future
topic. The spin-coated film thickness (~ 200 nm) is similar to mr-UVcur06, thus, suitable
to fabricate filter arrays in visible range. It could be a great candidate to solve the problem
of material shrinkage of mr-UVcur06. Next, some efforts can be put on the improvement of
hybrid soft stamp used for SCIL process. Because of the fragility and high cost of thin
glass carrier, flexible plastic carriers are alternatively used at INA. Therefore, plastic
carrier with higher modulus can be searched. Besides, during soft stamp fabrication, the
hard-PDMS can be replaced by X-PDMS, which has a much higher modulus. Moreover,
more investigations regarding the multiple stopband FP filter arrays should be planned.
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The shift of transmission lines should be further analyzed and hopefully be solved in the
future. Finally, the most attractive topic would be fabrication of FP filter array on the
detector chip, so that a demonstrator of sensor array can be achieved. To protect the wiring
area on the detector chip, both etching and lift-off processes should be comprehensively
investigated.
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Appendix A
Mask Design (INA_Template_SA7)
INA_SA7 encloses 12 sub-masks used for optical photolithography (Fig. A-1). First
of all, it contains two 1 mm x 10 mm stripes, which are used for the fabrication of multiple
DBRs. Right beside the stripes, there are two 6 mm x 12 mm rectangular masks, which is
designed for the protection of the bonding area of detector chip. Masks 1-7 are used to
fabricate the master template for positive cavity arrays with 64 different vertical levels.
Each of them encloses 6 identical sections and 9 arrays in each section. Each array further
includes 12 x 12 = 144 checkerboard like squares with the lateral dimension of 40 µm x
40 µm, as shown in Fig. A-2. Mask I and Mask II are additionally used to further increase
the vertical levels to 192. Mask I contains 6 cavity arrays with the same cavity distribution
as Mask 1, whereas Mask II has 3 cavity arrays. Besides a mask used for aluminum
coverage also exists in INA_SA7. It has 6 identical sections and 9 arrays for each section.
However, it has only 8 x 8 = 64 cavity squares, which is able to cover the centered cavities
of each 12 x 12 filter arrays.

Fig. A-1 photo of photomask (INA_Template_SA7)
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Fig. A-2 Detail schematic diagrams of the photomask design of INA_Template_SA7:
Masks 1-7 (one of the six identical sections).
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Appendix B
Master template (TGn032)
All the designed individual cavity heights and distributions are revealed here. Master
template (TGn032) was fabricated according to these values.
Tab. B-1 Cavity heights and distributions for stopband with central wavelength 520 nm

164.6
34.8
147
52.4
129.4
70
111.8
87.6

26
155.8
43.6
138.2
61.2
120.6
78.8
103

162.4
37
144.8
54.6
127.2
72.2
109.6
89.8

28.2
153.6
45.8
136
63.4
118.4
81
100.8

160.2
39.2
142.6
56.8
125
74.4
107.4
92

30.4
151.4
48
133.8
65.6
116.2
83.2
98.6

158
41.4
140.4
59
122.8
76.6
105.2
94.2

32.6
149.2
50.2
131.6
67.8
114
85.4
96.4

Tab. B-2 Cavity heights and distributions for stopband with central wavelength 590 nm

190.6
60.8
173
78.4
155.4
96
137.8
113.6

52
181.8
69.6
164.2
87.2
146.6
104.8
129

188.4
63
170.8
80.6
153.2
98.2
135.6
115.8

54.2
179.6
71.8
162
89.4
144.4
107
126.8

186.2
65.2
168.6
82.8
151
100.4
133.4
118

56.4
177.4
74
159.8
91.6
142.2
109.2
124.6

184
67.4
166.4
85
148.8
102.6
131.2
120.2

58.6
175.2
76.2
157.6
93.8
140
111.4
122.4

Tab. B-3 Cavity heights and distributions for stopband with central wavelength 660 nm

216.6
86.8
199
104.4
181.4
122
163.8
139.6

78
207.8
95.6
190.2
113.2
172.6
130.8
155

214.4
89
196.8
106.6
179.2
124.2
161.6
141.8

80.2
205.6
97.8
188
115.4
170.4
133
152.8

212.2
91.2
194.6
108.8
177
126.4
159.4
144
130

82.4
203.4
100
185.8
117.6
168.2
135.2
150.6

210
93.4
192.4
111
174.8
128.6
157.2
146.2

84.6
201.2
102.2
183.6
119.8
166
137.4
148.4

Appendix C
Fabrication Process Flows
C.1 GaAs Master Template Fabrication
I) Cleaning:
a) Immerse in Acetone; rinse with iso-propanol; dry with N2 flow
b) O2 plasma asher, 250 Watt / 5 mins (optional)
II) Photolithography: (with positive photoresist AZ1518)
Tab. C-1 Spin coating process for patterning the positive photoresist AZ1518

Dry H2O

120°C, Hot-Plate

> 10 mins

Spin-coating: TI-Prime

4000 rpm

40s

Spin-coating: AZ1518

4000 rpm

40s

Soft-bake

90°C, Hot-Plate

5 mins. (exact)

Alignment

INA_Template_SA7

Mask 1-9

Exposure

SUSS MicroTec MA4

6.6s

KOH 0.8%

30s (approx.)

Development
III) Measurement: Microscope

IV) Etching: RIE-Oxford: CH4 (6) H2 (36) sccm / 150 Watt / 0.008 Torr / 20°C
V) Remove photoresist:
a) Immerse in NMP: 80°C / > 8 hours; rinse with water; dry with N2 flow
b) O2 plasma asher, 150 Watt / 5 mins
VI) Measurement: Microscope; White Light Interferometer
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C.2 Process Flow of Hybrid soft stamp molding (for SCIL)
I) Master Template treatment (Anti-sticking):
a) Evaporation deposition of FDTS: 250°C, Hot-Plate / 60 mins
b) Test anti-sticking layer: with water droplets
II) Stamp making:
a) Spin-coating hard-PDMS on the treated master template: 1000 rpm/ 20s (~ 0.1 mm)
b) Pre-baking: 65°C, Hot-Plate / 20 mins (approx.)
c) Pouring soft-PDMS on top of the hard-PDMS layer
d) Cover the carrier evenly on the soft-PDMS by means of master replication tool
e) Curing: 50°C, in master replication tool / overnight
f) Post-baking: 65°C, oven or Hot-Plate / 4 days
III) Stamp separation: with the help of the vacuum slots in master replication tool
IV) Stamp cleaning: by rinsing with Ethanol and DI water
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C.3 Process Flow of multiple DBR fabrication
I) Cleaning:
a) Immerse in Acetone; rinse with iso-propanol; dry with N2 flow
b) O2 plasma asher, 250 Watt / 5 mins (optional)
II) Photolithography: (with negative photoresist AZnLof 2070 5:1)
Tab. C-2 Spin coating process for patterning the negative photoresist AZnLof 2070 5:1

Dry H2O

120°C, Hot-Plate

> 10 mins

Spin-coating: TI-Prime

3000 rpm

40s

Spin-coating: AZ1518

3000 rpm

40s

Soft-bake

100°C, Hot-Plate

5 mins. (exact)

Alignment

INA_Template_SA7

1 mm stripes

Exposure

SUSS MicroTec MA4

14.5s

Pre-bake

110°C, Hot-Plate

1 min

AZ826

2 mins

120°C, Hot-Plate

3 mins

Development
Hard-bake
III) Measurement: Microscope

IV) Deposition: Si3N4/SiO2 DBR deposition via PECVD (Appendix D)
V) Lift-off process: Immerse in NMP: 80°C / > 1 hr; rinse with water; dry with N2 flow
VI) Measurement: Microscope; White Light Interferometer
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C.4 Process Flow of nanoimprint process for cavity arrays
I) Cleaning:
a) Immerse in Acetone; rinse with iso-propanol; dry with N2 flow
b) O2 plasma asher, 250 Watt / 5 mins (optional)
II) Spin-coating of UV-curable polymers: mr-UVcur06 or mr-NIL210 (3:2)
Tab. C-3 Spin coating process for patterning the UV-curable polymer mr-UVcur06

Dry H2O
Spin-coating: TI-Prime
Spin-coating: mr-UVcur06
Soft-bake

150°C, Hot-Plate

30 mins

3000 rpm

30s

3000 rpm (~ 200 nm)

60s

80°C, Hot-Plate

60s

Tab. C-4 Spin coating process for patterning the UV-curable polymer mr-NIL210 (3:2)

Dry H2O
Spin-coating:
mr-NIL210 (diluted)
Soft-bake

150°C, Hot-Plate

30 mins

3000 rpm (~ 265 nm)

60s

100°C, Hot-Plate

60s

III) UV-SCIL: Süss MicroTec MA6 (Parameters refer to Tab. 6-5)
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Appendix D
PECVD Deposition Parameters
D.1 Deposition parameters of PECVD Si3N4 films
Tab. D-1 Deposition parameters of PECVD Si3N4 films

Gas source 1

2% silane (SiH4) in N2

1000 sccm

Gas source 2

Ammonia (NH3)

20 sccm

RF generator 1

13.56 MHz/ Pulsed

20 Watt/ 20s

RF generator 2

130 kHz/ Pulsed

20 Watt/ 6s

Pressure

0.65 Torr

Temperature

120°C

D.2 Deposition parameters of PECVD SiO2 films
Tab. D-2 Deposition parameters of PECVD SiO2 films

Gas source 1

2% silane (SiH4) in N2

430 sccm

Gas source 2

Nitrous Oxide (N2O)

710 sccm

RF generator 1

13.56 MHz/ continuous

20 Watt

RF generator 2

130 kHz

-

Pressure

1 Torr

Temperature

120°C
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