
Soft UV Nanoimprint Lithography:
Concept, Development, and Fabrication
of Nanostructures with Tunable Feature

Sizes at Constant Pitch

DISSERTATION
zur Erlangung des akademischen Grades

Doktoringenieur (Dr.-Ing.)

vorgelegt von

Fakultät für Maschinenbau der Technischen Universität Ilmenau

von Herrn

M. Sc. Shuhao Si
geboren am 24. Februar 1986 in Jinan, Shandong, V. R. China

1. Gutachter
Univ.-Prof. Dr.-Ing. habil. Martin Hoffmann
ehemals Technische Universität Ilmenau
jetzt Ruhr-Universität Bochum

2. Gutachter
Univ.-Prof. Dr. rer. nat. habil. Stefan Sinzinger
Technische Universität Ilmenau

3. Gutachter
Prof. Dr. rer. nat. habil. Hartmut Hillmer
Universität Kassel

Datum der wissenschaftlichen Aussprache: 11.06.2018

urn:nbn:de:gbv:ilm1-2018000239





I

Abstract

The thrilling development of the nanoimprint lithography (NIL) over the past twenty years has
made the large area nanopatterning from an obstacle to the bridge between imagination and
reality. This thesis addresses the establishment of NIL technique at the Institute of Micro- and
Nanotechnologies (IMN) of Technische Universität Ilmenau and the development of the soft
UV-NIL. The fabrications of periodic nanostructures with tunable feature sizes in large area
and at low cost as well as its additional applications are investigated.

A center-to-edge imprint scheme in ambient atmosphere using soft stamps is employed through-
out this work. The advantages of soft UV-NIL have been identified all along and have drawn
tremendous research attention. To clarify the potential issues for imprint in ambient atmo-
sphere, a type of bi-layer soft stamp with a soft Polydimethylsiloxane (PDMS) back carrier and
a thin feature layer employing various material is configured. The bi-layer soft stamps such
as PDMS/PDMS, PDMS/organic solvent diluted PDMS, PDMS/X-PDMS, PDMS/vvsPDMS,
PDMS/UV-PDMS, are comparatively characterized. High stamp reusability and imprint uni-
formity of the PDMS/PDMS, PDMS/toluene-diluted PDMS and PDMS/UV-PDMS stamps
have been validated at ambient conditions for at least twenty consecutive imprints by using a
single stamp. This demonstrates the suitability of NIL for batch fabrication of nanoimprinted
structures on wafer scale.

Based on the solid imprint performance of the ambient center-to-edge scheme, a process chain to
fabricate nanostructures with tunable feature sizes at constant pitch (NanoTuFe) is designed and
realized in this thesis. A master with positive or negative nanopatterns is prepared to initialize
the fabrication process. An intermediate template featuring sloping sidewalls is introduced to
bridge the original master and the final patterns. Taking advantage of the sloping sidewalls of
the patterns on the intermediate template, the etch-mask on the final substrate can be opened
to discrete dimensions simply by varying the etching durations. Numerous new NIL templates
and substrates with diverse layouts, profiles and aspect ratios have been achieved with tunable
feature sizes.

• New NIL templates of circular nanopillars with diameters of 150/200/250/350 nm and
aspect ratio below 2 are generated for NIL templates based on a master featuring 450 nm
circular nanopillars.

• Additional NIL templates of square nanocavities with 130/160/190/220 nm feature sizes
are fabricated from a master patterned by circular nanocavities of 350 nm in diameter.
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• By introducing a bi-layer lift-off process, the image tone, layout and feature sizes can be
adjusted. NIL templates featuring square nanopillars with dimensions of 120/200/320
nm are achieved based on a master of circular nanoholes with 350 nm in diameter.

Furthermore, diverse top-down or bottom-up surface patterning techniques can be integrated
to the NanoTuFe methodology. The versatility using NanoTuFe to fabricate high aspect ratio
nanostructures (feature sizes from 70 nm to 400 nm, etch depth of 4-7 µm) for high emissive
silicon surfaces in both circular and square layouts is demonstrated. The concept of using NIL
for curved surface (convex-plano refractive lens) has been proved as well.

Replicating nanostructures is in general cost-intensive, especially for large patterning area
and with high resolution. The NanoTuFe approach enables a fast realization of large area
nanopatterns with tunable dimensions at low cost, which is one of the essential contributions
of this work.
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Zusammenfassung

Die vorliegende Dissertation beschäftigt sich mit der Weiterentwicklung der UV Nanoimprint-
Lithographie (NIL) mit weichen Stempeln am Institut für Mikro- und Nanotechnologien (IMN)
der Technischen Universität Ilmenau. Die Herstellung von periodischen Nanostrukturen
mit einstellbaren Strukturgrößen auf großer Fläche und zu niedrigen Kosten sowie deren
weiterführende Anwendungen werden untersucht.

Allen hier vorgestellten Arbeiten liegt die UV-NIL mit weichen Stempeln bei Umgebungsat-
mosphäre zugrunde, bei welcher der eigentliche Abformvorgang von der Stempelmitte zum
Rand fortschreitet (engl. center-to-edge). Die Vorteile von UV-NIL mit weichen Stempeln
sind lange bekannt und haben eine hohe Aufmerksamkeit auf sich gezogen. Zweischichtige
weiche Stempel mit einem weichen Polydimethylsiloxane (PDMS)-Träger und einer dünnen
Strukturschicht, die aus unterschiedlichen und festeren Materialien bestehen kann, werden
konfiguriert. Die zweischichtigen weichen Stempel wie PDMS/PDMS, PDMS/verdünntes
PDMS, PDMS/X-PDMS, PDMS/vvsPDMS, PDMS/UV-PDMS, werden miteinander verglichen.
Hohe Gleichmäßigkeit der Abformungen der PDMS/PDMS, PDMS/Toluen-verdünnten PDMS
und PDMS/UV-PDMS Stempel wurden bei Umgebungsbedingungen für mindestens zwanzig
aufeinanderfolgende Prozesse in Bezug auf die Wiederholbarkeit validiert.

Basierend auf dem beschriebenen Abform-Regime, wird in dieser Arbeit eine Prozesskette
zur Herstellung von Nanostrukturen mit einstellbaren Strukturgrößen und -formen (engl.
NanoTuFe) realisiert. Eine Zwischenmask mit positiven oder negativen Strukturen mit geneigten
Seitenwänden wird eingeführt, um die Brücke zwischen ursprünglichem Master und den
herzustellenden Strukturen zu schlagen. Unter Ausnutzung der geneigten Seitenwände der
Strukturen auf der Zwischenschablone kann die Ätzmaske auf dem finalen Substrat durch
Variation der Ätzdauer in sehr variable Dimensionen überführt werden. Zahlreiche NIL-
Masken und -Substrate, die einstellbare Strukturgrößen verschiedener Layouts, Profile und
Aspektverhältnisse aufweisen, wurden untersucht.

• Es werden Neue NIL-Masken von kreisförmigen Nanosäulen mit Durchmessern von
150/200/250/350 nm und einem Aspektverhältnis unter 2 basierend auf einem Master
mit 450 nm langen kreisförmigen Nanosäulen erzeugt.

• Zusätzliche NIL-Masken mit quadratischen Nanokavitäten mit Strukturgrößen von
130/160/190/220 nm werden aus einem Master mit kreisförmigen Nanokavitäten von 350
nm Durchmesser hergestellt.
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• Durch die Einführung eines doppelschichtigen Lift-Off-Prozesses kann eine positive
oder negative Abbildung der Strukturen erfolgen sowie die Layout- und Feature-Größe
angepasst werden. NIL-Masken mit quadratischen Nanosäulen mit Abmessungen von
120/200/320 nm werden anhand eines Masters aus kreisförmigen Nanolöchern mit 350
nm Durchmesser demonstriert.

Darüber hinaus können verschiedene Top-Down oder Bottom-Up Strukturierungstechniken in
die NanoTuFe -Method integriert werden. Die Vielseitigkeit von NanoTuFe zur Herstellung von
Nanostrukturen mit großem Aspektverhältnis (Strukturgrößen von 70 nm bis 400 nm, Ätztiefe
von 4-7 µm) für hoch emittierende Siliziumoberflächen in kreisförmigen und quadratischen
Layouts wird demonstriert. Das Konzept der Verwendung von NIL auf gekrümmte Oberflächen
(konvex-plane refraktive Linse) wurde ebenfalls bewiesen.

Die Herstellung und Replikation von Nanostrukturen ist im Allgemeinen kostenintensiv,
insbesondere für große Flächen und bei hoher Auflösung. Die NanoTuFe-Methode ermöglicht
die schnelle Realisierung großflächiger Nanostrukturen mit einstellbaren Abmessungen und
Formen (Kreise, Rechtecke, Säulen, Kegel, Pyramiden) bei potenziell geringen Kosten, was einer
der wesentlichen Beiträge dieser Arbeit ist.
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1 Introduction

The 1995 work, together with follow-on development, started to change people’s percep-
tion of mechanical methods for nanoscale patterning, and opened up the field of nanoimprint
and a paradigm shift in nanolithography.

—Stephen Y. Chou[Cho15]

People were amazed that the vias and trenches with a minimum size of 25 nm and a depth of
100 nm had been imprinted over twenty years ago in 1995. Nanodots with a diameter of 25
nm and a pitch of 70 nm were fabricated in metal by imprint combined with a lift-off process
[CKR95]. Further follow-on results were addressed one year later [CKR96]. Since then, the
fabrication technique termed as “nanoimprint lithography” (NIL) was stamped into the history
and has been long endorsed.

In the past two decades, device miniaturization has been in considerable demand based on
Moore’s Law and nowadays the concept of “Beyond Moore’s Law”. Under such circumstances,
NIL has drawn increasing attraction from the surrounding communities that deal with nanome-
ter scale manufactures. It offers an encouraging solution to fabricate a large number of repeated
patterns and identical elements over large area and at low cost, “in the blink of eyes”.

Since the early 21st century, NIL has been extensively acknowledged in industry. Along
with extreme ultraviolet lithography (EUV), electron beam lithography (EBL), focused ion
beam lithography (IBL), NIL has been regarded as a promising candidate by the International
Technology Roadmap for Semiconductors (ITRS) for the Next-generation lithography (NGL). It
was soon in 2003 identified by MIT Technology Review as one of the ten emerging technologies
that would change the world [Rev]. In addition to being included in the ITRS roadmap for
22/16/11 nm nodes till 2009 [Zho13], NIL was highly valued in the 2013 roadmap for patterning
with down to 6 nm critical dimension (CD) [NW15] as shown in Table 1.1.

Table 1.1: Line and space potential solutions by pitch and half pitch published in the 2013 ITRS roadmap
(partially presented after [NW15])

CD 26 24 22 20 18 16 14 12 10 8 6 4
Exposure
Tool

Patterning
Technique

Pitch 52 48 44 40 36 32 28 24 20 16 12 8

NIL NIL — x x x x x x x o o o
x: Published demonstrations from potential deployable equipment show opportunities for production
o: Simulations, surface images, or research grade demonstration suggest potentials for extendability
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In addition, academic and industrial achievements demonstrated in publications reflect that NIL
has sparked great interest during the past two decades, and has become one of the reliable and
effective approaches for nanofabrications. Figure 1.1 summarizes the number of publications
indexed by “Nanoimprint” in google scholar search engine ever since the invention of NIL up
to the first half of 2017. This number has increased drastically from a couple of tens each year
in 90s to more than 3000 since 2013. Besides, this concept has been addressed additionally in
patents and citations as well.
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Figure 1.1: Number of publications indexed with keyword “Nanoimprint” in Google Scholar

1.1 Soft UV nanoimprint lithography

In the two pioneering works of Chou and his group [CKR95, CKR96], the nanopatterns were
imprinted from a solid mold into a thermoplastic polymer film, which was Poly(methyl
methacrylate) (PMMA), on a substrate. As illustrated in Figure 1.2, the thermoplastic polymer
became liquid-like when heated above its glass transition temperature. The polymer was
deformed to conform to the geometry of the mold and was strongly squeezed under a high
pressure of typically 50-100 bar (5×103-10×103 kPa) for a complete filling. The resolution was
enhanced down to sub-10 nm using thermal NIL (T-NIL) which formed the structures in PMMA
both on silicon and on gold substrates [CKZ+97]. The T-NIL process was also referred to as hot
embossing at that time.

The concept of UV-NIL came to stage in the next few years, as shown in Figure 1.3. A low
viscosity and photopolymerizable chemical containing organosilicon precursors was used as the
imprint material. A quartz mold, known for high UV transmission, carries the nanopatterns and
is brought into contact with the photo-polymer coated substrate. Low pressure of approximate
1 bar was applied at room temperature in the course of the process. The polymer is cross-linked
by UV exposure which irradiates through the quartz mold. The polymer was patterned with
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(a) Positioning (b) Heating and im-
print

(c) Imprint and cooling (d) Separation

Figure 1.2: Schematic diagrams of thermal NIL (T-NIL)

(a) Positioning (b) Imprint (c) UV exposure (d) Separation

Figure 1.3: Schematic diagrams of UV-NIL

a feature size of less than 60 nm and cured by UV source on top of an etch barrier layer on
the substrate. Acrylate- and epoxide-based materials with extra photoinitiator as addictive
for photopolymerization were presented using UV-NIL with a quartz mold as well [BOH+00].
Nanodots array in diameter of 80 nm taking up to 80% of the 25 mm diameter quartz mold was
successfully imprinted. Pressure ranging from 40 mbar to 1 bar was applied during the overall
process at room temperature. The structure feature size down to 5 nm and the patterned area
up to 200 mm in diameter have been demonstrated [AGW+04, Sch08, BSM08].

In comparison, the nature of its mechanical deformation allows T-NIL to achieve higher
resolution than that of UV-NIL without theoretical limitation. However, on one hand, the
mandatory high pressure and temperature requirements in T-NIL hinder its use if delicate
systems and parts surrounded. On the other hand, the temperature lifting and dropping
in T-NIL cause lateral internal stresses due to the differences in the coefficients of thermal
expansion of the mold, substrate and imprint devices. In the case that an alignment of multiple
layers is in demand, the structure fidelity and accuracy cannot be guaranteed due to the heating
and cooling cycles [Ver10]. Therefore, operating at room temperature and with lower pressure
makes UV-NIL a more intriguing technology.

The enormous innovations and expansions in nanotechnology pushes NIL into large area
patterning for mass production. Merging the idea of UV-NIL and soft lithography [XW98],
the soft UV-NIL was proposed to reduce the fabrication cost on large area patterning. Taking
advantages of the soft stamps, the soft UV-NIL exhibits unique privileges including:
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Cost reduction Multiple soft stamps can be replicated from a single cost-intensive rigid master
which is commonly made of silicon, silica or metal. Instead of directly using the master,
the soft working stamps are used for the imprint process. When imprinting in parallel,
the cost is merely increased with respect to the cost of soft working stamps rather than
that of the masters. Besides, the master is utilized for replicating soft stamps only, which
prevents it from contamination and damages during the imprint process. An example of
replicated soft stamp and imprinted wafer using the soft working stamp can be seen in
Figure 1.4(a).

Conformal contact The use of soft stamp enables the possibility for conformal contact over
large area. In the case where rigid mold is used, contacting in large area is inhibited as it
requires both of the surfaces of the mold and substrate to be perfectly flat and parallel.
Very high pressure has to be exerted on the solid mold to ensure the proper contact for
resist filling. The soft stamps, in contrast, could contact the underlying substrate surface
conformally as long as it has a surface energy lower than that of the substrate [RL08].

High tolerance for particles Due to the elasticity of soft stamp, small particles on the surface
of substrate can be pushed towards the stamp so that the stamp deforms locally and
surrounds the particles. The remaining area of the stamp can still follow the topology of
the substrate, which improves the yield of imprint. An example is given in Figure 1.4(b).

High tolerance for air trapping The flexible soft stamp allows to push the macro amount of
air away from one side to another side or from center to the fringe to avoid air bubble
trapping. The micro scale air enclosed in the structure cavity can diffuse into and be
absorbed by the soft stamp that is often made of permeable material like PDMS.

Improvement on filling and detaching The surface tension of the elastic soft stamp is strongly
reduced compared to that of silicon or silica mold in nature. Lowering the surface tension
leads to an improvement not only on the filling of resist into the structures, but also on
the detaching of the cross-linked resist from the stamp. When rigid mold is used, the
equivalent performance can only be obtained by applying additional anti-sticking layer
onto the surface of the mold, higher pressure and force. Besides, the separation between
the resist and stamp is enhanced, as the stamp can be flexibly deformed without toughly
colliding with the patterned structures.

Suitability for non-planar surface The flexibility of the soft stamp enables the imprint on either
non-perfectly flat or even undulated substrate surfaces. It gives rise to the possibility
to imprint on pre-molded devices, curved surfaces like lenses, spherical elements and
irregularly shaped parts. An example of imprinting on plano-convex lens is shown in
Figure 1.4(c) and will be presented in detail in Chapter 6.

Although soft UV-NIL owns such advantages, some challenges exist when elastic polymer-based
stamp is used. The resolution is limited as the closely spaced adjacent structures intend to
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(a) A PDMS soft stamp and fully patterned 100
mm wafer, feature: pillars in diameter 400
nm, pitch 1000 nm, height 700 nm [SDH17b]

(b) An imprint over parti-
cle [Ver10]

(c) Imprint four-level
diffractive lenses onto
the curved surface of a
plano-convex lens

Figure 1.4: Some examples made by soft UV-NIL

stick and collapse due to the surface tension [Zha08, DSMB97]. Also, imprint realization of
high aspect ratio structures encounters local deformation and distortion of the stamps under
pressure. Despite that the soft UV-NIL can be constrained by the above-mentioned issues, it is
still widely acknowledged as a reliable solution to replicate micro- and nano-structures at low
cost, in large area and with high throughput for mass production.

Advanced variations

Great efforts have been made to develop the concept of NIL to diverse variations with significant
properties for both academic and industrial fabrications. Four years after the T-NIL proposal
of Chow, another innovative approach termed Step and Flash Imprint Lithography (S-FIL)
was firstly addressed [RCC+99]. Imprint with higher efficiency and possibility on flexible
surface was proposed in the scheme of roller NIL [KMPG14]. Reversed NIL (R-NIL) that hinged
on transferring the resist from the surface of the template to the substrate was reported as
well [HBC+02]. Combined NIL and photo-lithography (CNP) [CG04], imprint relying on Air
Cushion Press (ACP) technique [GTZ+06], Substrate Conformal Imprint Lithography (SCIL)
[Ver10], Soft Molecular Scale Nanoimprint Lithography (SMS-NIL) [EVG] and so on came onto
the stage in the subsequent years. A few approaches that are commonly seen are introduced in
the following.

The S-FIL technique is performed in a step-and-repeat manner instead of imprinting and
exposing on the full area in one step, regardless of the imprinted area. It is carried out using a
template/stamp in small area to repeatedly stepping on the large area spin-on coated substrate.
The UV source behind the exact location of the stamp exposes the stepped area only without
affecting the neighboring unpatterned resist. The S-FIL enables a better defect control of
each imprinted area and offers high flexibility to integrate multi-functional elements into one
substrate. A schematic diagram of the S-FIL technique is depicted in Figure 1.5.
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(a) Positioning (b) Imprint and UV ex-
posure

(c) Separation (d) Stepping and re-
peat

Figure 1.5: Schematic diagrams of J-FIL

Jet and Flash Imprint Lithography (J-FIL) is another type of UV-NIL. The J-FIL applies the resist
in a drop-on-demand manner. The resist is only dispensed at the locations which match to
the corresponding structures of the template/stamp. It avoids wasting resist like in the spin
coating scheme where more than 99% material is spun off (Figure 1.6). Although as little as 1
milliliter can be sufficiently spin coated on a full 300 mm wafer in industry, the J-FIL consumes
only 0.1-1.0% of the resist of conventional spin-on systems as a result of a drop-on-demand
process by fine controlling. The template/stamp is brought into contact with the substrate from
one side to the other. The inclined template/stamp geometry creates wave-front in the resist to
avoid air trapping between adjacent resist drops [Wad10]. By this mean, the J-FIL contributes
to applications which involve non-periodic and non-regular nanopatterns in a more advanced
way. It greatly reduced the chances of incomplete or excessive resist filling and non-uniform
residual layer that often occur in spin coated resist when patterns in diverse shapes and scales
are imprinted. The uniform residual layer leads to a consistent descumming and etching, as
well as high CD uniformity. On the other hand, the challenges exist in the J-FIL technique. For
instance, a drop dispenser should be precisely designed and programmed to match the pattern
location and resist volume of the structures on the template/stamp. Picoliter sized drops that
match the volume of resist to the relief image pattern on the template/stamp can be stably
applied [can].

(a) Dispensing (b) Imprint (c) UV exposure (d) Separation

Figure 1.6: Schematic diagrams of J-FIL

Substrate Conformal Imprint Lithography (SCIL) is one of the innovative technologies developed
in the frame of soft UV-NIL. The SCIL technique uses a hybrid soft stamp including a thin
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glass back carrier and a feature layer which is made of X-PDMS carrying the structures. The
process relies on a sequence of imprinting steps from one side to the other side subsequently
by releasing the vacuum in the grooves gradually to achieve a substrate conformal contact
between the stamp and substrate. The releasing process goes in the reverse way by activating
the vacuum switches [JHV+10]. As one of the advanced types of soft UV-NIL, SCIL offers high
reliability on large area nanostructures patterning, eliminates the large amount air trapping,
and weakens the criticality of particles that are often seen as “deal-breaker” in NIL.

Figure 1.7: Schematic diagrams of the SCIL technique (after [JHV+10])

When the soft UV-NIL is used for extra large area patterning, the stamp can be extended to the
form of an imprint roller with patterned surface or wrapped by a patterned UV transparent
flexible film. Depending on the type of to-be-imprinted substrates, this kind of NIL can be
classified as roll-to-roll or roll-to-plate NIL (R2R-NIL or R2P NIL). In R2R-NIL (Figure 1.8), the
imprint roller is used to pattern on flexible films that are supported by a roller. The film is coated
with resist in pre-processing and rolled towards the imprint roller. High power UV source is
positioned where the imprint roller and the film is in contact and cures the resist in seconds
as the roller is continuously rolling. The imprinted film is rolled away for post-processing
depending on the subsequent applications. The R2R-NIL extensively reduces the cost of the
final patterned films due to its high throughput in the range of meters per second. The films
have been widely applied in the flexible electronics including solar panels, thin-film batteries,
curving displays, and so on. In the R2P-NIL, flat substrates are imprinted instead of the flexible
substrates.

Due to the intriguing advantages and the unique properties of its variations mentioned above,
soft UV-NIL has been identified as one of the most promising solution to fabricate large area
nanostructures at low cost and high throughput. Combined with the excessive evolution of the
soft stamps and supporting techniques, the soft UV-NIL has tremendously contributed to a
wide range of academic and industrial fields, such as nanophotonics [EGUL15, ZSL+16], LEDs
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Figure 1.8: Schematic diagram of the R2R-NIL technique (after [nanc])

[LT11, KYS14], photovoltaic [LPM+13, HTT+15, AA16], semiconductor ICs [HNY11, Hig16,
CU17], optics [CKA+16, YLW+16], energy storage [WCX+15, WZW+16, WXML17], bio- and
life science [MCB+05].

1.2 Objectives and outline

The goal of the development of the soft UV-NIL technique at the Institute of Micro- and
Nanotechnologies (IMN) is to establish a solid process for large area (100 mm-150 mm diameter
wafer-level) nanostructure patterning with high reproducibility. Relying on this reliable process,
multiple types of nanostructures will be integrated into micro-elements in a controllable
manner.

First of all, a type of bi-layer soft stamps as well as the center-to-edge imprint scheme taking
advantage of the bowing of the stamp are established and optimized. Imprinting in ambient
atmosphere is the simplest condition for soft UV-NIL without complex tools as far as no
alignment is required. However, the ambient atmosphere causes additional challenges. For
instance, the evaporated solvent in the resist and possible byproducts resulting from the
interaction between the UV light, oxygen and the polymer-based material can be encountered.
Moreover, the Laplace pressure may impact differently on the resist capillary filling for positive
or negative patterns at atmospheric pressure compared to that in an evacuated chamber. In
order to examine the imprint performance with respect to these issues, various types of soft
stamps such as PDMS, PDMS/solvent-diluted PDMS, PDMS/X-PDMS, PDMS/UV-PDMS,
PDMS/vvsPDMS soft stamps are investigated. The reusability of a single soft working stamp
and uniformity of consecutive imprints in ambient atmosphere at wafer scale are demonstrated
by repeated experiments.

On the other hand, a master or an equivalent rigid template, is always necessary to initialize the
subsequent fabrication processes regardless of the T-NIL, UV-NIL and their variations. Wafers
with periodic positive and negative nanostructures are the mostly seen type of master in NIL.
However, fabricating the master is in general cost-intensive. Patterns with high resolution
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are commonly made by direct writing using electron beam, laser beam or ion beam, which
require complex facilities and consume high volume of time and man-power, leading to high
costs. A cost-efficient process chain is designed to fabricate periodic nanopatterns with tunable
feature dimensions at constant pitch (NanoTuFe) utilizing a serial of well-known technologies
such as soft UV-NIL, dry and wet etching, etc. In the end, new set of nanostructured wafers
can be produced by the NanoTuFe process at low cost and in a short cycle. Fabricating an
intermediate template (IT) with sloping sidewall like pyramid or cone serves as the essential
step to bridge the master and the final functional substrate (FS). Diverse top-down surface
patterning techniques can be utilized to structure the final FS. For instance, a new set of NIL
masters/templates have been achieved by cryogenic etching based on SF6/O2 chemistry with
smooth and vertical sidewalls at an aspect ratio between 1 and 2. Nanopillars with high
aspect ratio (> 50), nanoneedles (> 30) and nanowires are formed by diverse surface patterning
techniques. The feature dimensions, i.e. the side length of square or the diameter of circular
layout, can be tuned from the original master in a precisely controllable manner.

This thesis primarily demonstrates the consecutive imprinting performance with bi-layer soft
stamps using the center-to-edge scheme at ambient atmosphere, and the NanoTuFe approach as
well as its realization to fabricate a wide diversity of nanopatterns with tunable feature sizes at
constant pitch.

In Chapter 2 we review the state-of-the-art of the soft UV-NIL technology. A variety of devices
and systems relying on distinct imprint principles is briefly introduced. Development of soft
stamps from single-layer to multi-layer configurations is demonstrated. It is then followed by an
overview of the major resist materials. At the end this chapter, a few academic and industrial
modern systems are shown and related critical issues are briefly discussed.

Chapter 3 examines the consecutive imprinting performance of the soft UV-NIL with bi-layer
soft stamps using the ambient center-to-edge scheme. In this chapter, the anti-sticking treatment
by Perfluorodecyltrichlorosilane (FDTS) is presented. Subsequently, we illustrate the center-
to-edge large area imprint scheme which is used throughout this work. Bi-layer soft stamps
of PDMS/PDMS, PDMS/organic-solvent-diluted PDMS, PDMS/X-PDMS, PDMS/vvsPDMS
and PDMS/UV-PDMS are introduced in terms of fabrications and respective costs. The soft
stamps are characterized by instrument nanoindentation test to comparably indicate the elastic
modulus, i.e. the softness. The ability of imprint by such soft stamps using the ambient
center-to-edge scheme is determined by consecutive imprinting results. High reusability, fidelity
and uniformity can be achieved by the PDMS/PDMS, PDMS/toluene-diluted PDMS and
PDMS/UV-PDMS stamps for at least twenty consecutive imprints.

The NanoTuFe methodology is described at the beginning of Chapter 4. The feasibility of using
the NanoTuFe methodology to pattern circular and square arrays with tunable feature sizes on
the etch-mask of the final functional substrates is demonstrated. Nanopillars and nanoholes
with smooth and vertical sidewalls have been obtained in large area by exploiting the cryogenic
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silicon etching. Moreover, a bi-layer configuration for lift-off in NIL is proposed. It involves a
sacrificial layer of pure organic material and a patterning layer of hybrid resist. The coating of
the two layers no longer requires high temperature heating as for most commonly used PMMA,
and the sacrificial layer can be easily descummed and underetched by oxygen plasma. When
combining the NanoTuFe approach with the bi-layer lift-off process, the image tone and feature
shape can be adjusted as well. Additionally, two feature size shrinking approaches via silicon
thermal oxidation and resist descumming are respectively proposed. In the end, the versatility
of the NanoTuFe approach is interpreted and summarized.

Last but not the least, two practical applications are demonstrated in Chapter 5 and Chapter 6.
Chapter 5 combines the NanoTuFe approach with deep etching techniques to produce high-
aspect-ratio structures for highly emissive surfaces. Chapter 6 presents the feasibility to pattern
diffractive optic elements on refractive lens by soft UV-NIL using the ambient center-to-edge
scheme as a proof-of-concept.

This thesis is summarized in Chapter 7 and an outlook to the future work is discussed.

A summary of acronyms, abbreviations and notations for used specific terms is given at the
end of this thesis.
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2 State-of-the-art of soft UV nanoimprint lithography

NIL has long been acknowledged over the past twenty years as one of the enabling technologies
for nanostructures transferring, featuring low cost and high resolution down to single-digit
nanometer [LWW13]. Since the concepts of “soft” and “UV enhanced” have emerged, further
prosperous development has been achieved. The soft UV-NIL enables the nanoscale patterning
for large area in meters [SC] and yields with high throughput of more than 80 wafers per
hour [Tec16]. Improved treatment on the to-be-imprinted surface could also offer the potential
for a residual-resist-free imprint [YLL14]. Besides, vacuum and high pressure are no longer
the mandatory environmental conditions to perform the imprint [SH17]. In nowadays, the
more-than-2D captures can be formed by the soft UV-NIL as well [Sch15].

The soft UV-NIL mainly involves the application-oriented master, replicated soft stamp, photo-
curable resist, imprint facilities and process optimization as depicted in Figure 2.1. The master
determines the patterns layout and resolution based on the aim of applications. The performance
of the imprint is affected by the utilized stamp, system and imprint principle. Consequently,
the diversity of each key factor brings variations and derivations of the soft UV-NIL process.
Although in many cases the stamps and resists are applied in a universal manner, the soft
UV-NIL systems are commonly specialized with its own fitting soft stamp configurations and
properties. At the beginning of this chapter, the production and market of the master will be
briefly introduced. The state-of-the-art of soft stamps, resists, and imprint systems will follow.

Figure 2.1: An overview of the processing aspects of NIL

2.1 Master fabrications

A rigid master is of critical importance for the overall imprint process as it defines the patterns
to be applied to the final products. The master is most commonly made of silicon and silica
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which are readily available in nature and in the industry. These materials possess sufficient
hardness for storage and multiple replications of the soft stamps. High resolution down to
single-digit nanometer can be achieved on the rigid master. Good thermal stability is critical
as well for the master since it goes through cycles of anti-sticking treatment and cleaning at a
relative high temperature. Besides, metals such nickel shim and polymers with high Young’s
modulus are in literature to be either directly used as flexible working stamp or a master for
soft stamp replications.

The electron-beam lithography (EBL) and interference lithography (IL) are the most common
methods to pattern the master, where the former can be used to generate arbitrary nanoscale
patterns and the latter is more preferred for periodic structures. In EBL, a beam of electrons is
powered by high voltage in a typical range of 1 kV - 100 kV to directly write on an electron-
sensitive resist coated on the substrate. The short wavelength allows the energetic e-beam to
resolve at extreme small feature sizes. Endeavors efforts have been made in recent years on the
multiple-electron-beam direct writing [Lin13, EKI+15]. Electrons can be drifted into multiple
tunnels and powered up into beams with high degree of parallelism. By such improvement, the
expected throughout can be enhanced drastically.

The IL relies on the interference of two incident light waves, which results in periodic and
quasi-periodic minima and maxima variation of the pattern intensity in the photoresist. This
principle can be traced back to more than two hundreds years ago when Thomas Young put
his famous double-slit idea into practice [You02]. Hexagonal patterns can be achieved IL using
three beams, and four-beam interference could generate rectangular types, both of which
are in 2-D [SBG11, VH14]. Holographic fabrication of more-than-2-D photonic crystals has
been realized using multiple beams [GLL+14], which can also tackle the challenge of the high
throughput requirement to some extent.

Besides these two dominating methods, complex real 3-D nanopatterns can be obtained by
ion beam lithography (IBL) depending on the direct writing of a focused beam of ions across
the surface. The IBL involves shorter wavelength than EBL and, therefore, causes less severe
diffraction and radiation effect to the underlying layers. It offers the patterning with higher
resolution and more freedom compared to that of the EBL, which renders this technique as one
of the powerful approaches to repair local damages of valuable nanostructures, such as NIL
master [ONK+08].

The dry reactive ion etching (RIE) is commonly used to structure the surface of the master
using the EBL/IL/IBL patterned resist as an etch mask. Inductively coupled plasma (ICP)
is optionally combined depending on the material of the master and its required structure
aspect ratio and profile. Wet chemical etching can also be found to form the master on specific
structures. For instance, KOH is used to etch silicon master with determined orientations for
the corresponding profile.
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The commercial market of NIL masters has been widely formed. Eulitha provides a variety
of standard and customized NIL masters based on EBL and its PHABLE exposure technology.
AMO focuses on interference lithographic gratings. Further providers are, but not limited to,
such as NIL Technology and Nanonex.

2.2 Development of the soft stamps

The soft stamp is identified as the most critical element for soft UV-NIL. It is replicated from
the rigid master such that the master is unnecessary to be used for imprint directly but used
only as a mold for replicating. The properties of the soft stamp directly impact on the outcome
of the imprint with respect to resolution, fidelity, patterning area, uniformity, and the imprint
reproducibility.

Over the past more than ten years, the configurations of soft stamps has been optimized to
meet the requirements regarding the above-mentioned aspects. Diverse structural types of
soft stamps have been constructed according to the material properties and the corresponding
systems. As shown in Figure 2.2, soft stamps were modified and improved from bulk single
layer stamp (a) to hybrid bi-layer soft stamps (b). A backbone is introduced and bonded with a
feature layer carrying the nanopatterns. The backbone is made of either soft material such as
PDMS as a cushion to increase the flexibility (b-1) or hard material such as plastic film or thin
glass to support the soft stamp (b-2). Tri- (c) and four- (d) layer soft stamps have been employed
as well by altering the soft- and hard- material to fit in different systems and applications.
Besides, a special gradient buffer layer is seen to fuse into a soft back carrier and a thin rigid
feature layer in a gradient manner to bridge the gap of the physical properties of the two layers
and to alleviate potential stress defects.

Figure 2.2: Diverse types of soft stamps used in soft UV-NIL
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As the fundamental of soft stamps in UV-NIL, the feature layer which owns a relatively higher
Young’s modulus ensures the in-plate hardness to keep a high fidelity of the pattern transferring,
whereas the soft buffer layer offers great out-of-plane flexibility to achieve conformal contact
following the topology of the substrate. Details will be provided in the following parts.

2.2.1 Thermally-curable material

Since the start of soft UV-NIL, the most widely used material for soft stamp, i.e. the working
stamp, is Polydimethylsiloxane (PDMS). The PDMS is an elastomer in nature, non-toxic, and
owns high UV transmission at mostly used 365 nm wavelength. The low surface energy of
PDMS (approximate 20 mJ/m2 at 20 ◦C [Acc]) makes the surface hydrophobic and, therefore,
enables the use of PDMS to imprint without requiring anti-sticking treatment. The local
deformation of PDMS can recover in a short time period due to its full elasticity. It is also
flexible to achieve conformal contact with diverse non-planer surfaces. Moreover, the PDMS
is an air permeable material so that the trapped air diffuse and is absorbed into the stamp to
facilitate the resist filling [SPD+15]. Thus, the air bubbles captured in the closed micro- and
nano- cavities is no longer considered as a major challenge.

The PDMS material is commercially available at a low cost from Dow Corning, the Sylgard
182 & 184 series. It is thermally cured in a possible temperature range from room temperature
up to 150 ◦C after mixing two components of base material and curing agent at a typical ratio
of 10 to 1 (base:curing agent) by weight or volume. The PDMS is known as soft PDMS or
s-PDMS due to its low Young’s modulus which often indicates high softness. Modification
has been made to bond the s-PDMS to a glass back carrier which supports the soft stamp to
prevent it from lateral bending [Ver10]. Nevertheless, the low Young’s modulus of s-PDMS,
brings challenges to keep the high fidelity of pattern transferring in high resolution applications
because of local distortion or deformation. The high resolution patterns replication is limited
by the high viscosity of PDMS, its potential swelling behavior, and the fact that the neighboring
structures in PDMS intend to pair or collapse. Also, the frictions during the detaching step of
the stamp replication generate surface charges which cause forces from a nonuniform electric
field to bend the nanoscale patterns [VNKP10].

A more advanced material named hard PDMS (h-PDMS) was developed by IBM Research
[SM00]. The Young’s modulus of h-PDMS can be varied by changing the ratio of chemical
components vinyl siloxane and hydride siloxane, with additives of platinum catalyst prior to
the vinyl fraction and modulator to the overall mixture. The well prepared mixture is thermally
cured at a recommended temperature of 60 ◦C. It is reported that the Young’s modulus of
h-PDMS can reach as high as 9 MPa. Additionally, a tri-layer soft stamp construction was
introduced including a hard back-plane, a sandwiched soft cushion, and the h-PDMS which
carries the patterns. A resolution of 2 nm had been reached as early as 2004 using h-PDMS-based
soft stamps [HSG+04].
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The high viscosity of the conventional PDMS (e.g. 3900 mPa.s for Sylgald 184, Dow Corning)
limits its replication resolution for feature sizes of a few hundreds of nanometer, especially
for negative cavities. Adding organic solvent to the mixture of PDMS or h-PDMS has been
addressed to reduce their viscosity and enhance the wetting ability to nanoscale cavities. It has
been reported that lowering the viscosity by toluene improves the wetting ability and hence
increases the patterned height of positive structures (pillars) [KBP+04]. Dilution with hexane
that enables the filling of negative structures (holes) on anodic aluminum oxide film has been
proven [TS12]. Moreover, further studies suggested that the diluent increases in situ the surface
energy of the template and thus enhances the cavity filling behavior [CC13].

X-PDMS, a product developed by Philips research for substrate conformal imprint lithography
(SCIL), features further enhancement on Young’s modulus. The X-PDMS is designed for
the feature layer of the tri-layer soft stamp specialized for SCIL including another s-PDMS
as intermediate layer and a thin back supporting glass (Figure 2.2). Aside from that, it has
also been reported for comparison and demonstration in a more general stamp configuretion
and imprint scheme [SH17]. The X-PDMS is modified based on the idea of h-PDMS using
platinum catalyzed linear vinyl-hydride chemical addition reactions (2-D). Its Young’s modulus
is increased by adding a branched siloxane (Q-siloxane) to extend the cross-linked chemical
network in multiple directions (3-D). It therefore increases the overall cross-link density and
stiffness leading to the increased Young’s modulus which can be obtained up to 80 MPa at
optimal 50 ◦C [Ver10].

As one of the leading NIL solution providers, Obducat patented its IPS, the Intermediate
Polymer Stamp, enabling the contamination control and increasing the stamp lifetime. The IPS
can be replicated from the master at up to 160 ◦C in a fast cycle [Hae16]. It can be used for the
subsequent imprint either combined with its patented STU, the Simultaneous Thermal and UV
process, or in a general soft UV-NIL manner.

Alternatively, a series of fluorinated polymer material have been studied and compared for soft
UV-NIL. For instance, the Perfluorpolyether (PFPE) or Ethylene tetrafluoroethylene (ETFE) has
been either used as the feature layer in hybrid soft stamps or directly as single layer soft stamps
[WRL+10, JTR+13, KK16].

2.2.2 UV-curable material

In addition to the thermally-curable soft stamp, materials that can be cross-linked under UV
exposure has also been developed mainly aiming to resolve the issue with the mismatching fact
in thermal curing.

OrmoStamp is a UV-curable soft stamp material developed by Micro Resist Technology. It
possess a high transmission at the mostly used 365 nm wavelength. The mechanical and thermal
stability allows it to be used for both T-NIL and UV-NIL. It serves as one solvent-free part
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Class Materials Young’s
modulus
(MPa)

Viscosity
(mPa.s)

Curing
type

Cost

PDMS-based

s-PDMS 0.3-2 3.9 thermal low
h-PDMS 9 - thermal low
X-PDMS 80 - thermal high
vvsPDMS - - thermal moderate

Fluorinated
polymer

PFPE - - UV low
ETFE - - UV low

PMMS-based PMMS mixture - - UV low

Commercial
product

OrmoStamp 650 0.4 ± 0.2 UV moderate
IPS - 4 thermal -
Shin-Etsu PDMS 3.1 2.7 UV moderate
NXR-4000 - - UV -

Table 2.1: Summary of material for soft stamps in UV-NIL

and allows the product to be applied to the master at room temperature without mixing and
degassing. The minimum UV fluence to fully cure the material is 1000 mJ/cm2. However,
it experiences approximate 6% shrinkage during the UV curing [Mica]. As for imprint, an
anti-sticking layer is necessary to be applied on the surface of OrmoStamp. Furthermore, the
Young’s modulus of OrmoStamp is documented as 650 MPa, which is higher than that of the
X-PDMS. All the properties are listed in Table 2.1.

Another material of UV-PDMS has been manufactured by Shin-Etsu and represented by Micro
Resist Technology for the European markets. The Shin-Etsu UV-PDMS with a product type of
KER-4690 serves as two-part liquids. They are mixed at a ratio of 1:1, degassed, and cross-linked
under UV light. The minimum UV fluence of 2000 mJ/cm2 at 365 nm wavelength is required
for the UV radiation which can be performed by a broad band UV light or even sun light.
Three hours post-curing at room temperate after the UV exposure, i.e. before the stamp and
master separation, leads to optimal Young’s modulus of approximate 3 MPa. Compared to
the thermally-curable stamp material and the OrmoStamp, the most fascinating advantage
of Shin-Etsu UV-PDMS is the a low coefficient of linear contraction which offers only 0.02 %
shrinkage in the course of UV curing for excellent fidelity of the pattern transferring. Heat can
be induced to accelerate the polymerization during or after the UV exposure, however, at the
expense of material shrinkage [Micc].

Besides, Nanonex offers the material NXR-4000 series for soft stamps as well. The soft stamp
is photo-curable with stable mechanical and chemical properties, and is suitable for high
resolution replication [Nanb].

Moreover, a poly[(3-mercaptopropyl) methylsiloxane] (PMMS) based soft stamp material has
been applied using Thiol-ene Click Chemistry. The PMMS-based soft stamp comprises the
PMMS, triallyl cyanurate (TAC), bisphenol A ethoxylate dimethacrylate (E-BPADMA), and
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a UV-active photo-initiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA) at certain delicate
mixing ratio. Approximate 550 mJ/cm2 UV fluence at 365 nm is required for the cross-linking.
The fully cured PMMS-based soft stamp is glass-like with high hardness that, however, limits
the fabrication of the soft stamps in relative small area, e.g. 1.5 × 1.5 cm2 [CMG+08, TCM+09].
Besides, polyurethane acrylate (PUA) based material has also been employed as the feature
layer for soft stamps, which can be obtained by mixing oligomer, monomers and photo-initiator
[SJ05].

2.3 UV nanoimprint resists

The thermalplastic polymer resist has limited its application scope because of the prerequisite
high pressure and temperature. Especially, the lifting and dropping of the temperature in the
course of the process result in thermal expansion which would leads to additional obstacles
once the overlay alignment is necessary for multi-stack patterns. The UV-curable resist along
with the UV transparent soft stamps offers new perspectives of NIL to be performed at ambient
temperature or even ambient atmosphere.

The T-NIL which counts on the pure mechanical press of the template into resist above its
glass transition temperature to squeeze the resist into the structure cavity. In contrast to that,
the soft UV-NIL mainly relies on the capillary actions of the liquid resist to fill the structures
on the hydrophilic surfaces of the soft stamps. The viscosity of the NIL resist determines its
fluidic ability. Resist with low viscosity is expected to extend the reusability of the soft stamps
since lower imprint pressure is required [KSS+04, AG08]. Low viscous resist, which commonly
owns a low molecular weight polymer and photoinitiator, is essential for easily filling the
nanostructures on the soft stamps [Guo04, GPM+07, LDL11].

Both organic or inorganic NIL resists with low viscosity have been developed for soft UV-NIL.
The low viscosity allows the fluid resist to flow by capillary action into the pattern cavities
with high resolution beyond the limit of T-NIL. The resist fills in the pattern cavities through
the interaction between the resist and the soft stamps surface. After imprint, the ability to
be released from the soft stamps without sticking or frictional deformation is always one of
the essential properties for the resist. General composition of a UV-curable resist is shown in
Table 2.2 [Zho13].

The patterned resist is intended to own the profile integrity and fidelity as the soft stamps,
where the exact inverse patterns are ideally demanded. Additionally, high etching resistance
to the chemicals used for structuring the underlying substrate is preferred. This has been
treated optionally, since in most cases a thin intermediate layer is used as the etch-mask for the
substrate. The resist is required to have sufficient etching selectivity to the etch-mask, while
the etch-mask material is chosen to achieve the high etching selectivity with respect to the
underlying substrate.
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Components Functions Ratio (%) Types
Resin Film formation, basic coating

properties
10-60 Organic, inorganic-organic,

etc.
Solvent Viscosity modification 40-90 Small organic molecules
Photo-
initiators

Cross-link initiation 1-5 Radicals, cations or anions

Additives Surfactants, stabilizers, etc. ≤ 5 Fluorine, silicon components
Table 2.2: General composition and function of a UV-curable resist [Zho13]

Many types of resist for soft UV-NIL are commercially available. AMO GmbH presents its
organic-inorganic composite resist AMONIL for UV-NIL. AMONIL is non-sensitive to the
existence of oxygen, which allows its usage in ambient atmosphere. It is compatible with soft
stamps made of mostly common seen material such as quartz or PDMS. Approximate 2J/cm2

UV fluence at 365 nm wavelength is recommended to fully cure the resist. The AMONIL
contains silicon components which enhances its stability while on the other hand it cannot be
stripped by pure oxygen once the resist is cured. Instead, the use of oxygen content in the
plasma of etching leads to roughening of pattern surfaces [AMO]. The resist is officially offered
in three types with defined coating thickness. For diverse applications, AMONIL can be diluted
by isopropoxyethanol (IPE) to reduce the viscosity for varying coating thicknesses [SDH17a].

Micro Resist Technology also provides a series of UV-curable resists for NIL, including mr-
UVCur-, mr-XNIL- and the new mr-NIL- series. The UVCur-series have long been established
for UV-NIL either for hard NIL or soft NIL. It includes mr-UVCur06 and mr-UVCur21, where
the latter is more advanced than the former with enhanced patterning resolution as well as
aspect ratio, and mr-UVCur21SF owns higher viscosity and can be applied by dispensing.
These resists build superior performance under vacuum imprint conditions. The mr-XNIL26
intrinsically possess enhanced anti-sticking property, aiming for the applications where low
releasing forces is accessible or demanded. The resist mr-NIL210, available in recent years,
majorly features for soft UV-NIL with high compatibility to PDMS stamp and is suitable in
ambient atmosphere. Stripping of the above-mentioned resists after curing can be realized by
oxygen plasma residual-free due to their purely organic composition nature [Micb].

Delo-Katiobond OM VE 110707 from Delo Industrial Adhesives is an alternative UV-curable
resist reported with high performance. It has a purely organic chemistry which can be removed
by oxygen plasma without residuals. The Delo-Katiobond is originally designed as adhesive
curable within the 320-440 nm wavelength range. The employment of Delo-Katiobond in
soft UV-NIL requires it to be diluted by organic solvents chlorobenzene or cyclopentanone to
adapt the viscosity. Delo-Katiobond OM VE 110707 is a epoxides-based polymer rather than
acrylates-based, which makes its curing time much shorter within 20 s. Slightly elevating the
temperature reduces the viscosity of Delo-Katiobond OM VE 110707 significantly. Moreover,
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lowering the viscosity speeds up the capillary actions thus the imprint process, which could
shorten the overall process cycle and increase the throughput [FSR+12, GG15, GDRKG16].

More resists are developed by the leading NIL system manufacturers such as Nanonex, Obducat,
etc.. Nanonex offers a wide range of resists like the UV-curable resists NXR-2000 Series.
Obducat provides resists that are concealed to match their own STU solutions. A summary of
the commonly used photo-curable resists can be found in Table 2.3.

Products UV fluence
(mJ/cm2)

Compound Viscosity
(mPa.s)

Diluent Working
condition

AMONIL 2000 organic-
inorganic

50 (base) IPE Vacuum/Ambient

mr-UVCur06/21 700 organic 1.7-2.2 ±0.2 mr-T 1070 Vacuum
mr-XNIL26 80 organic - mr-T 1070 -
mr-NIL210 2000 organic - mr-T 1070 Vacuum/Ambient
Delo-Katiobond - - - - Vacuum
NXR-2010 40 - 0.63 - Vacuum

Table 2.3: Summary of the various resists in UV-NIL

2.4 Equipments

The soft UV-NIL relies on the lateral and capillary flow of the resist once the contact takes
place between the stamp and the substrate. After the resist curing, the solidified resist integrity
in nanoscale ideally remains through the separation step of the stamp from the substrate.
Therefore, the prerequisite of a NIL equipment is to own an extreme precise movement control
and pressing mechanism. The ability to resist and balance the external vibration is demanded
as well. To achieve large area imprint, the machine should have a well-defined contact scheme
both laterally and vertically. In addition, a NIL system is ought to be able to distribute the
supplied pressure for high uniformity and homogeneity.

A variety of soft UV-NIL machines have appeared on the global market for either academic or
industrial utilization. The market-leading system manufacturers such as Obducat, Nanonex, EV
Group (EVG), Canon Nanotechnologies (former Molecular Imprints), SUSS MicroTec offer series
of products meeting different specifications of soft UV-NIL. The specific imprint configurations
as discussed in Section 2.2 and Section 1.1 are applied to their commercial systems.

The Obducat (Sweden) presents the patented NIL technology SoftPress in its EITRE and SINDRE
series for research & development and industrial productions, respectively. The soft UV-NIL
systems are made for full area imprint in one step, and combined with the IPS and STU imprint
process.
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Nanonex (U.S.) was founded by Prof. Stephen Y. Chou and has been partnering with the his
research group ever since. It provides 80% NIL machines in North America. Relying on its
patented ACP imprint technology, it supports both T-NIL and UV-NIL imprinters for full wafer
scale and step-and-repeat approach.

EVG (Austria) covers a wide range of products and services on semiconductors, microsys-
tem technology and nanotechnology, especially on the area of lithography and bonding. A
complete product line is provided by EVG, including T-NIL and UV-NIL. Large area of panel
manufacturing (Gen 2) at sub-50 nm resolution is supported by the SmartNIL-based systems.

Canon Nanotechnologies (U.S., former Molecular Imprints) adapts its J-FIL which is a specific
variation of soft UV-NIL in its commercial NIL equipment. The systems are mainly aiming for
industrial productions. Imprio 450 type represents the industry’s highest resolution and lowest
total cost of ownership (TCO) for IC prototyping and process development at the 24 nm node
and beyond. The system MR5000 becomes the industry-first NIL solution for semiconductor
on the 6025 mask replication. The world’s first mass-production replica mask manufacturing
equipment FPA-1100NR2 has been announced its sale and delivery.

The SCIL technology is applied on SUSS MicroTec (Germany) and Philips SCIL Nanoimprint
solutions (Netherlands). SUSS MicroTec provides the SUSS MicroTec imprint lithography
equipment (SMILE) and also embedded the SCIL module into the existing mask aligner
products. Philips SCIL Nanoimprint solutions has recently built up the specific SCIL machines
for automatic imprint up to 200 mm [SCI].

Further soft UV-NIL systems and modules are also available for academic applications. Nano-
LithoSolutions (U.S.) manufactures simple platforms and modules utilizing the HP developed
imprint solution which relies on the bowing of the substrate. This imprint scheme can also be
found as an add-on module in OAI (U.S.) mask aligners. From another perspective, bowing
of the soft stamp is utilized in many commercial equipments as well, such as products from
EZImprinting (U.S.) and Gdnano (China).

Some examples of the aforementioned major imprint equipments are shown in Figure 2.3.

2.5 Critical issues

At this stage of NIL developed, the trend to go beyond the research and development phase
and step into industrial productions has been progressively discussed. Reduction of cost
has been widely acknowledged. The resolution of NIL has been well documented which
reaches equivalent performance compared to other nanopatterning techniques. Additional
major challenges, not only for the soft UV-NIL but for the overall NIL community, with respect
to throughput, defects control, alignment and overlay accuracy are faced before NIL hits the
industrial semiconductor market.
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Figure 2.3: Examples of the modern UV-NIL machines

Throughput High throughput is one of the attractions of NIL that leads to its superiority to
its competitors, such as EBL and EUV for large area nanopatterning. The throughput at
around 60 wafers per hour (wph) has been reached by the major NIL system suppliers like
Canon Nanotechnologies [Tec16], EVG [EVG13], Philips (SCIL Nanoimprint Solutions)
[Phi17], Nanonex [TKL+04, Nana], etc.. In 2017 and the coming years, higher throughput
of 80-90 wph can be expected [Obd05, Tec16].

Defects control As a mechanical process, NIL hinges on the direct touching of the template/s-
tamp and the substrate. The overall imprint process might cause a variety of defects,
which are extremely critical especially for semiconductor fabrication, integrated circuits
(IC), etc..

Some defects can originate from the master fabrication by direct writing like EBL/IL/SPL
mainly at the step of structural etching due to potential non-uniform etching or etching
defective spots. After inspection, the defects on the master are repaired, for instance, by
FIB to achieve a zero defect master.

Replicas including rigid working template or soft working stamps are produced from
the master, and the replicas are taken for the final application-oriented patterning. Both
pattern transfers are done by NIL, where the dominant issues of the critical dimension
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Figure 2.4: Defectivity in terms of defect density (DD) obtained on replica templates and on wafers

uniformity (CDU) and defect density (DD) could rise. The CDU issue concerns the
residual layer thickness (RLT) variation, layout-dependent resist flow, too large resist
shrinkage after UV cross-linking, and too much stress to the resist. Regarding the DD, the
incomplete resist filling, resist collapse, trapped air bubbles and particles, template/stamp
deformation and so on strongly affect the DD after the imprint [KKR+16]. Recent
progresses in the performance of replica defects and final patterning defects are displayed
in Figure 2.4 [HKK+16].

Alignment and overlay In NIL applications where multiple layers are stacked or in case an criti-
cal level is demanded on top of a patterned underlying circuit, nanometer range alignment
of overlay accuracy is of dispensable importance to achieve the desired functions.
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Figure 2.5: Overlay improvements made over the past years



2.5 Critical issues 23

Alignment accuracy, in terms of displacement, below 0.5 µm by traditional optical aligner
(mask aligner) has been addressed in last decade [WTB+08]. Modern techniques of
alignment and overlay takes advantage of optical effects of, for instance, the Moiré fringe.
Interferometric Moiré Alignment Technique (i-MAT) uses the alignment marks typically
located on both the wafer and mask to form a set of Moiré interferometric fringes. The
overlay accuracy down to sub-20 nm [CNC+05, LWC06] and sub-10 nm [HNY11] have
been addressed using UV-NIL. More advanced technique such as “through the mask
(TTM)” approach is able to push the limit even forward [TS15]. Overlay improvement
during the past years can be seen in Figure 2.5 [TS15].

In summary, NIL has shown its revolutionary potentials in academic research, and industrial
demonstrations as well as prototypes. The next years are likely to witness its considerable rise
in the industrial productions.
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3 Performance of soft UV nanoimprint lithography in

ambient atmosphere

The soft UV-NIL has been developed from the ground up to fully applicable at the Institute
of Micro- and Nanotechnologies (IMN). Imprint area up to 150 mm wafer scale using single
layer or bi-layer soft stamps is supported by the GD-N-03 machine. The system allows the
imprint performed in the ambient atmosphere, which brings potential challenges to the overall
imprint process. In general, imprint at ambient condition is the simplest condition for soft
UV-NIL even without complex tools as far as no alignment is required. However, issues like the
evaporated solvents of the resist and possible byproducts resulting from the interaction between
the UV light, oxygen and the polymer-based stamp materials can be encountered. Moreover, the
Laplace pressure may impact differently on the resist capillary filling for positive or negative
patterns at atmospheric pressure compared to that in an evacuated chamber. Throughout the
development of the soft UV-NIL technology, we have characterized various types of soft stamps
and verified their performances in the ambient atmosphere in terms of stamp reusability and
imprint uniformity of consecutive imprints.

In this chapter, the fundamentals of soft UV-NIL will be firstly introduced. Then the anti-
sticking treatment of the silicon or silica master using Perfluorodecyltrichlorosilane (FDTS)
is demonstrated both in theory and experimentally. The mandatory anti-sticking treatment
tremendously reduces the surface energy of the master in order to enable a moderate release of
the replicated soft stamp. In the following, theories of the soft UV-NIL will be explained and a
center-to-edge soft imprint scheme employed in this work will be illustrated. Diverse types of
soft stamps have been constructed and characterized to determine their compatibility to the
system and environment. Performance of multiple consecutive imprints using the established
soft stamps in ambient atmosphere has been monitored and investigated. The overall results
are summarized in the last section of this chapter.

3.1 Fundamentals

The soft UV-NIL has been considered as an emerging large area nanopatterning technique
at low cost and high throughput. The fundamentals from perspectives of resist fluidic filling
behavior, the imprint scheme, production of master and its replicas, imprint materials, tools
and so on are mostly concerned. The integration of such fundamental perspectives pushes
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soft UV-NIL towards wide range applications such as optical components and semiconductor
ICs, where high resolution, high throughput, high accuracy and low defectivity are greatly
demanded, and cases depending on averaging effect like LEDs, photonics, solar cells that large
area patterning at low cost is attractive. Some infrastructural process aspects of soft UV-NIL
can be recalled in Figure 2.1.

As an extension of UV-NIL, the soft UV-NIL is able to obtain a conformal contact on non-planar
surfaces over large area owing to the elasticity and flexibility of the stamp. As illustrated in
Figure 3.1, the substrate in topography of waviness, curvature, or random protrusion is coated
with resist by spinning, spray or dipping 3.1(a). The soft stamp is brought into contact with
the resist under low pressure, and follows the topology of the substrate to reach the conformal
contact 3.1(b). The resist fills into the structure cavities on the soft stamp within seconds and
cross-linked by the exposure of external UV light source 3.1(c). After the solidification of the
resist, the stamp and substrate are separated in the end, leaving a thin residual layer 3.1(d).

(a) Coating (b) Imprint (c) UV exposure (d) Separation

Figure 3.1: Schematic diagrams of soft UV-NIL

The residual layer prevents the substrate from contamination and damages caused by direct
contacting between the stamp and substrate surface. Besides, it forms a channel to allow the
resist to flow into the structure cavities. The residual layer of resist remaining below the elevated
imprint patterns is in general descummed by reactive ion etching (RIE). Ideally, the resist has
the identical patterns as that on the master after descumming. In most cases, it serves as an
etch-mask for subsequent surface patterning processes to transfer the structures to the substrate
or an extra underlying layer. Moreover, the resist can also be considered as a sacrificial layer for
a lift-off process.

3.1.1 Master fabrication

Masters for NIL in form of silicon and fused silica are commercially available on the market
(as described in Chapter 2.1). In traditional methods, two main steps with corresponding costs
are involved in a master fabrication. Firstly, the desired nanopatterns are written in either
positive-tone materials like PMMA or negative-tone hydrogen silsesquioxane (HSQ) resist.
Conventional lithography technique such as EBL, IL are mostly used to create the nanopatterns.
EUV and SPL are also candidates to structure the resist. Once the nanopatterns formed in resist,
the structures are transferred into the substrate by RIE. It is worth noting that the HSQ can be
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directly used as the structure of the master without RIE process, since an proper post-baking at
high temperature could induce a silica-like network of the HSQ [CCD+11].

Throughout this work, a master containing structures of circles, squares, lines and logos in both
positive and negative tones with minimum sub-100 resolution in form of a 6025 (6′′× 6′′× 0.25′′)
fused silica is ordered from Photronics. The nanostructures are defined in resist and transferred
from the resist to an underlying Chromium layer with a thickness of approximate 105 nm (100
nm Chromium + 5 nm Chromium-oxide). In the second step, the nanostructures are etched
into fused silica using the patterned Chromium as etch-mask and this has been conducted
internally at IMN.

The etching of the fused silica master is performed on an ICP-RIE machine (SI500, Sentech). In
order to fit in the machine, the 6025 master is diced into 120 mm in diameter which includes the
fully patterned area and additional handling space. The etching parameters are adopted from
an deep etching process with an arithmetic mean roughness of about 7.2 nm over an etch depth
of 100 µm [WMM+17]. Vertical and smooth sidewalls as well as high selectivity of the fused
silica to the Chromium etch-mask have been achieved. Afterwards, the Chromium etch-mask
is completely removed by Chromium etchants mixed by ceric ammonium nitrate : perchloric
acid : H2O at 10.9% : 4.25% : 84.85%. Some examples of the SEM image of the logo structures
etched in the fused silica in a depth of 300 nm are displayed in Figure 3.2.

(a) Logo of the IMN (negative) (b) Logo of the IMN (positive)

(c) Logo of our group (negative) (d) Logo of our group (positive)

Figure 3.2: Exemplar SEM images of the logo structures etched in fused silica
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3.1.2 FDTS anti-sticking treatment

In the early stage of UV-NIL using rigid stamps, the master is directly used as the working
template for imprint. The template is commonly made of fused silica or quartz, which does
not own a hydrophobic surface. The template is patterned with nanometer-scale features
that intensively enlarge the surface area which contacts the resist and, therefore, increase the
adhesion of the template and the resist. A good anti-sticking property is prerequisite for
a damage-free separation between the template and the cured resist. The moderate release
interface can be obtained by a plasma deposition of fluoro-polymers or coating a perfluorosilane
monolayer to reduce the surface energy of the template. Adding release agent to the resist also
helps it to detach from the template [Guo04].

By contrast, in soft UV-NIL, the master is only utilized to replicate the soft stamps rather than
directly being used for imprint. Therefore, silicon, silica, metal and in certain cases plastic can
be the materials for the masters. Various kinds of polymeric materials have been studied and
the PDMS-based materials have been mostly chosen for the soft stamps. A moderate release
interface between the master and the PDMS-based soft stamps eliminates the hydroxyl reactions
which tend to chemically bond the master with PDMS and, hence, facilitates the separation of
the two parts.

Solutions for a non-sticking interface between the master and the PDMS-based soft stamps
have been long studied along with the development of soft UV-NIL. The most widely adopted
modern approach is to apply a perfluorosilane monolayer on the master surface. It includes
the FDTS (CAS No. 78560-44-8), Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F-13OTS, CAS
No. 78560-45-9), or similar silanes with a reactive head group and a long fluorinated tail
group. The anti-sticking treatment of the master surface can be done either in liquid state or
in vapor phase of the material. When the master is treated by material in liquid state, the
perfluorosilane is dissolved in solvents with low water solubility. Toluene is the most suitable
solvent for such purpose while heptane and octane have also been addressed [XZL06]. The
master is immersed in the solvent and rinsed with the same chemical. On the other hand, the
anti-sticking treatment in vapor phase is commonly conducted by the chemical vapor deposition
(CVD) technique. Its most prominent advantage compared to the liquid state treatment is that
the deposition is not affected by the wetting ability of a surface, regardless of its hydrophobicity
or hydrophilicity in nature or if the surface is structured. Therefore, for a master with high
resolution nanostructures, the anti-sticking treatment is preferably performed in vapor phase
rather than in liquid state to avoid insufficient wetting or non-homogeneous layers when liquid
materials are used [BGM+02].

The FDTS has been used as the anti-sticking layer (ASL) for the treatment of the master
throughout this work. The master made of silicon or silica is in general hydroxylated under the
storage in air. The chlorosilane reacts with the hydroxylated surface of the master spontaneously
by eliminating the hydrogen and chlorine, forming the hydrochloric acid (HCl). The remaining
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Figure 3.3: Schematic diagram of the chemical reaction of FDTS deposition (after [Sch14])

hydroxyl group of FDTS bonds covalently to the master surface, leaving a long fluorinated tail
of FDTS (Figure 3.3). The preparation of FDTS is carried out in a glove box where is filled
with nitrogen and provides a water-free environment, as the water reacts with the chlorosilane
and polymerizes it. A schematic diagram of the experimental setup of FDTS deposition is
depicted in Figure 3.4. The master is cleaned to avoid impurities and particles in prior to the
FDTS deposition. A standard cleaning can be done using Acetone and Isopropanol. Heavily
contaminated silicon master is commonly cleaned by piranha solution followed by a HF dip.
After thoroughly rinsed with DI water, the master is preferably baked at 250 ◦C for 20 min to
remove the moisture and cooled down to room temperature. To deposit the FDTS, the master
is placed on a hotplate at 250 ◦C which is above the the boiling point of FDTS (224 ◦C) and
covered by a Petri-dish. The FDTS prepared in advance in a micro-syringe is injected to the side
of the master through the four injection holes to be sealed immediately. The four injection holes
symmetrically located aside the master provide the optimal evaporation uniformity. Fewer
injection holes cause non-uniform evaporation on top of the master while more injection holes
(up to twelve) do not provide additional improvement of the evaporation uniformity [SDB+14].
The volume of the injected FDTS depends on the size of the master and the dimension of the
evaporation chamber, i.e. the Petri-dish. For a 100 mm master wafer, less than 10 µl is sufficient
when 150 mm Petri-dish is used. The FDTS is deposited on the master surface in vapor phase
for at least one hour at the aforementioned conditions.

The FDTS extensively reduces the surface energy of the silicon or silica to achieve a gentle
releasing of the soft stamp from the master. The surface energy is related to the contact angle θ

of liquid-gas interface via Young’s equation [You05],

γSG = γSL + γLGcosθ (3.1)
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Figure 3.4: Schematic diagram of the FDTS anti-sticking layer deposition

where S, L, and G refer to the solid, liquid and gas phases, respectively, while γ denotes the
surface energy of the corresponding interfaces.

The reduction of surface energy can be determined by a contact angle measurement. A
Drop Shape Analyzer (DSA 10 Mk2, KRÜSS GmbH, Figure 3.5(a)) can automatically dispense
and measure the contact angle of a single liquid drop on the substrate. It shows a contact
angle of approximate 115◦ for a water droplet on the FDTS coated plain silicon surface based
on the Laplace-Young method (Figure 3.5(b)). The result corresponds well to the literature
[PWJ02, JPV+06]. The FDTS-treated master can be used for replicating numerous soft working
stamps without considerably consuming the ASL. No degradation of the contact angle is
observed even after twenty replications of working soft stamps from the same master. The
slight variation of the measured value from 114.8◦ to 115◦ is within the measurement accuracy
of the tool (Figure 3.5(c)).

(a) The Drop Shape Analyzer (b) The contact angle is 115◦
after the master is freshly
coated

(c) The contact angle is 114.8◦
after twenty replications
of working soft stamps
from the master

Figure 3.5: The contact angle measurement of FDTS treated plain silicon surface
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3.1.3 The center-to-edge imprint scheme

There has been a variety of systems exiting on the market developed for soft UV-NIL. Some
examples have been given in Section 2.4 and we have been working on the soft UV-NIL
machine GD-N-03 (Gdnano, P. R. China, Figure 3.6). The system supports substrates from small
non-regular size chips to wafers up to 200 mm. Wafer inserting, imprinting and detaching
are conducted automatically. The full area conformal contact for imprint is achieved by a
center-to-edge scheme as illustrated in Figure 3.7.

(a) (b)

Figure 3.6: The soft UV-NIL system GD-N-03 (a) and a view of the inside (b)

The backside of the soft stamp is sealed and a flow of compressed air with a low pressure
of approximate 0.5 kPa is applied to the soft stamp. The substrate is fixed by vacuum and
moved to a position beneath the stamp (Figure 3.7(a)). Due to the gravity force and enforced
by the backside pressure, the soft stamp is bowed downwards. After that, the substrate is
driven up to a predefined Z-position and changes to a low velocity to reach the soft stamp at
its very center (Figure 3.7(b)). Following the topology of the substrate, the contact is spread out
from the center to the edge of the substrate due to the bowing of the soft stamp (Figure 3.7(c)
and 3.7(d)). During the approaching of the contact, the resist fills into the structure cavities
by capillary forces and meanwhile the air is pushed away. Subsequently, the resist and the
stamp are exposed by UV light (Figure 3.7(e)). After the imprint, the detaching is carried out by
driving down the substrate chuck at a low velocity, which ensures a moderate separation of the
soft stamp and patterned resist without distortions and damages (Figure 3.7(f)).

3.1.4 Resist filling with respect to pressure

In contrast to T-NIL depending on mechanically squeezing the thermoplastic polymer in the
template structure cavities at above its glass transition temperature at very high pressure (50-100
bar/5×103-10×103 kPa, typical 80 bar/8×103 kPa), UV-NIL relies on the fluidic flow of the
liquid resist to fill the structures. The pressure required to press the low viscous resist to flow
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(a) Positioning (b) Contacting (c) Imprint

(d) Full area conformal imprint (e) UV exposure (f) Separation

Figure 3.7: Schematic diagrams of the soft UV-NIL process by the center-to-edge scheme

is much lower than that in T-NIL. Engaged at room temperature, no significant temperature
elevating is demanded for UV-NIL.

In UV-NIL, the low viscous liquid resist tends to fill the structure cavities by capillary effects.
Unlike the conventional concept of capillary action which occurs under uniform atmosphere,
the resist in UV-NIL fills the cavities primarily by capillary force. The most intuitive concept of
capillary action is known for open-end capillary where the pressure in the capillary connects
with the atmospheric pressure. While for UV-NIL, the structure cavities that form the capillaries
are with closed ends. The ambient air in the structure cavities are compressed when the resist
is filling and forming a force up, which impedes the capillary action. One of the key factors to
describe the state of resist filling is the Laplace pressure, which in this case is also equivalent to
the capillary pressure. The Laplace pressure can be interpreted by the Young-Laplace equation
[Fin99],

∆PLa = PCa = Pin − Pout = Pai − Pre (3.2)

where ∆PLa is the Laplace pressure, and PCa is the capillary pressure. In addition, Pin and Pout

denote the pressure inside the capillary and outside the capillary, which are equivalent to Pai,
the pressure of the compressed air in the capillary, and Pre, the pressure exerted to the resist
outside of the capillary.

The capillary size is defined by the two-dimensional curvature of the gas/liquid, i.e. the
air/resist interface, which is relevant to the respective geometry of the structure cavity b for the
simplest model. Therefore, the Laplace pressure can be expressed as,
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∆PLa = PCa = Pin − Pout = Pai − Pre =
f
b
· γre · cosθ (3.3)

where θ denotes the contact angle between the stamp and the resist. Providing a general case
that circular cavities (holes) on template/stamp are involved, f is set to 2 ( f factor is considered
as 1 in case of linear grating cavity, and amount to 2 in case of circular cavity [SPD+15]). The
factor b equals to the radius of the circular cavity r. The Laplace pressure is then given by,

∆PLa =
2 · γre · cosθ

r
(3.4)

For positive Laplace pressure, when the pressure of the compressed air is higher than the
pressure onto the resist, the air inclines to be compressed and the Laplace pressure facilitates
the resist filling in the structure cavity.

A model has been taken from a previously published work [SPD+15] to analyze the filling
behavior of the resist at a given condition as well as the ambient center-to-edge scheme in the
next sections. Part of the analysis based on the objective facts bears a close resemblance to the
referred model. More studies are derived from the referred model to apply to the employed
ambient center-to-edge imprint scheme.

3.1.4.1 Hard UV-NIL scenario

In the case of hard UV-NIL where a rigid template typically made of fused silica is used for
imprint, the template is a complete closed capillary as the fused silica is not a material that
allows gas to permeate. When no external environmental pressure is applied, the resist filling,
i.e. the capillary filling, stops when the pressure of compressed air in the structure cavity is
balanced by the Laplace pressure. An illustrative filling process is sketched in Figure 3.8, in
where Pai0 refers to the pressure of air in the capillary at the initial unfilling state, z is the filling
height of the resist, H is the height of the capillary, and Ar is the project area of the capillary.

The Boyle’s law states that for a fixed mass of gas at a constant temperature, the product of
its absolute pressure and volume is a constant. It applies to two distinct conditions of the
resist filling in UV-NIL where the temperature is kept at room temperature. In this case, the
relation between the initial state before resist filling and the state when the air in the capillary
is compressed is expressed as,

Pai0 ·Vai0 = Pai ·Vai (3.5)
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(a) Unfilling (b) Partical filling (c) Complete filling

Figure 3.8: Schematic diagrams of resist filling by capillary effect in the structure cavity. Pai0 refers
to the pressure of air in the capillary at the initial unfilling state, z is the filling height of
the resist, H is the height of the capillary, and Ar is the project area of the capillary (after
[SPD+15])

which can be further expressed as,

Pai0 · Ar · H = Pai · Ar · (H − z) (3.6)

where Vai0 and Vai refer to the volume of the air in the capillary at the initial unfilling state and
at a filling state, respectively. Thus, the pressure of the compressed air in the capillary is,

Pai = Pai0 ·
Vai0

Vai
= Pai0 ·

H
H − z

= Pai0 ·
1

1− z
H

= Pai0 ·
1

1− zn
(3.7)

where zn defines the normalized height of resist filling. It indicates the relative amount of resist
filling to the overall structure cavity.

Assuming a UV-curable resist owns the surface tension γ = 60 mN/m and the contact angle of
the resist to PDMS θ = 40◦, the Laplace pressure with respect to the feature radius r (half of the
feature size) is plotted in Figure 3.9.

For a given nanoholes pattern with a feature size of 400 nm in diameter, where r = 200 nm,
the exemplar Laplace pressure is 4.6 bar (460 kPa) based on Equation (3.4). Providing the fact
that the center-to-edge imprint scheme takes place in the ambient atmosphere rather than a
pre-evacuated condition, the initial pressure of the air in the structure cavities Pai0 is 1 bar (100
kPa). Therefore, Equation (3.7) leads to,

zn = 1− 1
Pai

(3.8)
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Figure 3.9: The Laplace pressure as a function of the radius of the cavity

As the pressure in the compressed air equals to the Laplace pressure at the equilibrium state
of filling, it results in the normalized filling height zn as 0.78 from Equation (3.8). It means
that 78% height of the structure cavities can be filled with resist based on the aforementioned
exemplar presumptions. For instance, when the structure height is 500 nm, the resist filling
reaches approximate 390 nm.

As stated in the previous paragraphs, the resist filling ceases if the pressure of compressed air
in the structure cavity equals to the Laplace pressure without external pressure applied by the
NIL system. To break the boundary of natural filling of the resist, additional pressure must be
provided by the system to press the resist for further filling in the aforementioned case of using
a hard template, as no sorption would take place for the rigid template material. The required
pressure should compete the Laplace pressure to push the resist beyond the boundary. The
higher pressure provided, the higher the resist could fill. However, as shown in Equation (3.8),
the complete filling of resist at such conditions is impossible even if huge amount of force is
loaded on the resist.

On the other hand, a high pressure is also in general required going for conformal contact for
hard UV-NIL. The rigid template does not contact the hard substrate conformally in nature, as
the perfect flat and parallel surfaces are not guaranteed due to their roughness and thickness
variations. The capillary filling of resist will be hampered if the intimate conformal contact is
hindered. Therefore, a high pressure has to be fulfilled by the system not only to compete the
Laplace pressure for increased resist filling but also to ensure conformal contact such that the
resist capillary fill can take place.
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3.1.4.2 Soft UV-NIL scenario by ambient center-to-edge scheme

In soft UV-NIL, two fascinating aspects are highly acknowledged in light of the resist filling
and the required external pressure.

Firstly, a soft stamp surface could contact with the underlying substrate surface conformally if
it has a surface energy lower than that of the substrate [RL08]. Besides, fully or highly elastic
materials are adopted in the soft stamps which exhibit high flexibility like PDMS. The surface
energy of PDMS is around 20 mN/m (15.7-24 mN/m reported [Acc, ten]), which is considerably
lower than that of most surfaces of interest (e.g. 1240 mN/m for (111) Silicon [Gil60], 2130
mN/m for (100) Silicon [Jac63], 310 mN/m for common glass [Rhe77], 1835 mN/m for (100)
Germanium [Jac63], etc.). The surface energy of other materials proposed for soft stamps
such as PTFE and other PDMS-based polymer lies in the same range. Soft stamps made of
these materials obtain conformal contact readily with most surfaces of interest. No additional
pressure is demanded for the intimate contact of the soft stamp and the substrate to establish
the resist filling.

Secondly, the soft stamps are commonly made of air-permeable materials like PDMS and PTFE.
In an intuitive picture, these materials contain a certain volume of free space inside, providing
a channel through the body. In the simplest scenario, which is nowadays practically realistic as
well, no chemical reaction takes place between the resist and the soft stamp. The permeability of
the soft stamp allows the compressed air to pass through under elevated pressure. The PDMS,
along with PTFE and other PDMS-based materials, possesses high sorption and permeability for
O2 and N2 which are the dominant components in air [MBN+00]. Meanwhile, the compressed
air in the structure cavities can be absorbed by the resist itself. The volume of the resist affects
the amount of air that can be absorbed as well. Although this also takes place in the case of
hard UV-NIL, the absorption does not significantly improve the resist filling and cannot battle
the fact that high pressure is nevertheless demanded. Therefore, the permeability of the soft
stamps extensively facilitates the resist filling and the absorption of air by the resist itself assists
the filling process as well.

In the ambient center-to-edge imprint scheme, PDMS and PDMS-based materials are used for
the soft stamps. Conformal contact of the soft stamps with the silicon and fused silica substrates
can be naturally achieved from the center to the edge without exerting additional pressure. The
compressed air in the structure cavities partially permeates through the PDMS stamps and
some of it is absorbed by the liquid resist before its cross-linking.

A more complex model is taken from [SPD+15] taking into consideration the air absorption
with a sorption constant S, but without the impact of the permeability of the soft stamp.
Equation (3.7) is derived to,
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Pai = Pai0 ·
Vai0

Vai
= Pai0 ·

Ar · H · αS
Ar(·H · αS− z)

= Pai0 ·
H · αS

H · αS− z

= Pai0 ·
1

1− z
H ·

1
αS+1

= Pai0 ·
1

1− zn · 1
αS+1

(3.9)

where α is defined as the ratio of the volume of resist Vre to the volume of structure cavities
Vca, i.e. α = Vre / Vca. In an extreme scenario, all available resist completely fills the structure
cavities, i.e. α = 1. However, in general a residual layer exists in the real case when the resist
completely fills in the structure cavities, hence α ≥ 1.

The Laplace pressure is the difference between the pressure inside the cavity and the pressure
outside the cavity, as given in Equation (3.2), ∆PLa = Pin− Pout = Pai − Pre. The pressure outside
the cavity is the pressure exerted on the resit which is also the pressure applied for imprint by
the UV-NIL system Pim. Thus,

Pim = Pre = Pai − ∆PLa (3.10)

For a given soft stamp and resist material, Pai is related to the normalized filling level of the
resist and the sorption while the PLa is reciprocal proportional to the structure radius r. Assume
the feature size is 400 nm, i.e. r=200 nm, the volume ratio α=1.2, and the sorption constant
of air by the resist is set to 2% bar-1 [KN09]. Providing the Laplace pressure taken from the
aforementioned instance, the pressure of the resist as a function of the normalized filling level
as formulated in Equation (3.9) is plotted in Figure 3.10. As calculated from the example, 78%
cavity height can be filled under Laplace pressure of 4.6 bar (460 kPa) without taking into
account of the resist sorption. The sorption of air by the resist improves the resist filling from
0.78 to 0.80. Additional pressure providing by the system presses onto the resist for further
filling. As shown in Figure 3.10, if the normalized filling level is expected to be beyond 90%
(zn ≥ 0.9), at least 5 bar (500 kPa) should be exerted onto the resist. Approximate 60 bar (6000
kPa) is required if the imprint achieves complete resist filling (zn=1). For larger feature sizes (r),
low filling level is observed without external pressure as the Laplace pressure decreases. For
smaller feature sizes (r), the positive Laplace pressure increases, which eases the resist filling in
the sense that high normalized filling level can be obtained with very low external pressure
exerted on the resist. High pressure provided by the system on the resist is required for the
resist to sufficiently fill the structure cavity.

Significant enhancement of the resist filling can be expected by using PDMS-based soft stamps
in the ambient center-to-edge imprint. In additional to the fact that PDMS can readily contact
the substrate conformally without environmental pressure, the high permeability of PDMS also
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Figure 3.10: An exemplar demonstration of the relations between the imprint pressure, Laplace pressure
and cavity filling amount

allows the compressed air to pass through. As illustrated in Figure 3.11, the molecules of the
compressed air go through stages of adsorption onto the stamp surface, diffusion through the
stamp body, and desorption to the external range. The sorption of the PDMS material depletes
the compressed air and attracts the resist to fill the structure cavities to the fullest possible. The
reported sorption for PDMS lies between 10% to 25% [MBN+00]. It intensively facilitates the
resist filling procedure without additional pressure required from the system.

(a) Absorption onto polymer
surface

(b) Diffusion through poly-
mer

(c) Desorption into external
phase

Figure 3.11: Schematic diagrams of air permeation in three stages

In the ambient center-to-edge imprint scheme, PDMS and PDMS-based materials are used
for producing soft stamps. Conformal contact between the stamp and the substrate can be
readily obtained from the center to the edge without requiring additional pressure. An ultra
low pressure of compressed air is applied to the backside of the soft stamps in order to provide
sufficient stamp bowing. As no pre-evacuation is provided, the structure cavities are filled
with air at ambient pressure (Pai=1 bar) prior to the imprint. Sufficient Laplace pressure is
reached owing to the low surface energy of PDMS-based materials (appropriate θ) by most
of the commercial UV-NIL resist (appropriate γ) for nanostructure patterning (small r). The
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PDMS-based soft stamps offer a high permeability (high S) to allow the compressed air to pass
through from the structure cavity to external atmosphere. As to the resist filling, insufficient
resist cannot completely fill the structure cavities whereas the redundant resist results in a thick
residual layer that would increase the descumming period. Sufficient but not redundant resist
volume (adequate α) comforts the resist filling. A complete filling of resist in the structure
cavities (zn=1) can be achieved without additional pressure on the resist (Pre ≈ 0).

In practical, imprinting in ambient atmosphere brings potential concerns of the interaction
between the solvent in resist, air and the stamp materials. These will be addressed in the
following sections.

3.2 Configuration, realization and characterization of bi-layer soft
stamps

The soft stamp is of indispensable importance for soft UV-NIL. Replicated from the rigid master,
the soft stamp directly impact on the fidelity, uniformity, and reproducibility of the imprint.
The construction of the soft stamps over the past decades has been considerably developed.
Various types of soft stamps have been addressed based on the diversity of materials and the
corresponding systems as shown in Figure 2.2. Throughout this work, bi-layer and single layer
(a special case of bi-layer) soft stamps are configured for the ambient center-to-edge imprint
scheme.

3.2.1 Bi-layer soft stamps

A type of bi-layer soft stamps consisting of a PDMS soft carrier with a thickness of 2 mm and
a thin feature layer with a thickness of approximate 150-200 µm is configured to adapt in the
ambient center-to-edge imprint scheme of the GD-N-03 system. The fabrication of bi-layer soft
stamps is schematically shown in Figure 3.12. After the anti-sticking treatment on the master,
the material for feature layer is spin coated onto the master 3.12(a) and pre-baked for partial
curing 3.12(b). The master is then placed in a preformed mold 3.12(c) and the PDMS is cast
into the mold to co-cure with the feature layer 3.12(d). When sufficiently baked, the PDMS soft
carrier and the feature layer are bonded as one part which can be smoothly peeled off from the
master 3.12(e).

3.2.1.1 PDMS (PDMS/PDMS) soft stamps

The PDMS (Sylgard 184, Dow Corning) is used for the back carrier of the bi-layer soft stamp
owing to its flexibility, processing simplicity and high cost-efficiency. Besides, the PDMS itself
has also been commonly used as a suitable material for the feature layer that many investigations
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(a) Feature layer
material dis-
pensing

(b) Coating and pre-
baking

(c) Fixed in mold (d) PDMS casting
and baking/co-
curing

(e) Separation

Figure 3.12: Schematic diagrams of the soft stamp replication

have been demonstrated to successfully conduct the PDMS for micro- and nano-patterning in
NIL [OLW+02, PGS+06, LCY+11]. For processing of Sylgard 184 PDMS, the base material is
mixed with the curing agent at a ratio of 10:1 (base:agent) by weight or volume. The mixture is
degassed in a desiccator to completely extract the air bubbles trapped from mixing thereafter.
Although PDMS is the single material for both the back carrier and feature layer, it is handled in
distinct approaches of casting and spin-coating. First of all, the thoroughly degassed mixture of
PDMS is spin coated on the surface of the master. The coated thickness of PDMS reaches around
150 µm at 750 rpm for 60s. The coated PDMS is placed in the preformed replication mold
and pre-baked at 80 ◦C for 30 min for partial curing and cooled down to room temperature
afterwards. Extra PDMS is then cast into the replication mold, and the final curing of PDMS
takes two additional hours at 80 ◦C. The fully cured PDMS stamp can be easily separated from
the template without residual contamination.

3.2.1.2 PDMS/toluene-diluted PDMS soft stamps

It is challenging to maintain the high fidelity of nanopatterns transfer at high resolution such as
sub-300 nm due to the high viscosity of the Sylgard 184 PDMS (around 3500 mPa-sec [SYL17]).
The high viscosity may result in incomplete cavity filling or corner rounding which cause a
loss of structure height and inaccurate pattern profiles for high aspect ratio structures. Toluene
and hexane are suitable diluent for PDMS to reduce its viscosity. It has been reported that
lowering the viscosity of PDMS by toluene improves its wetting ability and hence increases the
patterned height of positive structures (pillars) [KBP+04]. Diluted by hexane that enables the
filling of negative structures (holes) on anodic aluminum oxide film has been proven as well
[TS12]. Moreover, further studies suggested that the diluent increases in-situ the surface energy
of the template and enhances the cavity filling behavior [CC13].

In this work, toluene has been chosen as the diluent for PDMS and the fraction of toluene is kept
at 40 wt%. The processing of the PDMS/toluene-diluted PDMS bi-layer soft stamp undergoes
the same procedure as that of the pure PDMS (PDMS/PDMS) stamp. The 40 wt% toluene is
mixed into the PDMS which is prepared at a ratio of 10:1 beforehand and degassed thoroughly.
Subsequently, the mixture of the toluene-diluted PDMS is spin coated on the surface of the
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master as the feature layer and baked at 80 ◦C for 30 min. When the toluene-diluted PDMS is
partially cured, the PDMS for the back carrier is cast into the replication mold and thermally
co-cured with the feature layer at 80 ◦C for another two hours.

3.2.1.3 PDMS/X-PDMS soft stamps

The material X-PDMS was developed by Philips Research and specialized for SCIL along with
SUSS MicroTec. It aims for higher Young’s modulus, higher cross-linking density and lower
diffusion [Lan13]. It is composed of vinyl and hydride siloxanes, mixed with a chemical catalyst
at a precisely defined ratio. Prior to use, the mixture of X-PDMS needs to be degassed as well.
To obtain the thin feature layer, the mixture of X-PDMS is spin coated on the surface of the
master reaching a thickness of around 150 µm and baked at 50 ◦C for 15 min. When the coated
X-PDMS turns to be tacky, the Sylgard 184 PDMS is cast into the replication mold and co-cured
with the X-PDMS feature layer at 50 ◦C. It has been reported that the baking takes at least 48
hours for a complete curing and lasts up to five days to reach the optimal physical properties of
X-PDMS [Ver10]. The curing time is kept for five days throughout this work.

3.2.1.4 PDMS/vvsPDMS soft stamps

Another candidate for the feature layer of the hybrid soft stamps is vvsPDMS. It is a product with
a higher elastic modulus than that of PDMS and represented by Gdnano. For the processing of
vvsPDMS, the base material and the curing agent are mixed at a low rotating speed to minimize
the amount of bubbles. After being degassed in a desiccator, the vvsPDMS is spun onto the
surface of the master and baked at 60 ◦C for 30 min to obtain partial curing. The Sylgard 184
PDMS is then cast into the replication mold such that the partially cured vvsPDMS is at last
co-cured with the PDMS at 60 ◦C for additional 10 hours.

3.2.1.5 PDMS/UV-PDMS soft stamps

The Shin-Etsu UV-PDMS is a PDMS-based material that can be cured under UV exposure. It is
commonly served as two-component product and should be shielded from the light to reach
the optimum working lifetime during the mixing and curing. The two components are mixed at
ratio of 1:1 by weight. The official recommended mixing time is one hour with magnet stirring
system. However, we have successfully mixed the products using electric stirring mixer at 2000
rpm for 15 min. The mixture is thoroughly degassed in a desiccator for at least 30 min. The
viscosity of mixed UV-PDMS is approximate 2600 mPas.

The well-prepared UV-PDMS can be either dispensed or spin-coated onto the master. By spin
coating, the UV-PDMS is coated at 800 rpm for a thickness of approximate 150 µm. 2000
mJ/cm2 UV fluence at 365 nm line is mandatory for photo-curing. After the UV exposure, the
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UV-PDMS is hardened but still tacky. A post-curing is required for the UV-PDMS to reach the
optimal Young’s modulus of 3.0 MPa. At least three hours at room temperature is officially
recommended to assess its lowest degree of shrinkage, while heating could accelerate the
post-curing stage at the cost of increased shrinkage. In our processing steps, the radiated
UV-PDMS is placed in the replication mold and baked with cast PDMS at 50 ◦C for three hours.
It stays at room temperature for overnight before the separation of the PDMS/UV-PDMS stamp
from the master.

Alternatively, a proper amount of the UV-PDMS can be dispensed onto the master. A PDMS
soft carrier is fully cured beforehand. The prepared PDMS soft carrier with a rigid supporting
glass plate covers on top of the UV-PDMS dispensed master with spacer surrounded. Higher
UV fluence is provided, e.g. 3000 mJ/cm2, taking into consideration of the UV transmission of
the glass and PDMS carrier. After the exposure, the bi-layer PDMS/UV-PDMS stamp is kept
for at least three hour at room temperature as post-curing.

To conclude, the curing conditions of the aforementioned materials for soft stamps are summa-
rized in Table 3.1.

Curing condition PDMS toluene-
diluted PDMS

X-PDMS vvsPDMS UV-PDMS

Curing
temperature

80 ◦C 80 ◦C 50 ◦C 60 ◦C RT

Pre-curing of
feature layer

30 min 30 min 15 min 30 min N/A

Co-curing of
hybrid stamp

2 hours 2 hours 5 days 10 hours UV

Post-curing Not
Required

Not
Required

Not
Required

Not
Required

3 hours

Table 3.1: The used curing conditions of different feature layers

3.2.2 Characterizations of the soft stamps

3.2.2.1 UV transmission

High UV transmission at 365 nm is required for common UV curable resists. The UV trans-
mission of the pure PDMS (PDMS/PDMS), PDMS/toluene-diluted PDMS, PDMS/X-PDMS,
PDMS/vvsPDMS and PDMS/UV-PDMS bi-layer soft stamps is measured at wavelength from
200 nm to 500 nm in a nitrogen-purged UV-Vis-NIR spectrophotometer (Cary 5000, Varian). All
soft stamps are configured by a 2 mm back carrier and a 150 µm feature layer. The transmission
curves are plotted in Figure 3.13, in which the 365 nm wavelength is marked.
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Figure 3.13: UV transmission

The pure Sylgard 184 PDMS (PDMS/PDMS) stamp presents around 95% transmission at 365
nm wavelength. The soft stamp composed of the PDMS carrier and the toluene-diluted PDMS
feature layer exhibits the transparency of 92% and the PDMS/UV-PDMS behaves in the same
range. The PDMS/X-PDMS and PDMS/vvsPDMS stamps show a slightly lower transparency
of around 85% at 365 nm wavelength. All configured stamps exhibit a high UV transmission,
which enables an efficient exposure for the cross-linking of the resist and thus could shorten
the processing circles.

3.2.2.2 Nanoindentation test

The hardness of the materials and the elastic/plastic behaviors are considered as the crucial
parameters for the soft stamps as well. The hardness determines the resistance of a solid
material against surface penetration which results in a change of shape. Indentation test is
considered as one of the common methods to determine the hardness of a material. When the
solid material experiences an external force, it may response with elasticity or plasticity. The
elastic and plastic properties indicate the ability of a material to recover from the deformation
in response to the applied force. Ideally, a fully elastic material undergoes stretching of atomic
bonds rather than breaking down. Therefore, the deformation caused by external force is
completely reversible after the force is released. With regard to the soft stamps used in NIL, the
hardness, which is termed as stiffness in the range of the elastic behavior, represents the extent
of deformation when a pressure is applied. The elastic properties reveal the ability of the soft
stamp to reshape from the deformation.

The hardness in macro- and microindentation test is interpreted as the applied maximum force
divided by the indentation area. For nanoindentation test that involves nano-scale force and
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indenting area, a real-time loading and a precise indentation depth are recorded as the load-
depth curve, from which the hardness and elastic modulus can be mathematically generated.
An instrumented nanoindentation measurement (Picodentor HM500, Fischer) is engaged in to
investigate the hardness and elastic/plastic properties of the soft stamp materials. The facility
utilizes the Vickers tip which is a four-sided diamond pyramid with 136◦ plane angle. As
illustrated in Figure 3.14, the measuring head is driven by an actuator to indent the surface of
the film. The sensitive touch-down approach detects the surface of the specimen to precisely
determine the zero point (Figure 3.14 a-c). The tip indents into the material until the maximum
force is reached (Figure 3.14 d). The indenter retraces when the force is reduced and the
measuring head rises as soon as the applied force is released (Figure 3.14 e-f). The overall
indentation process is supported by an active vibration-damping table.

Figure 3.14: Schematic illustration of the indentation with Vickers tip

The materials of PDMS, toluene-diluted PDMS, X-PDMS, vvsPDMS and UV-PDMS are coated
at a thickness of 500 µm on a supporting carrier made of fused silica, respectively. The curing
condition of each specimen corresponds to Table 3.1. Two specimens are prepared for each
material, and an array of twenty indentation points is programed for automatic measurement
on each specimen. The maximum force applied to the indenter is set to 250 mN for all tests. The
applied force as a function of indentation depth is recorded during the loading and unloading
processes.

The load-depth curves are recorded in real-time and plotted in Figure 3.15. The curves show
that, on one hand, when the maximum force is applied, the X-PDMS is indented to the minimum
depth of approximate 50 µm. The indentation depths of vvsPDMS, UV-PDMS and PDMS are
nearly 60 µm, 70 µm and 90 µm, respectively. The toluene-diluted PDMS shows the highest
softness as the maximum indentation depth reaches above 120 µm. On the other hand, the
unloading curves are close to the loading curve. For all materials, the end point of unloading
curve returns almost to the zero point of loading curve. It suggests that the deformation
caused by the indenter can be nearly reversed when the applied force is released. Although the
indenting deformation is not fully restored once the force is released, the elastic deformation
can undergo further recovery over time. This is also demonstrated by sequential imprints in the
following section.
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Figure 3.15: Nanoindentation measurements as a function of indentation depth and applied forces
during the loading and unloading processes for PDMS, toluene-diluted PDMS, X-PDMS,
vvsPDMS, UV-PDMS, and magnifications of each curve at the zero- and end-points

It is worth noting that many different measurement techniques to determine the hardness and
elastic modulus exist for different materials and indent scales. Moreover, the measurement errors
occur in various perspectives since the indentation is affected by several factors, such as the
indenter geometry [SFAO09], applied forces [DBBM06], surface roughness of the film [KKL+07],
thermal drift [FN02], pile-up and sink-in behaviors [Oli04]. Therefore, the indentation data
exhibit comparative results rather than absolute value of the material.

3.3 Consecutive imprinting performance at ambient atmosphere

Imprinting in the ambient atmosphere is one of the simplest types of soft UV-NIL even without
complex tools as far as no alignment involved. However, potential concerns attract attentions
from the evaporated solvents of the resist and possible byproducts resulting from the interaction
between the UV light, oxygen and the PDMS-based stamps. Moreover, although the resist
capillary filling in an ideal case has been theoretically analyzed, it may act inconsistently at
atmospheric pressure compared to that in an evacuated chamber in real cases. Furthermore,
the performance of a single soft stamp for multiple uses at the ambient condition is of interest
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in light of the ability of resist filling and elastic recovery. These concerns are examined by a
series of consecutive imprints.

3.3.1 Reusability of single soft stamp

Many advantages of soft UV-NIL have been acknowledged by the NIL community. One of the
major advantages is the impressing cost-efficiency. The working soft stamp, which uses low
cost material, is replicated from the costly master and each single soft stamp is able to be used
multiple times. The instrumental nanoindentation tests comparably reveal the high recovery
ability of the employed soft stamp material. The imprint performance of these materials is
discussed as follows by adopting these materials into the bi-layer soft stamps for the ambient
center-to-edge imprint scheme.

A master with nanopillar patterns with height of 700 nm is employed. The nanopillars are
in a diameter of 400 nm and 500 nm in half-pitch, and patterned in an area of 50× 50 mm2

on a 150 mm silicon wafer. Working soft stamps are replicated from the master after it is
coated with FDTS. The nanopillars are imprinted on 100 mm silicon wafers. A UV-curable,
oxygen insensitive resist AMONIL MMS4 (AMO) is spin-coated rate at 4000 rpm for 60 s. The
master, an exemplar working soft stamp and an imprinted wafer are displayed in Figure 3.16,
respectively. A sequence of imprinting processes is traced in order to assess the reusability of a
single stamp. The cross-section profile of the imprinted patterns at defined points are inspected
by SEM.

(a) Master (150 mm) (b) A PDMS soft stamp (c) An imprinted wafer (100
mm)

Figure 3.16: (a) The master, (b) an exemplar working soft stamp and (c) one of the imprinted wafers

Figure 3.17 and Figure 3.18 show SEM images of the cross-section profile of a single nanopil-
lar patterned by the pure PDMS (PDMS/PDMS) and PDMS/toluene-diluted PDMS stamps
from twenty consecutive imprints. The imprinted nanopillars from the 1st, 5th, 10th and 20th

imprinting in both cases are displayed in Figure 3.17(a)-3.17(d) and 3.18(a)-3.18(d), respectively.
The results from both cases are comparable, as no significant degradation of the patterns such
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as reduction of height, deformation or distortion from the consecutive imprints is observed.
Although the computational interpretation in terms of local stress during imprint and releasing
are not carried out, the inspected results indicate that the PDMS and toluene-diluted PDMS as
well as the resist fit well in the center-to-edge scheme in ambient atmosphere for at least twenty
consecutive imprints. The highly hydrophilic PDMS surface and the suitable resist result in
a relatively high Laplace pressure and therefore aid the resist filling. It can be seen from the
results that the resist is able to fill the structure cavities completely in the closed capillaries.
The diffusion and sorption of compressed air to the extra resist and mainly to the adjacent
permeable PDMS material can be properly obtained. In the detaching process, the slightly
angled sidewall of the nanopillars, as well as the minor shrinkage of the resist, promotes both
the vertical and lateral release of the stamp from the cured resist on the substrate. It minimizes
the risk of damages caused by local stress from frictions. Thus, the atmospheric pressure does
not hinder the cavity filling and stamp releasing.

(a) 1st imprint (b) 5th imprint (c) 10th imprint (d) 20th imprint

Figure 3.17: SEM images of nanopillar structures from the (a) 1st, (b) 5th, (c) 10th and (d) 20th imprint
using the same pure PDMS (PDMS/PDMS) soft stamp

(a) 1st imprint (b) 5th imprint (c) 10th imprint (d) 20th imprint

Figure 3.18: SEM images of nanopillar structures from the (a) 1st, (b) 5th, (c) 10th and (d) 20th imprint
using the same PDMS/toluene-diluted PDMS soft stamp

From the aspect of the material, the results also indicate that the low pressure of imprint causes
no permanent plastic deformation of the stamp. The elasticity of PDMS enables a sufficient
recovery of the stamp between two consecutive imprints. The fidelity of the pattern has been
highly maintained from the 1st to the 20th imprint, which infers that the stamp is also adequate
for further imprints.

In contrast to the performance of PDMS/PDMS and PDMS/toluene-diluted PDMS stamps,
imprints using PDMS/X-PDMS and PDMS/vvsPDMS stamps show relative less qualified
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results. The SEM images of imprints using PDMS/X-PDMS and PDMS/vvsPDMS stamps are
shown in Figure 3.19 and Figure 3.20, respectively. In Figure 3.19, the nanopillar structures
are well maintained from the 1st to the 5th imprinting as displayed in Figure 3.19(a) and
Figure 3.19(b). However, it is observed that the nanopillars in the 5th imprinting are shortened
(Figure 3.19(c)) at a small non-regular patterned area. The amount of distorted patterns that
regarded as defects increases over the course of imprints. One possible reasons for such defects
proposed purely based on the observation of these defects is that the consecutive imprints may
introduce accumulated sticking of resist to the stamp material in the ambient atmosphere. The
attached resist on the surface of the structure cavities, on one hand, accumulates such that it
takes up space in the cavities. On the other hand, it alters the property of the material and thus
changes the behavior of the capillary effects and result in incomplete resist filling.

The same type of defects appeared even if the duration between two consecutive imprints was
extended to one day in additional comparison tests. It implies that the shortened patterns do
not result from the slow recovery of elastic deformation of the stamp. Furthermore, it has also
been observed that micro-cracks (Figure 3.19(d)) rise on the surface of the X-PDMS feature layer
a few days after the imprints. The micro-cracks pop out during the storage of the stamp in the
ambient environment at room temperature rather than appearing in course of the imprints. The
micro-cracks may possibly be either generated during the incubation period because of the low
ultimate elongation under repeatedly applied stress or caused by the reaction with the ambient
components.

As to the imprinting results using the PDMS/vvsPDMS stamps, the pattern profile can be well
kept from the 1st (Figure 3.20(a)) to the 5th (Figure 3.20(b)) imprinting and it holds for the full
imprinted area. Increased roughness of the residual layer (Figure 3.20(c)) has been observed
at different spots and defects like distorted pillars (Figure 3.20(d)) are macroscopically visible
from the 6th imprinting. Accumulated sticking of the resist to the stamp in the non-evacuated
processing chamber and inappropriately applied pressure are considered as the reasons for
such defects based on the results. Moreover, micro-cracks are observed on the used stamp in
storage as well.

(a) 1st imprint (b) 5th imprint (c) Shortened structures
in the 5th imprint

(d) Micro-cracks on the
surface

Figure 3.19: SEM images of nanopillar structures from the (a) 1st, (b) 5th imprint using the same
PDMS/X-PDMS soft stamp, (c) the shortened structures in the 5th imprint, and (d) the
micro-cracks on the surface of the stamp after 10 days in storage at ambient condition
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(a) 1st imprint (b) 5th imprint (c) 10th imprint (d) Defects

Figure 3.20: SEM images of nanopillar structures from the (a) 1st, (b) 5th, (c) 10th imprint using the same
PDMS/vvsPDMS soft stamp, and the amount of defects like (d) increases

The differences of the surface properties of X-PDMS and vvsPDMS compared to the PDMS
cause variation in the contact angle of resist on the stamp, thus varies the Laplace pressure.
The natural resist filling and its requirement for external pressure for high filling level differ
from the case using PDMS and toluene-diluted PDMS stamps. Based on the observations of
imprint results, a higher imprint pressure and an evacuated imprint environment are strongly
recommended to improve the imprint using X-PDMS and vvsPDMS materials.

The imprint results using the PDMS/UV-PDMS stamp are given in Figure 3.21. The high
pattern fidelity is maintained from the 1st to the 20th imprint. The resist filling accomplishes
invariably under the low external imprint pressure. It reveals the similar chemical and physical
properties such as surface tension and sorption ability between the UV-PDMS and Sylgard 184
PDMS. Besides, the sticking of resist to the stamp is hardly observed. Its consistent performance
for twenty consecutive imprints show that the elastic deformation of UV-PDMS occurred during
the imprint fully recovers as soon as the force is released.

(a) 1st imprint (b) 5th imprint (c) 10th imprint (d) 20th imprint

Figure 3.21: SEM images of nanopillar structures from the (a) 1st, (b) 5th, (c) 10th and (d) 20th imprint
using the same PDMS/UV-PDMS soft stamp

3.3.2 Residual layer thickness

The residual layer is a thin layer left after imprint between the replicated pattern in resist and
the substrate surface (Figure 3.22). The residual layer makes the imprinted resist an elevated
replica of the patterns on the master. It acts as a channel to allow the resist to flow through
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and prevents the stamp from direct contacting the substrate surface, which may cause damages
or contamination. The residual layer is descummed by plasma etching. The duration of the
descumming should be kept short to retain the fidelity of the imprint structures in resist.
Therefore, it is preferable to conduct the imprint for a thin and uniform residual layer.

Figure 3.22: Schematic diagram of the residual layer after imprint

The results in the last section show that imprints using the pure PDMS (PDMS/PDMS),
PDMS/toluene-diluted PDMS and PDMS/UV-PDMS stamps provide high reusability and pat-
terning fidelity by the ambient center-to-edge scheme throughout twenty consecutive imprints.
The structure height and residual layer thickness of these imprints are shown in Figure 3.23,
which are recorded as an average of ten random inspection spots on each imprinted wafer.
Measurements from the imprints using PDMS/X-PDMS and PDMS/vvsPDMS stamps are
excluded due to their large error variation resulting from the defects.
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Figure 3.23: The measurements of structure height and residual layer thickness of the imprint using the
pure PDMS (PDMS/PDMS), PDMS/toluene-diluted PDMS and PDMS/UV-PDMS stamps
for twenty consecutive imprints
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Throughout the twenty consecutive imprints, the residual layer thickness using the pure PDMS
(PDMS/PDMS), PDMS/toluene-diluted PDMS and PDMS/UV-PDMS stamps is maintained
below 50 nm, which is less than 7 % of the imprinted structure height (approximate 700 nm).
The results also indicate that these stamps are sufficient for further imprints.

3.3.3 Uniformity of large area imprinting by single soft stamp

The uniformity of large area imprints using the pure PDMS (PDMS/PDMS), PDMS/toluene-
diluted PDMS and PDMS/UV-PDMS stamps by the ambient center-to-edge scheme is further
demonstrated. A master fully patterned with nanoholes of 350 nm in diameter and 550 nm in
pitch is used. Soft working stamps are replicated from the master after it is coated with FDTS.
The fabrication conditions of soft stamps correspond to Table 3.1. Full area on 100 mm wafers
are imprinted. As shown in Figure 3.24, the inspection points are sampled near the center of
the wafer (P0), in the middle point between the center and the edge of the wafer (P1), and near
the edge of the wafer (P2). Given that the center-to-edge scheme imprints symmetrically, the
sampling inspection points in a line segment that joins the center of wafer with any point on its
circumference are equivalent.

Figure 3.24: An exemplar imprinted wafer noted with inspection points P0, P1 and P2

Similarly, twenty wafers are consecutively imprinted to demonstrate the uniformity of the
full wafer patterning. The SEM images (top view) of the sampling inspection points from the
imprints using the PDMS/PDMS stamp at the 1st and the 20th imprinting are displayed in
Figure 3.25. At the 1st imprint using the freshly produced soft working stamp, the diameter d
and the pitch p of the nanohole patterns at P0/P1/P2 are well maintained at 350 nm and 550 nm
(a-c), respectively. The patterns are preserved and no lateral expansion or distortion is observed
at the sampling inspections points in the 20th imprinting (d-f). Ten measurement points are
taken with the same radius as P0/P1/P2, respectively, on each of the twenty imprinted wafers.
The statistic measurement is plotted in Figure 3.26.
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(a) P0-1 (b) P1-1 (c) P2-1

(d) P0-20 (e) P1-20 (f) P2-20

Figure 3.25: SEM images of the imprint results of the 1st imprint at (a) P0, (b) P1 and (c) P2 position and
the 20th imprint at (d) P0, (e) P1 and (f) P2 position using the pure PDMS (PDMS/PDMS)
stamp
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Figure 3.26: Statistic measurement of the diameter and pitch from the 1st to the 20th imprinted wafer at
P0, P1 and P2 using the pure PDMS (PDMS/PDMS) stamp
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The same experimental conditions are applied to the imprints using the PDMS/toluene-diluted
PDMS stamps. The SEM images at the sampling inspection points P0/P1/P2 are displayed in
Figure 3.27, and the measurements from all the measurement points are statistically summarized
in Figure 3.28.

(a) P0-1 (b) P1-1 (c) P2-1

(d) P0-20 (e) P1-20 (f) P2-20

Figure 3.27: SEM images of imprint results of the 1st imprinting at (a) P0, (b) P1 and (c) P2 position and
the 20th imprint at (d) P0, (e) P1 and (f) P2 position using the PDMS/toluene-diluted PDMS
stamp

Imprints using a single PDMS/UV-PDMS soft stamp show results with equivalent high uni-
formity. A different master featuring nanoholes of 300 nm in diameter and 700 nm in pitch is
engaged. Figure 3.29 shows the patterns of the 1st imprint at P0/P1/P2 positions and the 20th

imprint at P0/P1/P2 positions. Statistic measurement is given in Figure 3.30. The variation of
diameter and pitch of the imprinted patterns in course of twenty consecutive imprints in all
aforementioned cases is limited to less than 10 nm.

3.4 Conclusions

In this chapter, an experimental setup of soft UV-NIL using bi-layer soft stamps by ambient
center-to-edge imprint scheme is established and optimized. Various types of soft stamps such
as PDMS, PDMS/solvent-diluted PDMS, PDMS/X-PDMS, PDMS/vvsPDMS, PDMS/UV-PDMS
soft stamps are examined. The reusability of a single soft working stamp and uniformity of
imprints in ambient atmosphere at wafer scale are inspected by consecutive experiments.

The imprint using the pure PDMS (PDMS/PDMS), PDMS/toluene-diluted PDMS and
PDMS/UV-PDMS stamps shows excellent performance. The evaporated solvent from resist and
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Figure 3.28: Statistic measurement of the diameter and pitch from the 1st to the 20th imprinted wafer at
P0, P1 and P2 using the PDMS/toluene-diluted PDMS stamp

possible byproducts from the interaction between the UV light, oxygen and the polymer-based
materials hardly hamper the imprint. The atmospheric pressure and the existence of oxygen
do not hinder the capillary filling. In contrast, it is observed that the PDMS/X-PDMS and
PDMS/vvsPDMS stamps cannot keep high fidelity for consecutive imprints in the ambient
center-to-edge imprint at the established conditions. Defects show up possibly caused by
accumulated sticking of the resist to the stamp or degradations of the stamp surface properties.
Low imprint pressure might be another factor resulting in unsuccessful resist filling. In addition,
micro-cracks are generated during the incubation period of the stamps which also limits the life
time of these working stamps.

With regard to the imprint uniformity, imprints on full 100 mm wafer using the pure PDMS
(PDMS/PDMS), PDMS/toluene-diluted PDMS and PDMS/UV-PDMS stamps by ambient
center-to-edge scheme are further validated. High uniformity is maintained over the complete
imprinted wafers for at least twenty consecutive imprints.

Based on this validated soft UV-NIL using ambient center-to-edge scheme, a fabrication chain
for periodic nanostructures with tunable feature sizes at low cost and in large area has been
achieved and will be discussed in the next chapter.
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(a) P0-1 (b) P1-1 (c) P2-1

(d) P0-20 (e) P1-20 (f) P2-20

Figure 3.29: SEM images of the imprint results of the 1st imprint at (a) P0, (b) P1 and (c) P2 position
and the 20th imprint at (d) P0, (e) P1 and (f) P2 position using the PDMS/UV-PDMS stamp
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Figure 3.30: Statistic measurement of the diameter and pitch from the 1st to the 20th imprinted wafer at
P0, P1 and P2 using the PDMS/UV-PDMS stamp
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4 Fabrication of NIL templates with tunable feature

sizes at constant pitch

System miniaturization has been in considerable demand based on Moore’s Law and the
concept of “Beyond Moore’s Law” [Moo65, CFP13, eco16]. Functional structures and devices
have advanced from the macro- to the micro- and nano-range. Nanolithography by means of
mechanical principles has been developed from unthinkable to three dimensional patterning
and even sub-1 nm resolution [Cho15]. NIL templates with structures such as nano-pillars,
cavities, line gratings, rods, and wires, have drawn great attentions in the field of optics,
photonics, MEMS/MOEMS/NEMS, biotechnology, energy, pharmaceutics, security features, etc
[ZJF15, MMH+15, HTT+15, ZLYP16, FFL+14]. The enlargement of the patterning area enables
the utilization of such nanostructures from academic area to industrial and commercial fields
[MNY+12, MMH+15]. Electron beam lithography (EBL), and laser interference lithography (IL)
are mainly employed to fabricate new periodic nanopatterns on the NIL templates. However,
these techniques are constrained by the high cost and the lack of reasonable throughput when
the feature size goes to sub-500 nm for instance in large area [Sch08].

A package of fast and low-cost approaches to fabricate multiple new nanostructured NIL
templates with tunable feature sizes at constant pitch (NanoTuFe) on wafer-level is presented.
The feature size of the new NIL templates can be shrunken from the master and delicately
controlled using a series of well-known technologies. Numerous NIL templates with tunable
feature sizes can be accomplished in a short processing cycle and at very low cost. The
structure pitch is maintained constant during the shrinking procedure. Such feature is highly
recommended in the cases like anodic aluminum oxide membranes or graded index photonic
crystals where the diameter of the patterns is in a graded or stepped manner whereas the pitch
distance is maintained [ZJF15, WWM+15].

The fabrications are realized for both positive and negative structures and with circular and
square layouts. A master featuring positive circular nanopillars can yield multiple new NIL
templates with either positive circular or square nanopillars with tunable feature sizes. A
master patterned with negative circular nanoholes can be used to fabricate NIL templates with
negative circular and square nanoholes. The exemplar fabrication chains covering positive
circular nanopillars and negative square nanoholes are shown and discussed in the subsequent
sections corresponding to the processing flows. In the last part, the potentials of using the
NanoTuFe methodology for various types of periodic nanostructures are specified.
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Figure 4.1: An overview of the objective of the NanoTuFe approach

4.1 A brief introduction of the NanoTuFe approach

The methodology to fabricate NIL templates of periodic nanopatterns with tunable feature sizes
at constant pitch (NanoTuFe) makes use of diverse well-known micro- and nano- fabrication
technologies. The essential goal of the fabrication package is to achieve a new set of multiple
large area NIL templates with controllably tuned feature sizes in short processing cycle and at
low cost. Reduction of the cost is the core motivation as in general large area nanopatterning by
EBL, IL and such is cost intensive.

In order to realize the controllable tuning of the feature size, an intermediate template (IT)
is introduce to bridge the master and the final NIL templates. The critical feature of the IT
is that it is fabricated to have sloping sidewalls with straight and smooth surface. The IT is
produced from the master and used for imprinting on the final substrate. The final substrate
is commonly layered by an etch-mask for sufficient structuring selectivity into the substrate.
The feature size of the nanopatterns on the final NIL templates is dominantly determined by
the dimensions of the etch-mask. Sloping sidewalls with straight and smooth surface of the IT
enables possible tuning of feature sizes in the etch-mask with delicate controllability. A plasma
etch process owning equivalent selectivity for both the resist and the mask material is chosen
to break through the etch-mask. By applying different etch durations, the etch-mask can be
opened to variable lateral dimensions.

A graphical illustration of the privilege using the IT to structure the etch-mask for positive
and negative patterns is depicted in Figure 4.2. After the imprint and descumming, the final
substrate is covered by the identical patterns as the master in the resist, while the etch-mask
is open in the rest area. In the case of positive nanostructures as shown in Figure 4.2(a), the
etch-mask is formed to a width of Wx by applying an etch duration t, resulting in the height of
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(a) For positive nanostructures

(b) For negative nanostructures

Figure 4.2: Schematic diagrams of the etch-mask opening with tunable feature sizes by different etch
durations

patterned resist hx. By increasing the etch duration, the patterned resist is etched down to the
height of hy. In the meantime, the width of the opening is correspondingly shrunken to Wy

due to the sloping sidewall. In the case of negative nanostructures, shown in Figure 4.2(b), the
etch-mask can be broken through to a width of Wy. The resist is further etched down from hx

to hy, with the etch-mask being broadened to a width of Wy.

Therefore, openings on the etch-mask with tunable sizes can be achieved in a controllable
manner by delicately adjusting the etch durations. Diverse surface patterning techniques can
be applied to structure the final substrates as NIL templates using the well-defined etch-mask.
Figure 4.3 presents a full overview of the NanoTuFe approach with the IT introduced. ITs
featuring cone and pyramid topology are generated from respective positive and negative
masters with circular layout. A great number of new NIL templates featuring circular pillars,
square pillars, circular holes and square holes can be obtained at last.

4.2 Technologies and instrumentation

The NanoTuFe approach covers a series of well-known micro- and nano- fabrication technologies
that are commonly accessible and cost efficient. The transferring of the nanopatterns from the
master to the IT and subsequently from the IT to the final NIL templates are conducted by
soft UV-NIL, which has been introduced in Chapter 3. Dry/wet etching, oxidation techniques
and such are used to shape the substrate in 2-D. Fundamentals of the involved fabrication
technologies will be introduced as follows.
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Figure 4.3: An overview of the NanoTuFe approach by introducing an intermediate template

4.2.1 Soft UV-NIL

The soft UV-NIL is utilized to transfer the nanopatterns from the master to the IT and from
the IT to the final NIL templates. An ambient center-to-edge imprint scheme adopted in the
GD-N-03 NIL system has been thoroughly demonstrated in Chapter 3. 100 mm silicon wafers
are imprinted as the final NIL templates. The silicon wafers are oxidized with a 50 nm SiO2

layer as the etch-mask. Bi-layer PDMS-based soft stamps have been proven to fit in the ambient
center-to-edge scheme and keep high fidelity for the nanopatterns transfer. The details of the
ambient center-to-edge imprint and its performance can be recalled in Chapter 3.

4.2.2 Reactive ion etching

Reactive ion etching (RIE) is a directional dry etching process using chemically reactive plasma
in vacuum to etch material deposited on the substrate or the substrate itself. The RIE process in
general removes the material in vertical from top down. An ideal illustration of the RIE process
can be seen in Figure 4.4.

Figure 4.4: Schematic diagrams of the RIE process in an ideal case

The plasma is regarded as the fourth state of matter. Although it is like the gas state that
without a fixed shape or volume, the plasma is a partially ionized gas which can only be
artificially generated from neutral gases. In a RIE system, the plasma is initiated by applying a
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high radio frequency (RF) electromagnetic filed at a frequency of 13.56 MHz. The oscillating
electric field initiates the plasma where some electrons of the atoms are stripped away and the
positively ions can move freely.

The RIE process takes place in a parallel-plate reactor where two parallel electrodes are
positioned. In general, the top electrode is grounded and the bottom electrode is powered
by the RF voltage (Figure 4.5(a)). The electric fields force the stripped electrons to accelerate
between the top and bottom electrodes. The electrons get lost when they are absorbed by the
grounded top electrode and chamber walls, while the electrons accumulate when they hit on the
powered bottom electrode. As shown in Figure 4.6, the voltage difference between the negative
charged bottom electrode and the positive charge plasma drives the free ions in the plasma to
attack the substrate and react with the material on the substrate surface. The high energetic
ions remove the material on the substrate surface by both chemical reactions and physical
bombardment. The volatile by-products from the chemical reactions is desorpted following the
gas flow, and additional substrate atoms are sputtered away by the physical bombardment of
the ions.

(a) Schematic diagram of a stan-
dard RIE system

(b) Schematic diagram of a RIE
system with ICP power

Figure 4.5: Schematic diagrams of typical RIE systems (after [Oxfa])

The silicon etching in most common acknowledgment is realized by removing the silicon atom
reacted with Fluorine atoms with electrons,

Si + 4 F∗ −→ SiF4 ↑ (4.1)
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Figure 4.6: A schematic diagram of the general RIE process (after [LMC11])

The volatile by-product SiF4 can be spontaneously pumped away. The mostly used feed gases
are CF4 and SF6 which can generate high amount of Fluorine atoms with electrons and volatile
by-product. Carbon polymer provided by the feed gases is deposited on the sidewalls for
passivation. Additional inhibitor gas like O2 is often added for sidewall coating to prevent
lateral etching.

A variety of factors impact the RIE performance. The loading effects lead to inconsistent etch
rate as the feature of the same size is etched more slowly in dense patterns than in wide
open areas. The longer the etching time, the more significant the loading effect is. Features of
different sizes are etched by an inconsistent etch rate which is termed as aspect ratio dependent
effect (ARDE). Typically, the material in large open areas are etched faster than smaller features.
The RIE performance also strongly depends on the temperature, pressure, RF power, etch
selectivity, gas flow rate, composition of gas supply, etc [Cui08, oxfb].

The etch selectivity and etch rate can be enhanced by adding the inductively coupled plasma
(ICP) source. The ICP source generates high density plasma using an additional inductive
coupling (Figure 4.5(b)). It offers high density radicals without generating a large amount of
kinetic energy to improve the etch rate of silicon. The temperature and the amount of oxygen
delicately influence the thickness of the passivation layer and thus affect the profile of the
etched structures [LWHO13]. The separated ICP and RF powers provide distinct control on
the ion density and ion energy, respectively. The ion density is dependent on the ICP power
whereas the ion energy depends on the RF power. Lower ion energies from a lower RF power
could reduce the physical ion bombardment damage on the substrate surface, especially on the
etch-mask. Although it brings down the etch rate and anisotropy, they can be compensated by
the much higher ion flux resulted from the increased ion density. Moreover, a process under
low pressure could improve the etch anisotropy and selectivity as well [Noj15].
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Throughout this work, a RIE machine Plasmalab 100 (Oxford Instruments) is used. A PlasmaPro
100 Cobra (Oxford Instruments) is employed for ICP-RIE processes. Both systems are mainly
engaged in Si and thin oxidized SiO2 layer etching. Another ICP-RIE system SI 500 (SENTECH)
is utilized for most of the thick oxidized SiO2 layer and fused silica structuring. Wafer clamping
and helium cooling are enabled as standard, which provide excellent temperature control with
a wide temperature range from room temperature to cryogenic temperature.

4.2.3 KOH etching

The potassium hydroxide (KOH) is one of the wet chemical etch solutions for preferential
etching of silicon along crystal planes. The alkaline chemical solution (pH > 12) is used in
conjunction with deionized (DI) water and thermal regulation. The etch rate of silicon KOH
etching strongly depends on the crystal orientation and doping of silicon, as well as the
concentration of KOH solution. A schematic diagram of the silicon with (100) orientation etched
by KOH solution is depicted in Figure 4.7. For instance, a KOH solution at 40% concentration
at 80 ◦C etches (100) oriented silicon at an etch rate of approximate 18 nm/s [vir03], forming a
V-groove with a 54.7◦ angle to the surface. SiO2 or Si3N4 material are commonly used as the
etch-mask for KOH silicon etching as the etch rate of SiO2 and Si3N4 can be limited below 0.1
nm/s [Baj16, Cui] resulting in high selectivity of silicon to SiO2 for more than 100.

Figure 4.7: 3-D (left) and cross-sectional (right) schematic diagrams of the general KOH etching for
silicon with (100) orientation

The chemical formulation of silicon KOH etching follows,

Si + 2 OH− + 4 H2O −→ Si(OH)++
2 + 2 H2 + 4 OH− (4.2)

where it can be seen that no by-product will condense on the etched silicon surface. In general,
the remaining SiO2 or Si3N4 etch-mask can be completely removed in a short term by hydrogen
fluoride which results in negligible etching for silicon at room temperature. Sharp interface
of the SiO2 or Si3N4 material and underlying silicon can be achieved owing to the high etch
selectivity between SiO2/Si3N4 and silicon in either KOH or hydrogen fluoride.
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4.2.4 Thermal oxidation

The silicon thermal oxidation process incorporates the silicon and the oxygen component
contained in the water vapor or applied molecules. It is called wet oxidation when a ultra-
high-purity water steam is used for oxidation. On the contrary, the dry oxidation refers to
the condition that pure oxygen molecules are introduced. The oxidation is performed at
high temperature in general between 800 and 1200 ◦C. The chemical reactions of the thermal
oxidation process in wet and dry manner are shown below,

Si + 2 H2O −→ SiO2 + 2 H2 (4.3)

Si + O2 −→ SiO2 (4.4)

The oxidation layer grows bi-directionally with respect to the original silicon/air interface.
Taking the density of Si and SiO2 into consideration, the thickness growing into the substrate
can be mathematically calculated as,

TSi = TSiO2 ·
NSiO2

NSi
= 0.46 · TSiO2 (4.5)

where TSi and TSiO2 refer to the thickness of consumed Si and grown SiO2, respectively. NSi

and NSiO2 denote the atomic density of Si, which is 5 × 1022 atoms/cm3, and the molecular
density of SiO2 that is equal to 2.3 × 1022 molecules/cm3 [EK95]. Therefore, The thickness
of the consumed silicon and grown SiO2 can be precisely calculated. When 1 unit silicon is
oxidized, 2.17 unit SiO2 is produced. The SiO2 grown into the substrate with respect to the
original interface takes part of approximate 46%, whereas the SiO2 grown beyond the interface
is about 54%. Therefore, in addition to growing a layer of SiO2 for its functionality, the thermal
oxidation offers a way to enlarge (with oxide) or shrink (after removing oxide) the feature size
of the structures.

Figure 4.8: A schematic diagram of the silicon thermal oxidation process

The oxidation rate of SiO2 on silicon follows the Deal-Grove Model which mathematically
describes the growth of the SiO2 layer on the surface of silicon in particular [DG65]. The
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difference of the oxidant unit volume required to form a unit volume SiO2 leads to different
oxidation rates of wet and dry oxidation. The orientation of silicon impacts differently on the
oxidation behavior. Hence, the oxidation rate varies when silicon with different orientations is
oxidized. Figure 4.9 shows the oxidation rates, i.e. the oxide thickness as a function of oxidation
time, of (100)-oriented silicon for dry and wet oxidation processes [Fil12].

(a) Dry oxidation (b) Wet oxidation

Figure 4.9: Oxide thickness as function of oxidation time of (100)-oriented silicon for dry and wet
thermal oxidation processes [Fil12]

The silicon thermal oxidation throughout this work has been conducted at 1100 ◦C. The dry
oxidation is employed for growing SiO2 as etch-mask for a thickness less than 100 nm. For bulk
SiO2 layer from 500 nm to 10 µm that carries micro- and nano- structures, the wet oxidation at
a higher rate is preferred.

4.3 Fabrication of NIL templates with positive circular nanopillars
with tunable feature sizes

An overview of the NanoTuFe approach has been described in Section 4.1, making use of a
series of well-known technologies as introduced in Section 4.2. As one example of the NanoTuFe
approach, the goal is that multiple NIL templates featuring positive circular nanopillars with
reduced feature sizes can be fabricated from a single master with positive circular nanopillars.
The tuning of the feature size on the etch-mask and on the final substrate should be precisely
controlled. The large area nanopattern transferring and top-down structuring are ought to be
accomplished in a short processing cycle and at low cost, which could outperform the EBL, IL
and similar direct writing approaches.

The schematic fabrication process to obtain new NIL templates featuring positive circular
nanopillars with tunable feature sizes is stepwise illustrated in Table 4.1. A master (MA) with
positive circular nanopillars is prepared to necessarily initialize the subsequent processes (Step
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A, Table 4.1). The bi-layer soft stamp is replicated from the MA (Step B, Table 4.1). The IT is
afterwards imprinted (Step C, Table 4.1). Masked by the identical patterns as the master, the IT
is etched into nanocone structures in a dry etching manner (Step D, Table 4.1). An additional
soft stamp is replicated from the nanocones patterned IT (Step E, Table 4.1). The final substrate
layered with a hard etch-mask on top is subsequently imprinted by the nanocones soft stamp
(Step F, Table 4.1).

Step 3D View Top View Cross-section
View

Notes

A master

B soft stamp replicated
from master

C NIL on IT

D nanocones IT

E soft stamp replicated
from IT

F NIL on FS

G-1 masking on FS, etch
time t1

H-1 patterning on FS, re-
maining etch-mask
and resist removed
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G-2 masking on FS, etch
time t2 > t1

H-2 patterning on FS, re-
maining etch-mask
and resist removed

G-3 masking on FS, etch
time t3 > t2

H-3 patterning on FS, re-
maining etch-mask
and resist removed

Table 4.1: Schematic shrinkage process of nanopatterns with tunable feature sizes (NanoTuFe) for positive
structures

As explained in Figure 4.2(a), diverse dimensions on the etch-mask can be obtained by applying
different etch durations (Step G-1/G-2/G-3, Table 4.1). The slopes of the nanocones in the resist
inevitably lead to non-vertical sidewalls in the etch-mask. Thus, the etch-mask ought to be
preserved as much as possible to prevent them from shrinking during the substrate etching.
Long term and high energetic physical bombardment should be avoided to the etch-mask in
plasma. Besides, it is preferable to protect the etch-mask by an extra passivation layer as well.
Therefore, the cryogenic silicon etching is engaged in the structuring of the final substrate for
NIL template. It requires vertical and smooth sidewalls, and precise feature sizes as defined in
the etch-mask. The cryogenic etching greatly enhances the etch selectivity of the silicon with
respect to the SiO2 etch-mask. Using the etch-mask patterned in Step G-1/G-2/G-3, respectively,
the nanopillars from the original master are shrunken into patterns with tunable feature sizes
on the final substrates(Step H-1/H-2/H-3, respectively, Table 4.1).

In its realization, a master featured by positive circular nanopillars of 400 nm in diameter and
500 nm in half-pitch patterned in an area of 50× 50 mm2 is used (Figure 4.10a, cf. Step A). A
pure PDMS soft stamp is replicated from the master after it is evaporated by FDTS anti-sticking
layer (Figure 4.10b, cf. Step B). A type of NIL resist AMONIL MMS4 is coated onto the IT at
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4000 rpm for 60 s for imprint using the PDMS soft stamp. After residual layer descumming, the
identical patterns as the master are formed in the resist (Figure 4.10c, cf. Step C).

(a) Master (b) Soft working stamp (c) After descumming

Figure 4.10: (a) SEM image of the master with positive circular nanopillars, (b) soft working stamp
replicated from the master, (c) nanopillars patterns in resist after descumming

The initial approach to fabricate the IT with nanocones is carried out relying on the underetching
of silicon with SiO2 etch-mask. Using the isotropic SF6/O2 etch chemistry at room temperature,
the silicon is underetched and cut off, leaving the nanocones on top of the surface. A desired
diagram and the experimental etching of the nanocones are shown in Figure 4.11(a) and
Figure 4.11(b), respectively. However, the structure profile often losses the sharp tips since the
undercutting of the etch-mask does not yield a stable and high reproducibility. In addition, the
sidewalls of the nanocones experience a high roughness due to the etching chemistry. Thus the
formation of nanocones on the IT by direct underetching does not meet the requirement for
subsequent patterning processes.

(a) A schematic diagram of underetching to form the
nanocone structures

(b) Nanocone structures di-
rectly etched by a com-
bination of SF6 and O2

Figure 4.11: Desired diagram and experimental result of the nanocones underetching

An alternative fabrication method to form nanocone structures with sharp tips and smooth
sidewalls in large area is proposed. The nanocones profile is optimized by playing a cryogenic
etching and thermal oxidation in two steps. At the first step, the imprinted IT which is masked
by the identical patterns as the master (Step C, Table 4.2) is etched into isosceles trapezoid profile
in cross-sectional view (Step C-1, Table 4.2) using SF6/O2 chemistry at cryogenic temperature.
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The cryogenic etching process reduces the physical attacking on the etch-mask and offers a
balance of passivation and penetration. By mixing the feed gases at various ratios, very smooth
sidewalls and different flank angles can be obtained. The etched IT with isosceles trapezoids in
cross-sectional profile is shown in Figure 4.12(a) and the corresponding etching parameters are
listed in Table 4.3.

Step 3D View Top View Cross-section
View

Notes

C NIL on IT

C-1 cryogenic etching of
silicon into isosceles
trapezoid profile

C-2 thermal oxidation

D oxide removal

Table 4.2: Schematic diagrams of nanocone formation

Table 4.3: Etching parameters of silicon IT for isosceles trapezoid profile

Flow rate
(sccm)

Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

SF6 O2 ICP RF
27 23 500 5 6 -120 ON

Subsequently, the etched IT is thermally oxidized by water vapor in a wet manner which has
a relative higher oxidation rate. As explained in Section 4.2.4, the oxidized SiO2 grows both
beyond the original silicon/air interface and into the interface. The thickness of the consumed
silicon and grown SiO2 can be precisely controlled. By this mean, the silicon patterns on
the IT are shrunken from the isosceles trapezoid to the cone profile (Step C-2, cf. Tabel 4.2,
Figure 4.12(b)). After removing the SiO2 by hydrogen fluoride, the nanocones exhibiting smooth
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sidewalls and very sharp tips are achieved (Step D, cf. Tabel 4.2, Figure 4.12(c)), which will
enhance the precision of the etch-mask opening procedure.

(a) IT with isosceles trapezoids
etched by cryogenic etching

(b) Cross-sectional profile after
thermal oxidation

(c) Nanocones after removing the
oxide

Figure 4.12: Nanocones fabrication aiming for smooth sidewalls and sharp tips

In the following, an PDMS/UV-PDMS bi-layer soft stamp is replicated from the nanocones IT.
The UV-PDMS provides the minimum shrinkage after its cross-linking to keep the high fidelity
of the nanocones. Here a 50 nm SiO2 is thermally oxidized on the final substrate instead of
using resist directly as the etch-mask for cryogenic etching. Photoresist will encounter high
risks of cracking at cryogenic temperature, and the oxygen content in the etching plasma leads
to uncontrolled erosion of the resist. Therefore, a SiO2 etch-mask is preferably used to sustain
the high resistance to the plasma and sufficient etch selectivity. By applying incremental etching
durations to the etch-mask, the dimensions on the etch-mask are formed in feature sizes of 250
nm, 200 nm, and 150 nm which are displayed in Figure 4.13.

(a) 250 nm (b) 200 nm (c) 150 nm

Figure 4.13: Etching of the SiO2 mask to the feature sizes of (a) 250 nm, (b) 200 nm and (c) 150 nm
without removing the remaining resist

The sloping sidewall of the nanocones in the patterned resist inevitably leads to the non-vertical
sidewalls in the SiO2 etch-mask. The etching selectivity of silicon to SiO2 at ambient temperature
range, i.e. from 10 ◦C to 30 ◦C, often prohibit the silicon etch from reaching sufficient aspect
ratio without significantly consuming the SiO2 etch-mask. The etch selectivity of silicon to
SiO2 is generally constrained below 35:1 in continuous fluorine-based etching chemistry at
ambient temperature even with a high inductively coupled power up to 1400 W [RDS+99]. As
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a result, the SiO2 etch-mask would be etched away significantly especially at the feature edges
during the silicon etching. It would cause uncontrollable feature size shrinkage and non-vertical
sidewalls of the etched silicon. In order to enhance the preservation of SiO2 etch-mask, the
cryogenic process is employed for silicon etching based on SF6/O2 chemistry. The cryogenic
process makes use of the deposition of a passivation layer of silicon oxide/fluoride (SiOxFy)
on the structure sidewalls to prevent them from fluorine radicals attacking. In addition, the
low temperature inhibits the radicals physically bombarding the sidewalls, and reduces the
chemical consumption of the etch-mask as well. Therefore, the energetic ions mainly penetrate
the passivation layer at the structure bottom and rarely break the sidewalls. Compared to the
traditional cyclic deep RIE (c-DRIE) process with discrete etching and passivation cycles, the
cryogenic process promotes the selectivity of the silicon to SiO2 etch-mask without generating
scallops on the sidewalls[Wal01].

An ICP (PlasmaPro 100 Cobra, Oxford Instruments) has been used throughout the etching
of the final silicon templates. The flow rates of SF6 and O2 are kept at 38 sccm and 12 sccm,
respectively. The wafer is placed on the electrode prior to etching for 5 min to level the
temperature to -120 ◦C. The bottom electrode is set to 5 W at 13.56 MHz resulting in a DC bias
voltage between 15 V to 18 V. The ICP power is set to 500 W, and the chamber pressure is kept
at 6 mTorr. At such low pressure levels, the mean free path length of the ions is larger than the
sheath thickness such that the ions will hardly deviate from the vertical direction [Tec]. Helium
backing is activated to enhance the cooling stability. The etching parameters are listed below in
Table 4.4.

Table 4.4: Process parameters of the silicon cryogenic etching on the functional substrate for NIL
template

Flow rate
(sccm)

Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

SF6 O2 ICP RF
38 12 500 5 6 -120 ON

The final substrates are etched for 15 s at these conditions resulting in a depth of approximate
300 nm. The remaining resist and etch-mask are removed completely by hydrofluoric acid. The
SEM images of the etched structures for NIL templates are shown in Figure 4.14. The erosion
of the SiO2 etch-mask caused by free fluorine radicals decreases dramatically at -120 ◦C due
to its high temperature sensitivity. The etching selectivity of silicon to SiO2 can be raised to
over 750:1 when the DC bias voltage is limited to below 20 V [GSW09] which corresponds to
the presented etch results. The diameters of the etched nanopillars are directly measured by
the SEM software and turned out to be approximate 250 nm, 200 nm and 150 nm, respectively.
The feature size is maintained from the etch-mask that no shrinkage is observed during the
etch process. Smooth sidewalls have been obtained, and the overall surface of the template is
kept clean since there is no polymer condensation in the SF6/O2 cryogenic chemistry at the
mentioned etch conditions. The angle between the etched nanopillar sidewall and the bottom
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substrate reaches nearly 90◦. Thus, no complications are expected for future soft working stamp
replications in terms of cavity filling and detaching.

Figure 4.14: SEM images of the tilted view, cross-section view and top view of the etched silicon
nanopillars with feature sizes of (a) 250 nm, (b) 200 nm and (c) 150 nm

4.4 Fabrication of NIL templates with negative square nanoholes
with tunable feature sizes

As another example of the NanoTuFe approach, a new set of NIL templates with negative
square nanoholes with shrunken tunable feature sizes can be realized as well. A remastering
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fabrication process has been reported achieving the similar results in previous reported work
[LGB+12]. Nevertheless, this process was conducted in an uncontrollable manner for random
feature sizes. It is now addressed and realized in a systematic and controllable manner to
complete the NanoTuFe methodology.

An illustrative fabrication process chain is schematically depicted in Table 4.5. A master
featuring circular nanoholes patterns (Step A) is used to replicate the soft stamp (Step B). A
plasma descumming process removes the residual layer of the resist after the imprint and forms
the etch-mask on the IT (Step C). The IT is chemically etched into inverse nanopyramids in
square layout by KOH solution (Step D). Another soft stamp is replicated from the inverse
nanopyramid IT (Step E) and used for imprinting on the final substrate (Step F). By etching the
substrates for different durations, the etch-mask is opened to various lateral dimensions owing
to the slope of the inverse nanopyramid patterns (Steps G-1/G-2/G-3, respectively). The final
substrate are subsequently etched by the cryogenic silicon etching process based on SF6/O2

chemistry to obtain smooth and vertical structure sidewalls for applications of NIL templates.
The square nanoholes with shrunken tunable feature sizes can be accomplished from the master
with circular patterns (Steps H-1/H-2/H-3, respectively).

Step 3D View Top View Cross-section
View

Notes

A master

B soft stamp replicated
from master

C NIL on IT

D IT-NP

E soft stamp replicated
from IT-NP
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F NIL on FS

G-1 masking on FS, etch
time t1

H-1 patterning on FS, re-
maining etch-mask
and resist removed

G-2 masking on FS, etch
time t2 > t1

H-2 patterning on FS, re-
maining etch-mask
and resist removed

G-3 masking on FS, etch
time t3 > t2

H-3 patterning on FS, re-
maining etch-mask
and resist removed

Table 4.5: Schematic shrinkage process of nanopatterns with tunable feature sizes (NanoTuFe) for
negative structures

A silicon master wafer in diameter of 150 mm that is fully patterned with circular nanoholes
featuring a diameter of 350 nm and a pitch of 500 nm is used. A SEM image of the master
is displayed in Figure 4.15(a). The replicated soft stamp and the imprinted IT using the
ambient center-to-edge scheme by GD-N-03 are shown in Figure 4.15(b) and Figure 4.15(c),
respectively.
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(a) SEM image of the master with
circular nanoholes

(b) Replicated soft working
stamp

(c) Imprinted intermediate tem-
plate

Figure 4.15: Images of the master, stamp and imprint

A SiO2 layer in thickness of 50 nm is thermally oxidized on 100 mm (100)-oriented silicon
wafers serving as the etch-mask. The photo-curable resist used for imprint is mr-NIL210 (Micro
Resist Technology) which is oxygen insensitive and compatible to PDMS-based soft stamps.
The resist consists of pure organic components that can be conveniently stripped by oxygen
plasma after imprint. The IT is imprinted by the PDMS/UV-PDMS bi-layer soft stamp. The
residual layer of the resist is descummed by oxygen plasma. The nanohole patterns in the SiO2

layer are formed by a RIE process using a gas combination of CHF3 and Ar. The remaining
resist on top of the SiO2 layer is further removed by oxygen plasma, leaving a clean etch-mask
to optimize the following processes.

Subsequently, the silicon IT masked by the SiO2 layer is etched chemically by KOH solution at
a concentration of 40% at 80 ◦C. The etch rate of silicon in the KOH solution at such a condition
reaches approximate 18 nm/s, whereas the etch rate of SiO2 etch-mask is limited to below 0.2
nm/s. It results in the high selectivity of silicon to SiO2 larger than 90:1. The fabricated IT with
inverse nanopyramid patterns after the SiO2 etch-mask is removed by hydrogen fluoride is
shown in Figure 4.16 (cf. Step D, Table 4.5).

A new bi-layer PDMS/UV-PDMS soft stamp is replicated from the inverse nanopyramids IT. A
50 nm SiO2 layer is thermally oxidized on the final silicon wafer. The final wafers are coated
with mr-NIL210 resist and imprinted by the nanopyramids patterned soft stamp. The imprinted
inverse nanopyramids structures in resist are shown in Figure 4.17 (cf. Step F, Table 4.5).

The SiO2 etch-mask is broken through at the next step, while the patterned resist is etched
down in the mean time. A RIE process utilizing CHF3 and Ar is used to remove both the resist
and the SiO2 etch-mask (Plasmalab 100). The etching parameters are listed in Table 4.6. The
lateral dimensions of the etch-mask openings are tuned by applying different durations of the
etch process. Figure 4.18(a) shows the SEM image where the SiO2 mask is opened to a width
of approximate 130 nm by an etching process of 2 min and 30 s. The flank angle of the mask,
i.e. the angle between the sidewall and the bottom, reaches nearly 80◦. Figure 4.18(b) shows
that the mask opening is widened to 160 nm for 2 min and 50 s. Openings with a width of
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(a) Top view (b) Tilted view

Figure 4.16: SEM image of the silicon intermediate template patterned with inverse nanopyramids by
KOH etching

(a) Top view (b) Tilted cross-section view

Figure 4.17: SEM images of the imprinted inverse nanopyramid structures in resist

approximate 190 nm and 220 nm are obtained by extending the etch durations to 3 min 10 s
and 3 min 30 s, respectively (Figure 4.18(c) and Figure 4.18(d)). The remaining resist on top of
the etch-mask is stripped afterwards by applying a microwave oxygen plasma at 250 W for 10
min (TePla 200, PVA).

Table 4.6: Process parameters of the break-through etch of the SiO2 etch-mask

Flow rate
(sccm)

RF Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

CHF3 Ar
12 38 200 30 20 ON

An ICP-RIE etching equipment is employed to structure the nanoholes on the final substrates at
cryogenic temperature (PlasmaPro 100 Cobra, Oxford Instrument). The total flow rate of SF6

and O2 is kept at 50 sccm in which the O2 accounts for 20%. The electrode is powered at an RF
frequency of 13.56 MHz for 5 W. The bottom electrode is cooled at -120 ◦C by liquid nitrogen.
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(a) 130 nm (b) 160 nm (c) 190 nm (d) 220 nm

Figure 4.18: Etching of the SiO2 etch-mask to the feature sizes of 130 nm (a), 160 nm (b), 190 nm (c),
220 nm (d), after removing the remaining resist

The substrate to be etched is kept in the process chamber for 5 min in prior to etching to level
the substrate temperature to the electrode. The high density plasma is generated by the ICP coil
independently at a power of 500 W. The chamber pressure is set to 6 mTorr. Helium backside
cooling is activated for stable thermal contact. The etching parameters are summarized in
Table 4.7.

Table 4.7: Process parameters of the cryogenic silicon etching on the final substrate for NIL template

Flow rate
(sccm)

Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

SF6 O2 ICP RF
40 10 500 5 6 -120 ON

The cryogenic etch rate corresponding to Table 4.7 reaches approximate 900 nm/min. The
etch process duration is set to 15 s. After the structuring, the remaining SiO2 etch-mask is
completely removed by hydrogen fluoride. Figure 4.19 shows the SEM images of the final
patterned nanohole structures with feature dimensions of 130 nm, 160 nm, 190 nm and 220
nm, respectively. The cryogenic process extensively enlarges the selectivity of silicon to SiO2

etch-mask. It can be seen that the SiO2 etch-mask is mostly preserved without experiencing
strong expansions. The feed gas combination of SF6/O2 results in a balance of the passivation
layer deposition and penetration. Very smooth and vertical sidewalls are achieved for the
shrunken nanohole structures.
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(a) 130 nm (b) 160 nm (c) 190 nm (d) 220 nm

Figure 4.19: SEM images of the tilted cross-section and top views of the new fabricated NIL templates
with feature sizes of (a) 130 nm, (b) 160 nm, (c) 190 nm, (d) 220 nm, after removing the
remaining SiO2 etch-mask

4.5 Image tone inverting by bi-layer lift-off

Lift-off is an effective technique to invert the structure layout and image tones. As NIL is a
top-down process during imprint and detaching, it is challenging to imprint a profile with the
angle between the sidewalls and bottom less than 90◦ (undercut), especially with large area
uniformity and high reproducibility. Therefore, direct lift-off, i.e. single layer lift-off, encounters
severe obstacles as the evaporated metal or equivalence will cover the sidewalls conformally
and lead to unsuccessful lift-off either by peeling or by dissolving.

Multi-layer lift-off process in NIL applications has been long addressed, although most of
the existing results are based on hard NIL. Bi-layer lift-off combinations like Poly(methyl
methacrylate) (PMMA) on lift-off resist (LOR) [CGS+03], TU7 resist on PMMA [Abe13], Hydro-
gen silsesquioxane (HSQ) on poly(vinyl alcohol) (PVA) [NTM05], HSQ on PMMA [TCZ+05],
PMMA on poly(methyl methacrylate methacrylic acid copolymer) (P(MMA-MAA)) [FRT+00],
and NEB22/Ti/PMMA tri-layer configurations [TBGP05] have been demonstrated. Neverthe-
less, the involvement of PMMA requires high temperature baking to thermally solidify it. In
highly miniaturized micro- and nano-components and systems, the high temperature may
hinder the integrated parts in a way like polymer reflow, film or membrane bending, and
therefore cause malfunctions. A bi-layer combination excluding PMMA such as resist on PVA
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has been reported [JHBL09]. However, the imprint area was limited to 1× 1 cm2 and the overall
uniformity is constrained by using a quartz working template for imprint.

To reduce the aforementioned issues of high temperature utilization, a new type of bi-layer
configuration for lift-off is designed. The bi-layer for lift-off presented in this work consists
of a sacrificial layer of pure organic material that can cross-link under UV light and a layer of
inorganic-organic resist for NIL patterning. No baking at high temperature is required for the
formation of the two layers, which allows temperature sensitive elements or underlying layers
to be integrated. Utilizing the soft UV-NIL by the ambient center-to-edge scheme as described
in Chapter 3, high uniformity and fidelity can be achieved over up to, but not limited to, 150
mm wafer level in this work.

The fabrications of intermediate templates with positive nanocones (IT-PC) and with negative
nanopyramids (IT-NP) have been thoroughly demonstrated in the previous sections of this
chapter. Furthermore, the silicon intermediate templates with negative nanocones (IT-NC) can
be etched by delicately adapting appropriate gas ratio of CF4/O2 or SF6/O2 for a balanced
passivation and penetration in ambient temperature or cryogenic temperature. All these
fabrications can be well engaged in up to 150 mm wafer level with a high uniformity. Although
the positive pyramids in micrometer range are commonly etched by alkaline solution (e.g.
KOH) in one step ((100) orientation), it is challenging to directly fabricate silicon intermediate
templates with positive nanopyramids (IT-PP) in nanometer scale. The scaling from micrometer
to nanometer range brings multiple concerns for (100) silicon KOH etching over large area.
The reduced free circulation space for KOH solution between adjacent structures causes local
overheating at the interface of the etch-mask and the underlying silicon substrate. It results in
a lifting of the etch rate so that the lateral etch width is hardly precisely controlled, since the
etch rate enlarges drastically as the temperature increases. Besides, the KOH etch at over-rate
easily and uncontrollably overetches the tips of pyramids and lifts off the etch-mask. It leaves
the (100) surface open to the KOH solution and be etched down at high etch rate. Furthermore,
once the etch-mask is peeled off, the various parts of the etch-mask randomly adhere to the
surface of silicon to block the KOH etching locally. In addition, even the micro pyramids etched
by KOH with defined etch-mask often own flat tops over the nanometer scale instead of sharp
tips [MKG+15], while the self-masked micro pyramids lack the periodicity and order, despite
that the sharp tips can be obtained [QLX+09].

By combining the NanoTuFe approach and bi-layer lift-off process, the nanostructures featuring
square nanopillars with tunable feature sizes have been successfully achieved from a single
master of circular nanoholes. In this procedure, the image tone is inverted from negative
to positive. The feature sizes are controllably modified to 100 nm, 200 nm and 320 nm and
more possibilities to come. The topography of the nanopillars are turned from circular shape
to square shape. Therefore, also as one of the goals of the NanoTuFe approach, the periodic
nanostructures with tunable feature sizes can be obtained at very low cost even including the
introduced lift-off process. By combining the silicon surface patterning technique like RIE,
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the substrates are etched with smooth and vertical sidewalls at moderate aspect ratio for NIL
template applications.

A series of schematic diagrams of the process flow are depicted in Table 4.8. A master with
nanohole patterns is prepared to initialize the fabrication process (Step A). Soft stamps can be
replicated from the master after it is treated with FDTS anti-sticking layer. A (100) oriented
silicon IT layered with an additional etch-mask is imprinted by the replicated soft working
stamp. After the etch-mask is etched through, the IT is immersed in KOH solution to form the
negative nanopyramids (Step B). A layer of pure organic photo-curable material is coated on the
final substrate, and followed by a layer of inorganic/organic hybrid NIL resist for patterning
(Step C). A soft stamp replicated from the IT-NP is used to imprint on the bi-layer coated
final substrate, resulting the negative nanopyramids in the resist (Step D). Taking advantages
of the sloping sidewalls of the nanopyramids, the openings on the patterned resist can be
changed simply by extending the etch duration. The complete resist layer is etched down and
meanwhile the width of openings is enlarged (Step E-1/E-2/E-3). The appearing sacrificial
layer can be descummed top down and laterally etched for undercut (Step F). A thin layer of
metal is evaporated rather than being sputtered over the surface of the substrate to leave the
sidewalls uncovered (Step G). The sacrificial layer along with the top patterned resist is lifted
off by wet chemical stripper (Step H). The dimensions of the evaporated metal landed on the
substrate surface correspond to the dimensions of the openings in the patterning layer. The
substrates can be patterned with smooth and vertical side-walls making use of the metal as
etch-mask for the application of NIL templates (Step I-1/I-2/I-3). Therefore, multiple substrates
featuring square nanopillars with tunable feature sizes can be achieved from a single master
with nanoholes.

Step 3D View Top View Cross-section
View

Notes

A master

B IT-NP

C Patterning resist and
sacrificial layer coating

D NIL in resist
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E-1 masking for etch time t1

E-2 masking for etch time t2

E-3 masking for etch time t3

F Sacrificial layer descum-
ming

G Metal evaporation

H Lift-off

I-1 surface patterning, etch-
mask removed

I-2 surface patterning, etch-
mask removed

I-3 surface patterning, etch-
mask removed

Table 4.8: Schematic process of combining the NanoTuFe approach and bi-layer lift-off process
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A silicon master with nanoholes in diameter of 350 nm and at pitch of 500 nm fully patterned
on 150 mm wafer is used to produce a silicon IT-NP. The SEM images of the master and IT-NP
have been shown in Figure 4.15(a) and 4.16(b). A bi-layer PDMS/UV-PDMS soft stamp is
replicated from the IT-NP afterwards.

As to the preparation of the bi-layer on the final 100 mm silicon substrate, the pure organic photo-
curable resist mr-NIL210 is used as the material for sacrificial layer. Its organic components
allow the oxygen plasma to strip the resist completely. Although this resist is not a specialized
lift-off resist, its properties meet the requirements for the demanded lift-off design. The mr-
NIL210 owns a low viscosity, and the spin-coating thickness is approximate 180 nm at 3000 rpm
for 60 s. The coated resist is flushed by UV light at 365 nm with intensity 20 mW/cm2 for 2
min to obtain full cross-link for a minimum UV fluence 2000 mJ/cm2.

The organic/inorganic resist AMONIL is used for the patterning layer. Its non-sensitivity to
oxygen offers the possibility for high etching selectivity to the underlying mr-NIL210 layer in
the oxygen plasma. The AMONIL is spin coated at 4000 rpm for 60 s resulting in a thickness
of around 190 nm (Step C). The substrate is imprinted by the PDMS/UV-PDMS soft stamp
replicated from the IT-NP using the ambient center-to-edge imprint scheme on GD-N-03.
Inverse nanopyramid patterns are transferred from the IT-NP to the AMONIL patterning layer
on the final substrate. The patterned negative nanopyramids are etched top down using an
ICP-RIE process using a gas combination of CHF3 and Ar by both chemical reactions and
physical bombardment (SI 500, SENTECH). The topography of the nanopatterns is changed
from circular shape to square shape owing to the well patterned nanopyramids. As explained
by the NanoTuFe approach in Section 4.1, the dimension of the squares is enlarged as the etching
duration increases. Tunable feature sizes of the squares can be obtained simply by applying
different etching durations. The etching parameters are listed in Table 4.9.

Table 4.9: Process parameters of the AMONIL patterning layer etching

Flow rate
(sccm)

Power
(W)

Pressure
(Pa)

Temperature
(◦C)

Helium
backside cooling

CHF3 Ar ICP RF
20 20 250 80 0.3 20 ON

The underlying mr-NIL210 layer appears as long as the AMONIL layer is etched through. Using
a gentle oxygen plasma descumming process, the mr-NIL210 in the open area can be completely
removed and the area covered by AMONIL can be underetched by over RIE descumming
(Plasmalab 100). The descumming parameters are given in Table 4.10.

100 mm silicon wafers are prepared for exemplar realizations. Each wafer is accompanied
by a monitoring wafer which experiences identical processing conditions at each single step
for results inspection in cross-section. The wafers after imprint are etched by ICP-RIE for
10 s, 20 s and 40 s respectively and followed by oxygen plasma descumming for 80 s each.
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Table 4.10: Processing parameters of the mr-NIL210 sacrificial layer descumming

O2 Flow rate
(sccm)

RF Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside coiling

50 200 100 20 ON

Correspondingly, the dimensions of the square openings are formed into 100 nm, 200 nm, and
320 nm. The top views and cross-sectional results after the descumming processes are displayed
in Figure 4.20. It can be seen that a slight undercut of the mr-NIL210 layer is obtained. The
undercut of sacrificial layer prevents the sidewalls from deposition of the metal layer.

(a) 10 s (b) 20 s (c) 40 s

Figure 4.20: Descumming and underetching of the sacrificial layer mr-NIL210 for different durations

Subsequently, the wafers are deposited with Chromium in a thickness of 40 nm, which is
approximate 25% of the sacrificial layer, by electron beam evaporation rather than sputtering.
The e-beam evaporation deposits less energetic particles to avoid high density self-organization
on the substrate. It provides the directional deposition of Chromium thin film in a line-of-sight
manner to minimize the sidewall conformal deposition, which is beneficial for the following
lift-off process. A productive remover TechniStrip P1316 (Technic) is chosen for subsequent
lift-off from dissolving and peeling tests among various removers. Although the highly cross-
linked mr-NIL210 is hard to completely dissolve, the TechniStrip P1316 is able to both peel and
dissolve the sacrificial layer when the solution is slightly heated. The Chromium deposited
wafers are immersed in TechniStrip P1316 for 10 min at 50 ◦C for lift-off and cleaned by DI-water
rinsing. The mr-NIL210 sacrificial layer, along with the topping AMONIL and Chromium, is
successfully peeled off from the substrate, leaving the 40 nm Chromium in square islands as
the etch-mask for the next step. No residuals of the sacrificial layer, the patterning layer or the
metal deposition on sidewalls left. Results after the evaporation of 40 nm Chromium layer and
after the lift-off are shown in Figure 4.21.

For the NIL template application, the silicon wafers are ought to be etched with smooth
and vertical sidewalls. The silicon wafers with 40 nm Chromium etch-mask are etched by
RIE (Plasmalab 100) by a gas combination of CF4 and O2 at ambient temperature. The CF4

chemically reacts with the silicon, while the O2 provides sufficient passivation on the sidewalls
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(a) Before lift-off (after Chromium evaporation) (b) After lift-off

Figure 4.21: The Chromium etch-mask with a thickness of 40 nm before and after lift-off

for anisotropic etching. Table 4.11 summarizes the etching parameters. The etching takes 5 min
at an etch rate of approximate 60 nm/min reaching a depth of around 300 nm. The etched
silicon wafers after removing the Chromium etch-mask are shown in Figure 4.22.

Table 4.11: Process parameters of the square nanopillars etching with Chromium etch-mask on silicon

Flow rate
(sccm)

RF Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

CF4 O2

16 4 200 30 20 ON

In summary, by combining the NanoTuFe approach and bi-layer lift-off process, square nanopil-
lars with tunable feature sizes have been successfully fabricated from a single master with
circular nanoholes. The image tone, layout and feature sizes have been modified.

4.6 Alternative feature size modification approaches for NIL
templates

The NanoTuFe approach enables a complete package to fabricate multiple new nanostructures
with tunable feature sizes in a delicate controllable manner on the etch-mask of the final
substrates. By combining the cryogenic silicon etching process, the silicon substrates can be
structured with vertical and smooth sidewalls for NIL templates. Alternative methods to shrink
or extend the feature dimensions of the nanostructures have been conducted. Although such
methods are short of delicate controllability and tuning range, they offer a straightforward
course to obtain large area patterned nanostructures with modified feature sizes in short cycle
and at low cost.
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(a) 100 nm (b) 200 nm (c) 320 nm

Figure 4.22: SEM images of the tilted cross-section and top views of the new fabricated NIL templates
using the Chromium etch-mask with feature sizes of (a) 100 nm, (b) 200 nm, (c) 320 nm,
after removing the remaining Chromium

4.6.1 By direct thermal oxidation

As discussed in Section 4.2.4, the silicon thermal oxidation process gives the chance to precisely
shrink the structures on the silicon substrate. To achieve a fast acquisition of new NIL templates
with shrunken feature sizes, the new NIL templates are firstly replicated from the master with
identical structures. The replicas are thermally oxidized for different periods and the grown
oxide is then removed. A schematic process is illustrated in Figure 4.23.

The master of positive circular nanopillars with feature size of 400 nm in diameter and 500 nm
in half-pitch is used. A bi-layer PDMS/UV-PDMS soft stamp is replicated from the master after
it is treated by FDTS. The soft stamp is used for imprinting on the final silicon wafers that are
oxidized with 50 nm SiO2 as etch-mask, and followed by descumming and silicon etching steps.
The remaining SiO2 etch-mask on each replica is removed completely in the end by hydrogen
fluoride leaving a clean silicon surface. By varying the oxidation durations, SiO2 with different
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thicknesses are grown on each replica respectively. Therefore, the feature size of each replica
is shrunken individually. The feature size, i.e. the diameter of nanopillar, is reduced by 100
nm when 50 nm SiO2 is grown into the original silicon/air interface. Further NIL replicas are
thermally oxidized for different durations, leading to different oxide thickness and thus the final
feature sizes. Some exemplar fabrications of NIL template featuring nanopillars with shrunken
dimensions by direct thermal oxidation are shown in Figure 4.24. Similarly, the feature size of
negative circular and square nanoholes can be extended by silicon thermal oxidation as well.

(a) Master (b) Replica (c) Thermal oxidation (d) Oxide removal

Figure 4.23: Schematic diagrams of the fabrication of new NIL templates with shrunken feature sizes
by direct thermal oxidation process

(a) Master (400 nm) (b) 300 nm

(c) 250 nm (d) 180 nm

Figure 4.24: SEM images of the top views of the new fabricated NIL templates with shrunken feature
sizes after removing the thermally oxidized SiO2
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4.6.2 By resist shrinkage

Organic NIL resists can also be conveniently shrunken during oxygen plasma descumming by
RIE. The shrunken patterned resist is used as the etch-mask to open the thin underlying layer
which is the etch-mask for the final substrate. The etched substrate for the use of NIL template
in the end owns feature sizes smaller than that of the original master.

The shrinking of the organic resist can be simply combined in the O2 descumming process after
imprint using the soft stamp replicated from the master. However, the resist is attacked by
the O2 molecules from all surrounding atmosphere randomly. The O2 molecules accelerated
from top down in the plasma remove the resist from the top, while the O2 molecules that move
non-vertically reach the surface of substrate and are reflected to attack the sidewalls of the
resist. All reflected O2 molecules collide each other and attack the resist from random directions.
Therefore, although the lateral dimension of the patterned resist is reduced, the fidelity of the
patterned profile is lost. A schematic shrinking process is illustrated in Figure 4.25.

(a) Master (b) Soft stamp replication (c) Imprint on final substrate

(d) Resist shrinkage (e) Masking (f) Etching (new NIL template)

Figure 4.25: Schematic diagrams of the fabrication of new NIL templates with shrunken feature sizes
by resist shrinkage

For the realization, the same master used in previous sections is employed. A PDMS/UV-PDMS
soft stamp is replicated from FDTS treated master. Pure organic NIL resist mr-NIL210 is used
for the imprint. The residual layer of the resist is descummed by O2 plasma by RIE, and the
resist is further shrunken by extending the descumming durations. The etching parameters for
descumming are listed in Table 4.12. The residual layer thickness after imprint is approximate
50 nm which takes 10 s to be completely removed. Additional 10 s exposure in O2 plasma
reduces the lateral dimension of the patterned resist to 350 nm, while exposure for 30 s leads
to the shrinkage of patterned resist to 200 nm. The results can be seen in Figure 4.26. The
shrunken patterned resist can be used as etch-mask for structuring the underlying layer. The
structured underlying layer such as SiO2 or Si3N4 could function as the etch-mask for silicon
substrate etching to ensure the high fidelity and selectivity.
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Table 4.12: Process parameters of the oxygen plasma descumming process

O2 flow rate
(sccm)

Power
(W)

Pressure
(mTorr)

Temperature
(◦C)

Helium
backside cooling

50 200 100 20 ON

(a) After imprint and descum-
ming

(b) Resist shrinkage for addi-
tional 10 s after descumming

(c) Resist shrinkage for additional
30 s after descumming

Figure 4.26: SEM images of top views of the patterned resist after descumming and shrinkage

4.7 Conclusions

The NanoTuFe approach, i.e. the fabrication of periodic nanostructures with tunable feature sizes
in large area and at low cost, is designed and realized. Multiple new nanostructured wafers for
the application as NIL templates are produced from a single master. An intermediate template
(IT) with sloping sidewalls is introduced to bridge the master and the newly fabricated final
substrates. As one example, a master with positive circular nanopillars is used to produce the
IT with positive nanocones. The nanocones with smooth sidewalls and sharp tips are formed
by silicon cryogenic etching and thermal oxidation. Wafers in diameter of 100 mm featuring
positive circular nanopillars are fabricated with tunable diameters of 150 nm/200 nm/250 nm
from a master with feature size of 400 nm in diameter. Another example is demonstrated
to obtain NIL templates with negative square nanoholes from a master featuring negative
circular nanoholes. An IT with negative nanopyramids (IT-NP) is chemically etched by KOH.
100 mm wafers featuring negative square nanoholes with tunable dimensions of 130 nm/160
nm/190 nm/220 nm are produced from master with feature size of 350 nm. In addition to the
demonstrated examples, it has been shown to fabricate square nanopillars from a master with
circular nanopillars with tunable dimensions, and nanoholes with shrunken feature sizes from
a master of same type.

Furthermore, the NanoTuFe approach is extended by integrating a bi-layer lift-off process in the
fabrication chain. The sacrificial layer uses a pure organic material that can be simply removed
by oxygen plasma, while the top patterning layer is an inorganic/organic material which is
not sensitive to oxygen plasma. Utilizing the lift-off process, the image tone can be inverted.
New NIL templates featuring positive square nanopillars with tunable feature sizes of 100
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nm/180 nm/320 nm from a master featuring circular nanoholes with 350 nm in diameter are
demonstrated.

Moreover, two simple alternative methods to shrink the feature sizes of silicon nanopillar
structures are proposed. The feature size is reduced in one way by oxidizing the silicon and
removing the oxides afterwards. In the other way, the dimension of the imprint nanopillars
resist can be reduced by modifying the plasma descumming parameters. Both methods provide
a straight-forward realization of positive nanostructure shrinkage and are also suitable for
negative nanostructure expansion.

Two additional applications relying on the soft UV-NIL by center-to-edge scheme and the
NanoTuFe approach will be given in the next two chapters.
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5 High-aspect-ratio nanostructures for highly

absorptive surfaces 1

High-aspect-ratio nanostructures have been of significant interest for recent developments of
miniaturized nanoscale elements and devices. The application of high-aspect-ratio nanopatterns
have been demonstrated in detail ranging from X-Ray diffractive elements [VCPL+12, CS14,
MVGS+16], photonics [BLA+16] to solar cells [Li12], energy [WZW+16, WXML17], biological
systems [Mum10] and so on. In the following, the fabrication of periodic high-aspect-ratio
nanopatterns such as nanopillars, nanoneedles and nanowires with defined feature sizes by
combining the NanoTuFe approach (described in detail in Chapter 4) and deep top-down surface
patterning techniques is described.

The integration of functional nanostructures in micro systems opens up new possibilities
for miniaturized, multifunctional and more complex elements. Microelectronic devices that
are omnipresent in our daily lives can be expected for further sophisticated miniaturization.
The nano-scale elements have to be connected with micro-scale components to communicate
with the real world. Therefore, the emerging technologies have brought the integration of
nanostructures in micro devices from concept to implementations.

In this chapter, the fabrication of high-aspect-ratio silicon nanostructures with tunable feature
sizes (feature sizes from 70 nm to 400 nm, etch depth of 4-7 µm) is firstly demonstrated. An
application of the nanostructures deposited with metal for highly emmisive surfaces is then
introduced.

5.1 Fabrication of high-aspect-ratio nanostructures

Many top-down and bottom-up technologies can be used to fabricate nanostructures with
high aspect ratios like nanopillars, nanoneedles, or nanowire with extreme high aspect ratio
which is typically larger than 1000. Reactive ion etching with cyclic passivation and etching
steps (DRIE), which is often seen as a deep etching technique for micro systems, is carried
out to fabricate nanopillars with a high density and a high aspect ratio. The passivation layer
functioning as an etch-mask is top-down penetrated only at the etch step at an optimal ratio
of the passivation and etching. By this mean, an overall vertical sidewalls with local scallops

1This work has been collaborated with and supported by Karin Wedrich, and extended from the work of Karin
Wedrich and Lutz Müller
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with feature size commonly of a few tens of nanometer can be obtained. When combining the
NanoTuFe approach and DRIE, high-aspect-ratio nanopillars with tunable feature sizes can be
fabricated.

The main steps of the fabrication process for high-aspect-ration nanopillars by DRIE is schemat-
ically depicted in Figure 5.1 while more details can be referred to Chapter 4. A master with
nanopillars in a diameter of 400 nm is used to generate new nanopillars with diverse dimensions.
Circular nanopillars in diameters of 350 nm and 250 nm are patterned in 50 nm oxidized SiO2

etch-mask on 100 mm wafers (Plasmalab100, Oxford Instruments) by the NanoTuFe approach.
The nanopillars are etched by the DRIE process subsequently (STS-ASE). The processing pa-
rameters employed in the DRIE are given in Table 5.1. The etch process starts with passivation
and ends with etch step. The SiO2 etch-mask on the 400 nm and 350 nm nanopillars remain
while some of the etch-mask on the 250 nm nanopillars is cut off at the first etched scallop. The
cross-sectional images of the nanopillars are shown in Figure 5.2.

Figure 5.1: Schematic diagrams of the high-aspect-ratio nanopillars combined with NanoTuFe approach
and bi-layer lift-off: (a) master; (b) intermediate template; (c) imprinted final substrate;
(d) etch-mask opened to different dimensions; (f) nanostructure formation by DRIE and
etch-mask removal

Table 5.1: The processing parameters of DRIE for circular nanopillars with scallops

Step
Gas

(sccm)
ICP Power

(W)
RF Power

(W)
Time

(s)
Pressure
(mTorr)

Temperature
(◦C)

Helium
cooling

Etch
SF6 O2 450 12 11

94 30 ON
130 13

Passivation
C4F8 450 0 11

85

In addition, the topography of the highly ordered circular nanopillars can be modified into ones
with square shapes as discussed in Section 4.5 combining the bi-layer lift-off and the NanoTuFe
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(a) 400 nm (b) 350 nm (c) 250 nm

Figure 5.2: SEM images of the cross-sectional view of the nanopillars with scallops etched by DRIE. The
feature sizes are (a) 400 nm, (b) 350 nm and (c) 250 nm in etch-mask

approach. A series of schematic sketches is shown in Figure 5.3. The master that has been shown
in Figure 4.15(a) is used to produce the intermediate template with negative nanopyramids
(IT-NP) in Figure 4.16. PDMS/UV-PDMS soft stamps are replicated from the IT-NP after the
IT-NP is treated by FDTS anti-sticking layer. A combination of mr-NIL210 and AMONIL is
utilized as the two layers for lift-off. The AMONIL patterning layer is etched by ICP-RIE
using CHF3/Ar (SI 500, SENTECH) while the sacrificial layer mr-NIL210 is descummed and
underetched by RIE using O2 plasma (Plasmalab 100, Oxford Instruments). Taking advantage
of the NanoTuFe approach, feature sizes of the opening are modified into 70 nm, 100 nm and
220 nm at a constant pitch of 500 nm. Chromium is deposited over the wafer by electron beam
evaporation at an equivalent thickness of 40 nm. The sacrificial layer mr-NIL210 together with
the topping patterning layer AMONIL and deposited Chromium are lifted off by immersing in
TechniStrip P1316 at 50 ◦C for 10 min. After lift-off, the deposited Chromium islands in square
shape are left on the surface of the wafer without sidewall residuals (Figure 5.4).

Making use of the Chromium as a etch-mask for the silicon substrate, the wafer is deep etched
by DRIE at conditions based on Table 5.1. As the feature size of the square nanopillars is small
(min. sub-100 nm), the etch duration in each cycle is shortened from 11 s to 6 s to avoid the
lateral cut-off from the scallops on the sidewalls. The square nanopillars with feature size of
70 nm, 100 nm and 220 nm are etched for 50 cycles, resulting in a depth of approximate 6.5
µm. The remaining Chromium etch-mask can be completely removed by Chromium etchants
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Figure 5.3: Schematic diagrams of the high-aspect-ratio nanopillars combined with NanoTuFe approach
and bi-layer lift-off: (a) master; (b) intermediate template; (c) imprinted final substrate; (d)
patterning layer opened to different dimensions; (e) sacrificial layer descumming, underetch-
ing, and metal evaporation for lift-off; (e) nanostructure formation by DRIE after lift-off, and
Chromium etch-mask removal

(a) 70 nm (b) 100 nm (c) 220 nm

Figure 5.4: SEM images of the top view of the square nanopillars masked with feature sizes of (a) 70
nm, (b) 100 nm and (c) 220 nm at pitch of 500 nm

“Chrome etch n◦ 1” which is a mixture of ceric ammonium nitrate, perchloric acid and H2O at a
ratio of 10.9% : 4.25% : 84.85%. The corresponding SEM images are displayed in Figure 5.5.

The aspect ratio of the nano-grassy-pillars etched down by DRIE for the aforementioned samples
reaches up to 100. The Chromium etch-mask is preserved well during altering the passivation
and etching steps. A slight positive angle (91◦ - 92◦) between the sidewall and the bottom is
shown which causes no risk for cut-off by the scallops. The aspect ratio can be expected to be
further enlarged by increasing the etching cycles.
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(a) 70 nm (Chromium not re-
moved)

(b) 100 nm (Chromium not re-
moved)

(c) 220 nm (Chromium not re-
moved)

(d) 70 nm (Chromium removed) (e) 100 nm (Chromium removed) (f) 220 nm (Chromium removed)

Figure 5.5: SEM images of the square nano-grassy-pillars with feature sizes of (a/d) 70 nm, (b/e) 100
nm and (c/f) 220 nm etched for 50 cycles

5.2 High-aspect-ratio silicon-metal nanostructures for highly
emissive surface

The integration of metal nanostructures into silicon microstructures offers new capabilities in
the field of infrared (IR) sensor systems. Silicon-based non-periodic microstructures with very
high emissivity in the near to mid IR (800-2500 nm) at wafer-level have been addressed using
well-known fabrication technologies without risk of equipment contamination. Self-masked
non-periodic silicon grass with platinum by glancing angle deposition is fabricated. It exhibits
high absorbing properties over the entire target wavelength with an absorbance over 95%
[MKB+14]. The addressed silicon grass before and after the platinum deposition as well as its
integration as the membrane of micro hotplate are shown in Figure 5.6.

The maskless (without using additional etch-mask layer) etching of silicon grass relies on
the carbon clusters locally covering the surface of the substrate to be etched and acting as a
nanomask (self-masking) [LKU+11]. The scallops on the sidewalls of silicon grass result from
the DRIE with altering passivation and etch cycles. On account of its self-masking property, the
silicon grass is formed in a chaotic random manner in terms of surface topography.

The silicon grass can be arranged in a highly ordered topography by NIL, though the structures
are no longer grass-like because of the consistent orientation. After removing the remaining
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(a) Etched Si-grass (b) Pt deposi-
tion

(c) A fabricated IR emitter (d) Pt deposited Si-grass

Figure 5.6: (a) SEM images of cross-section view of the etched silicon grass, (b) a schematic diagram
of self-shadowed deposition process of the platinum nanostructures, (c) low magnification
SEM image of a fabricated IR emitter (backside) and (d) SEM image of cross-section view of
the platinum deposited silicon grass [MKB+14]

(a) 400 nm (b) 350 nm (c) 250 nm

Figure 5.7: SEM images of the cross-sectional view of the nano-grassy-pillars with feature sizes of (a)
400 nm, (b) 350 nm and (c) 250 nm with deposited Titanium in an equivalent thickness of
400 nm

SiO2 etch-mask by HF or buffered oxide etch (BOE), the wafers with highly ordered silicon
nano-grassy-pillars are evaporated with Titanium in an equivalent thickness of 400 nm. The
deposited Titanium grows along the scallops of the grassy-pillar, forming a local glancing
angle deposition effect. The nano-grassy-pillars with grown Titanium are shown in Figure 5.7.
Similarly, the Titanium can be deposited on the nano-grassy-pillars in square shape as well. The
silicon-Titanium (at an equivalent thickness 400 nm) square nano-grassy-pillars are shown in
Figure 5.8.
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(a) 70 nm (b) 100 nm (c) 220 nm

Figure 5.8: SEM images of the cross-sectional view of the square nano-grassy-pillars with feature sizes
of (a) 70 nm, (b) 100 nm and (c) 220 nm with deposited Titanium in an equivalent thickness
of 400 nm

It has been referred that the integration of Platinum into the silicon grass could significantly
increase the absorbance and emission at the wavelength of 800 nm-2500 nm near to mid IR
range. The reflectance and transmittance of the silicon grass is reduced compared to the
plain silicon while the silicon grass combined with Platinum nanocrystals dramatically brings
down the reflectance and transmittance closed to zero [MKB+14]. For the structures fabricated
by NIL, the silicon nano-grassy-pillars deposited with Titanium have similar properties as
well. The measurement of the reflection and transmission is carried out by a UV-Vis-NIR
Spectrophotometer (Cary 5000).

As shown in Figure 5.9(a), the reflectance can be simply collected by the single light beam
from the direct reflection in the case of ideal surface. In contrast to that, when light comes to
the structured rough surface, the incident light creates a hemisphere of diffuse illumination
surrounding the striking point on the surface. As a result, the measurement should collect
all hemispherical reflections. The measurement setup in the spectrophotometer is shown in
Figure 5.9(b). For the measurement of reflectance, the light beam travels through the rear sample
port and hits the sample which is held on the sample positioning cap to block the front sample
port. The sample positioning cap is tilted by 3◦ 20′ to prevent the specular components of the
incident light from reflecting back out through the rear sample port. All diffusion reflections
from the sample can be collected by the sphere and detected by the photo-detector. To measure
the transmittance, the sample is held at the rear sample port and the front sample port is
blocked by a PTFE part. The transmitted components hit the PTFE cover on the tilted front port
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(a) A comparison of direct and
diffuse reflection

(b) A schematic diagram of the reflection and transmission mea-
surement

Figure 5.9: The reflection and transmission measurement by hemispherical setup (after [MKB+14])

and reflected to the sphere. All diffusion reflections from the PTFE cover are collected by the
sphere and detected by the photo-detector.
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Figure 5.10: Reflectance, transmittance and absorbance characterizations for plain silicon and nano-
grassy-pillars with Titanium
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The reflectance and transmittance at the wavelength of 800 nm to 2500 nm are measured by
the hemispherical setup. Plain silicon, nano-grassy-pillars at etch depth of approximate 6.5
µm deposited with Titanium at equivalent thickness of 200 nm and 400 nm are measured as
shown in Figure 5.10. The deposition of Titanium on the high-aspect-ratio nano-grassy-pillars
roughen the silicon surface making it close to “black body” which reduces the interference of
light resulting from the periodicity of the structures. In the wavelength range from 800 nm to
1100 nm, approximate 30% is reflected from both sides of the plain silicon surface, and it can be
seen as almost transparent (close to zero transmittance). From 1100 nm to 2500 nm wavelength,
the reflectance of the plain silicon is maintained at around 40% while the transmittance reaches
between 50% and 55%. In contrast, both types of nano-grassy-pillars with Titanium exhibit
extreme low reflectance and transmittance over the complete wavelength range.

The absorbance of plain silicon and nano-grassy-pillars with Titanium can be calculated from
the reflectance and transmittance. Compared to the well-known absorbance spectrum of silicon,
the silicon nano-grassy-pillars with 200 nm and 400 nm Titanium have significantly enhanced
the ability of absorption which reaches above 90% at 800 nm to 2500 wavelength. Excellent
absorbance of silicon nano-grassy-pillars with Titanium, as well as the addressed silicon grass
with Platinum and extra metals, gives rise to their applications in efficient absorbing sensing
elements.
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6 Patterning diffractive optic elements on non-planar

surfaces 1

As discussed in Chapter 3 and Chapter 4, the soft UV-NIL utilizing the ambient center-to-edge
scheme provides great potential to imprint on non-planar surfaces. Taking advantage of the
bowing of the soft stamps, the flexible soft stamps could follow the geometry of the substrate to
be imprinted and naturally contact most surfaces conformally. High freedom on the Z axis of
the substrate holder and the stamp provides adequate space for convex topographic surface.
The low imprint pressure and the elasticity of the stamps alleviate the contrast of the lateral
pressure distribution when imprinting on curved surface.

Refractive optics involve elements that change light waves in direction due to the variations
of the propagation medium. Convex lens is one of the simplest refractive elements to focus
light beams. When the light waves come across an obstacle that is comparable in size to
the incident light wavelength, the light bends at the corner of the obstacle and behaves as
diffractions. The integration of refractive lenses and diffractive optic elements (DOEs) is
classically used to compensate for the chromatic aberrations. Compared to most of the glasses
where the deflection angle decreases as wavelength increases, the correlation in DOEs is inverse
as shown in Figure 6.1(a) and Figure 6.1(b). When a refractive lens is combined with a linear
grating, multiple focuses in horizontal plane can be generated (Figure 6.1(c)). Furthermore, the
advanced fabrication technologies of DOEs allow a cost-efficient realization for the complex
optical functionalities. The separation of optical functions into refractive and diffractive portions
reduces the demands on minimum feature sizes. Therefore, the idea of hybrid elements
enhancing refractive “basic” surface with diffractive structures is highly promising especially
for monochromatic applications [KKSS11].

In order to combine the advantages of both refractive lens and DOEs, separate lens and DOEs
can be positioned on the same axis to obtain focused beams in diverse orders for applications
such as an optical information storage sensing system [CHH+13], two-photon polymerization
[BZNT12]. Moreover, multi-layered diffractive optic lenses have been reported that an individual
diffraction grating is sandwiched by two glass lenses for imaging [chr].

In the following, a technological approach to transfer specific DOE patterns directly on the
curved surface of a refractive lens using the soft UV-NIL by ambient center-to-edge scheme is
demonstrated. In Section 6.1, the master wafer with four-level diffractive lenses (DLs) consisting

1This work has been collaborated with and supported by Patrick Feßer and Adrian Grewe
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(a) Refractive lens (b) Diffractive lens (c) Refranctive lens + lin-
ear diffractive element

Figure 6.1: Chromatic aberration for refractive (a) lens, (b) diffractive lens, and (c) combination of
refractive lens and diffractive element (by Adrian Grewe)

of several concentric rings each is fabricated. PDMS-based soft stamps are replicated from
the wafer with DLs and used to imprint on the curved surface of a plano-convex lens. In
Section 6.2, the imprinted diffractive lenses on the plano-convex lens are characterized by white
light interferometry.

6.1 Master fabrication 2

A wafer made from fused silica in a diameter of 100 mm is used to fabricate the master. The
dimensions of the rings are defined by a given scenario with a minimum feature size of 700
nm and the central zone is 250 µm in diameter. The four-level DLs are structured by two-step
photo-lithography processes using two distinct photo-masks (refer to as mask A and B) and
respective plasma etch processes as shown in Figure 6.2. For dehydration, the plain fused silica
wafer is thoroughly cleaned and baked at 250 ◦C for twenty minutes. After being applied
with adhesion promoter Hexamethyldisilazane (HMDS) vapor, the wafer is coated by positive
photoresist AZ ECI 3000 series at a thickness of 0.7 µm. The resist is patterned using mask
A that covers the 2nd and 4th rings and leaves the 1st and 3rd rings exposed (Mask Aligner
MA8, SUSS MicroTec). Utilizing the resist as etch-mask after development, the 1st and 3rd

rings are etched into the fused silica substrate to a depth of 300 nm by ICP-RIE process (SI 500,
SENTECH). The etching conditions are given in Table 6.1. The remaining resist is completely
removed after the etching step. In the second lithography cycle, the mask B that blocks the
3rd and 4th rings is used to transfer the patterns into the resist. The 1st and 2nd rings, which
are uncovered by photoresist, are etched by ICP-RIE to a depth of 600 nm (as twice as that in
the first etch step) at the same etch conditions. After removing the remaining photoresist, the
four-level DLs are achieved.

The fabricated master is displayed in Figure 6.3(a). White light interferometry (WLI) has been
carried out to measure the etching profile of the master. The measured surface profile is shown

2This part has been independently accomplished by Patrick Fesser
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(a) A 2-D sketch

(b) A 3-D illustration of the fabrication flow of the master

Figure 6.2: The fabrication flow of the master with four-level DLs

Table 6.1: Process parameters of the fused silica master etching

Flow rate
(sccm)

Power
(W)

Pressure
(Pa)

Temperature
(◦C)

Helium
backside cooling

CHF3 Ar ICP RF
20 20 250 80 0.3 20 ON

in Figure 6.3(b) and 6.3(b). Figure 6.4 presents the WLI measurement results at the center,
at the middle rings, and at the outer rings of a single DL, respectively. The images on the
left-hand side show the measured topography in top view that indicated by colors. The images
on the right-hand side give the surface profiles in cross-section view of X-direction where the
measurement line is placed in the middle of Y-axis.
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(a) Image of the master in 100
mm fused silica

(b) Profile measurement by WLI (c) Profile measurement by WLI
(magnified)

Figure 6.3: An image of the master with four-level DLs and WLI measurements

(a) At the center; the width of the first ring-zone is 108 µm

(b) At the middle rings in width of approximate 45 µm

(c) At the outer rings in width of approximate 15 µm

Figure 6.4: WLI topography measurement of the master
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6.2 Pattern transfer

First of all, it is necessary to treat the surface of the fabricated master by FDTS as an anti-sticking
layer for soft stamp replications. A PDMS soft stamp is replicated from the master. In order
to fulfill the structure cavity volume, the plano-convex lens is double spin-coated with NIL
resist mr-NIL210-500 nm at 3000 rpm (applying NIL resist by spray coating would improve the
coating uniformity, which is engaged in the forthcoming work). The prepared lens is imprinted
by GD-N-03. Taking advantage of the bowing of the soft stamp in the ambient center-to-edge
scheme, the convex surface of the lens is pressed towards the soft stamp and reaches conformal
contact. The adopted imprint process is illustrated in Figure 6.5.

(a) Positioning (b) Contacting

(c) Conformal imprint and UV expo-
sure

(d) Separation

Figure 6.5: Schematic diagrams of the NIL process for patterning DOEs on plano-convex lens

The replicated PDMS soft stamp and the imprinted lens are shown in Figure 6.6. Surface
topography has been measured by WLI as well for the center rings, middle rings and outer
rings (Figure 6.7). It can be seen that a high fidelity of the concentric rings on each DL of the
master has been maintained.

As a proof-of-concept, the DOEs have been successfully transferred on the convex surface of a
refractive lens directly by soft UV-NIL by the ambient center-to-edge scheme. However, it is
worth noting that there are diverse open issues for real-scenario applications. The dimensions
of the concentric rings on the DLs or other DOEs depending on the targeted optical properties
have major impact on the resist cavity filling of NIL. Moreover, alignment accuracy of the DOEs
patterns on the refractive lens is crucial for the outcome performance. The refractive index
of the imprinted resist is of critical importance in the case where the resist carries the final
pattern. Alternatively, if the DOEs patterns are transferred into the lens, etching of fused silica
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(a) PDMS soft stamp (b) Imprinted lens (c) Surface profile of the im-
printed lens

Figure 6.6: The replicated PDMS soft stamp and the imprinted lens

(a) At the central rings

(b) At the middle rings

(c) At the outer rings

Figure 6.7: WLI topography measurement of the imprinted lens
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on the curved surface with the NIL resist as etch-mask leads to additional challenges such as
the etching selectivity of the resist to the lens, the fact that the resist is not in line with the path
of radicals and ions of the etching plasma. These issues are to be investigated as future work.
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7 Summary and future work

This thesis presents the recent development of the soft UV Nanoimprint Lithography (NIL) at
the Institute of Micro- and Nanotechnologies (IMN). The goal is to establish the NIL process
using soft stamps for large area (up to 150 mm diameter wafer-level) patterning with high
reproducibility. Based on the solid technology, multiple types of nanostructures are able to be
fabricated and manipulated in a controllable manner encompassing diverse possibilities for
integration of nanostructures into micro-elements.

To begin with, a bi-layer soft stamp configuration is established for the center-to-edge imprint
scheme for wafers up to 150 mm using the GD-N-03 system (GDnano). The center-to-edge
scheme takes advantage of the bowing of the soft stamp to achieve conformal contact between
the stamp and substrate from the center to the edge. The system originally adopts a type
of Polydimethylsiloxane (PDMS) soft stamp which has been long acknowledged for micro-
structure patterning. However, as the resolution requirement increases drastically, additional
types and materials for the soft stamps appear to alleviate the potential insufficient wetting
behavior, corner rounding, deformation and distortion when using PDMS for nanoscale imprint.
A type of bi-layer soft stamp consisting of a PDMS soft carrier and a feature layer made from
advanced stamp materials is configured. The PDMS carrier, having a thickness of approximate
2 mm, provides the overall flexibility for large area conformal contact. PDMS-based materials
such as X-PDMS, vvsPDMS, UV-PDMS, as well as PDMS diluted by organic solvent like toluene
are employed for the feature layer at a thickness of approximate 150 µm. The feature layer
is co-cured with the PDMS soft carrier either thermally (toluene-diluted PDMS, X-PDMS,
vvsPDMS) or through UV light (UV-PDMS). The configurations of the bi-layers exhibit high UV
transmission and show high elasticity in instrumented nanoindentation tests.

The imprint is conducted in ambient atmosphere where no pre-evacuated imprint chamber
is used. A low pressure of 0.5 kPa is provided to the backside of the soft stamp for sufficient
bowing, as it is verified no external imprint pressure is necessary to reach complete resist filling
for small nanostructures with adequate resist type and volume when using PDMS-based soft
stamps. A potential critical issue with consecutive ambient imprints is that the evaporated
solvent of resist and the existence of oxygen and nitrogen may hinder the imprint. High
reproducibility and uniformity of imprint by a single stamp have been validated using the
PDMS/PDMS, PDMS/toluene-diluted PDMS and PDMS/UV-PDMS soft stamps. It reveals that
the critical issues mentioned above do not hamper the imprint when using these soft stamps.
Although the X-PDMS and vvsPDMS feature layers can be successfully bonded with the PDMS
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Figure 7.1: A summary of the NanoTuFe approach

soft carrier, these types of bi-layer soft stamps lack the reproducibility and pattern transfer
fidelity by the ambient center-to-edge imprint scheme.

In light of the promising performance of the ambient center-to-edge imprint using PDMS/PDMS,
PDMS/toluene-diluted PDMS and PDMS/UV-PDMS soft stamps, a fabrication approach is
designed to produce periodic nanostructures with tunable feature sizes and layouts (the
NanoTuFe approach). The aim is to fabricate multiple nanostructured wafers and substrates
with diverse topographies from a single master in a short processing cycle and at low cost. A
summary of the NanoTuFe approach is illustrated in Figure 7.1. An intermediate template (IT)
is introduced to bridge the master and the final substrates, and it enables the tuning of feature
sizes and shapes. The major contributions are:

• A master featuring positive circular nanopillars is used to produce the IT with positive
nanocones (IT-PC). The nanostructure is transferred by soft UV-NIL. The nanocones
are realized by combining the silicon cryogenic etching and thermal oxidation. Smooth
sidewalls and sharp tips have been obtained, while the sidewall angle can be adjusted.
Taking advantage of the sloping sidewalls of the nanocones on the IT-PC, 100 mm wafers
featuring positive circular nanopillars with tunable diameters are fabricated for the
application of NIL templates (150 nm/200 nm/250 nm shrunken from 400 nm master
demonstrated) . In this case, the feature size is shrunken, while the image tone (positive)
and feature layout (circular) are maintained.

• A master with negative circular nanoholes is used to produce the IT with negative
nanopyramids (IT-NP). The nanostructure is transferred by soft UV-NIL. The inverse
nanopyramids are chemically etched by potassium hydroxide (KOH) solution. Making
use of the sloping sidewalls of the nanopyramids on the IT-NP, 100 mm wafers featuring
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negative square nanoholes with tunable dimensions are fabricated for the application
of NIL templates (130 nm/160 nm/190 nm/220 nm shrunken from 350 nm master
demonstrated). In this case, the feature size and layout (from circular to square) of the
structures are changed while the image tone (negative) is maintained.

• Utilizing the fabricated IT with negative nanopyramids (IT-NP), the final substrate coated
by a sacrificial layer and a patterning layer is structured with negative nanopyramids.
After the patterning layer opening and sacrificial layer underetching, the image tone is
inverted following the metal deposition and bi-layer lift-off. Final substrates featuring
positive square nanopillars with tunable feature sizes are accomplished by combining the
bi-layer lift-off and the NanoTuFe approach (100 nm/180 nm/320 nm from 350 nm master
demonstrated). In this case, the feature size, feature layout (from circular to square), and
image tone (from negative to positive) are all tuned.

In the bi-layer lift-off configuration, a pure organic resist which can be easily removed
by oxygen plasma is used for sacrificial layer, while the patterning layer is a hybrid
composition of inorganic/organic material that is not sensitive to oxygen plasma. The
bi-layer configuration excludes high temperature heating that is commonly required using
Poly(methyl methacrylate) (PMMA) as a sacrificial layer. It offers great potentials to
integrate the nanostructures into thermal-sensitive micro-elements.

• Using a master with negative circular nanoholes to produce the intermediate template
with negative nanocones (IT-NC) is feasible as well. Nanocones with smooth sidewalls
and sharp tips can be obtained by delicately modifying the processing parameters of
silicon etching, e.g. the gas ratio between SF6 and O2 in cryogenic etching. By exploiting
the IT-NC, final substrates featuring negative nanoholes with tunable feature sizes can be
accomplished. In this case, the feature size is adjusted while the feature layout and image
tone remain.

• It is worth noting that the tunable feature size, feature layout and image tone are obtained
in the etch-mask on the final substrate. Therefore, diverse surface patterning techniques
can be adopted for the subsequent substrate structuring. In addition, deep reactive ion
etching (DRIE) is able to produce structures with a high aspect ratio. Metal-assisted
chemical etching (MaCE) is another effective method to form high-aspect-ratio silicon
nanowires with porous surfaces. Besides, the type of the substrate is not limited to silicon
or silica. Additional III-V semiconductor materials or common metals are the potential
candidates as well.

The NanoTuFe fabrication approach has been feasibly realized. Its attractive properties are
summarized as follows:

Low cost The NanoTuFe approach excludes the cost-intensive electron beam lithography (EBL),
interference lithography (IL) and similar direct writing techniques. It utilizes a series of
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well-known technologies to conduct the large area nanopatterning. Each step of processing
is performed cost-efficiently. The tuning of the feature dimensions is accomplished simply
by shortening or extending the mask etching duration for seconds. Numerous NIL
templates patterned on wafer-level with tunable feature sizes, layouts and image tones
are generated at an extreme low cost in contrast to commercial products or the ones made
by other processes.

Short processing cycle The fabrication chain in the NanoTuFe approach can be accomplished
in a short processing cycle. Each fabrication step requires a short equivalent processing
period.

• It takes approximate two hours for the Perfluorodecyltrichlorosilane (FDTS) depo-
sition, which is mandatory for soft stamp replications from silicon master or silica
master with structures of high density. However, it can be conducted in batch process
and has a long life-time for tens of replications.

• Each single soft stamp replicated from the master is able to be used for multiple
imprints.

• The full soft UV-NIL process including resist coating and automatic imprint typically
takes less than 10 min.

• The inductively coupled plasma enhanced reactive ion etching (ICP-RIE) process for
high etch rate are completed within 1 min, such as IT-PC/IT-NC formation, resist
patterning, feature dimensions tuning in etch-mask, silicon template etching.

• Each RIE process, in which the ICP power does not significantly enhance the resulting
performance, is maintained within 5 min.

• Chemical treatments like KOH etching for IT-NP and bi-layer lift-off typically take
approximate 2 min and 10 min, respectively.

• The silicon thermal oxidation, metal evaporation, and all types of cleaning processes
(wafer cleaning, resist stripping, oxide removal, etc.) can be done in batch or in a
parallel manner.

To summarize, the production for each new NIL template or comparable nanostructured
wafer can be achieved in a very short processing cycle. When batch or parallel fabrication
is carried out, the average processing period on each wafer can be shortened. Therefore,
the total cost of ownership (TCO) is further reduced.

At constant pitch The NanoTuFe process chain guarantees the wafer-level production at a
constant pitch during the feature dimension tuning. It is of importance for the alignment
of stacked layers with varying feature sizes, which is often preferably required in micro-
and nano-system design.
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Integrable The NanoTuFe approach yields the wafer-level nanostructure patterning by well-
known micro- and nanofabrication technologies. The processing chain does not involve
techniques with unique requirements and conditions. Consequently, the NanoTuFe ap-
proach not only can be employed to fabricate substrate with nanostructures directly (NIL
templates or wafers with nanostructures only), but also can be integrated in a device or
system with well-defined underlying structures.

In addition, the NanoTuFe approach has been integrated in an application of highly emissive
surfaces, combined with bi-layer lift-off and DRIE technique. The employment of self-masking
silicon grass is replaced by ordered nanopillars made by NIL. Feature dimensions and shapes
can be manipulated according to the system design requirement. The properties characterization
and fabrication optimization are in progress and have been considered for future work.

Last but not the least, the soft UV-NIL using the ambient center-to-edge scheme has been
applied to pattern the optical elements on curved surface. As a proof-of-concept experimental
realization, four-level diffractive lenses (DLs) have been successfully transferred onto the surface
of a plano-convex refractive lens with a high fidelity. Optimizations of the alignment and optic
configurations are planned for future work.
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List of acronyms and abbreviations

ACP Air Cushion Press
ARDE Aspect Ratio Dependent Effect
ASL Anti-Sticking Layer
BOE Buffered Oxide Etch
CD Critical Dimension
CDU Critical Dimension Uniformity
CNP Combined NIL and Photo-lithography
CVD Chemical Vapor Deposition
DD Defect Density
DI Deionized
DL Diffractive Lens
DMPA 2,2-Dimethoxy-2-phenylacetophenone
DOE Diffractive Optic Element
DRIE Deep Reactive Ion Etching
DSA Drop Shape Analyzer
EBL Electron Beam Lithography
ETFE Ethylene Tetrafluoroethylene
EUV Extreme Ultraviolet
E-BPADMA Ethoxylate Dimethacrylate
FDTS Perfluorodecyltrichlorosilane
FS Functional Substrate
HCl Hydrochloric Acid
HMDS Hexamethyldisilazane
HSQ Hydrogen Silsesquioxane
h-PDMS hard Polydimethylsiloxane
IBL Ion Beam Lithography
IC Integrated Circuits
ICP Inductively Coupled Plasma
IL Interference Lithography
IMN Institute of Micro- and Nanotechnologies
IR Infrared
IT Intermediate Template
IPE Isopropoxyethanol
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ITRS International Technology Roadmap for Semiconductors
i-MAT Interferometric Moiré Alignment Technique
IT-PC Intermediate Template with Positive Nanocones
IT-PP Intermediate Template with Positive Nanopyramids
IT-NC Intermediate Template with Negative Nanocones
J-FIL Jet and Flash Imprint Lithography
KOH Potassium Hydroxide
LOR Lift-off Resist
MaCE Metal-assisted Chemical Etching
NanoTuFe Nanostructures with Tunable Feature sizes
NGL Next-Generation Lithography
NIL Nanoimprint Lithography
PDMS Polydimethylsiloxane
PFPE Perfluorpolyether
PMMA Poly(methyl methacrylate)
P(MMA-MAA) Poly(methyl methacrylate methacrylic acid copolymer)
PUA Polyurethane Acrylate
PVA Poly(vinyl alcohol)
RF Radio Frequency
RIE Reactive Ion Etching
RLT Residual Layer Thickness
R-NIL Reversed Nanoimprint Lithography
R2P-NIL Roll-to-Plate Nanoimprint Lithography
R2R-NIL Roll-to-Roll Nanoimprint Lithography
SCIL Substrate Conformal Imprint Lithography
sccm Standard Cubic Centimeter per Minute
SMILE SUSS MicroTec Imprint Lithography Equipment
S-FIL Step and Flash Imprint Lithography
SMS-NIL Soft Molecular Scale Nanoimprint Lithography
TAC Triallyl Cyanurate
TCO Total Cost of Ownership
TTM Through The Mask
T-NIL Thermal Nanoimprint Lithography
UV Ultraviolet
WLI White Light Interferometry
wph Wafers per Hour
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Notations

Bewildering terms can be seen in publications for specific research and techniques, and have
developed themselves along with the NIL technology. To facilitate the distinctions between
diverse items and terms related in the NIL process, the following notation is used throughout
this thesis.

Template A NIL template denotes a piece that is patterned with the applied nanostructures.
The template is commonly in form of a rigid wafer or a chip, which is used for imprints
and replications. For instance, the template refers to the one used directly for imprint in
hard NIL, whereas it indicates the one used to replicate soft stamps in soft NIL.

Master A master is defined as a specific NIL template. It initializes all subsequent fabrication
processes, as a starting point, for a complete process flow and production cycle. The
master is to replicate either rigid templates or soft stamps, i.e. to produce replicas, instead
of being used directly for imprint.

Stamp A stamp, usually comes as the soft stamp, is the working piece for imprint in soft NIL.
It is replicated from the master or a template, and mostly made of elastic material or
polymers.

Resist The resist is in general a type that is specially designed for NIL. Photo-curable resist,
which plays a similar role as the ones in photo-lithography, is required for UV-NIL. A
lithographic development step is not necessary unless mentioned otherwise.

Residual layer The residual layer is a specific term in NIL. It denotes the thin layer left between
the formed structures and the surface of substrate, which is illustrated in Figure 7.2. The
residual layer is preferably needed in most cases as it, on one hand, prevents the template
or stamp from contacting the substrate surface directly which may result in contamination
and damages. On the other hand, it forms a channel to allow the resist to flow to fill in
the structure cavities.

Descumming The residual layer should be removed in a manner of dry etching in order to
present the identical patterns in the resist as the structures on the master or template.
The dry etching process for such an explicit purpose is named descumming. During the
descumming process, the overall resist is exposed to the plasma and thus etched down.
Therefore, the duration of descumming process is ought to be short, which requires the
residual layer thickness to be as thin as possible.
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Figure 7.2: Schematic diagram of the residual layer after imprint

Image tone The image tone refers to the types of positive and negative patterns, which rep-
resent the topography of the structures. Positive refers to the case where the area
surrounding the patterns is etched below the original interface such that the desired
patterns remain protruding. In contrast, the desired patterns are defined negative if they
are etched below the original interface, forming cavities.

Color notations The schematic diagrams and figures depicted in this thesis are indicated by
colors. A list of color notations is summarized below. All color notations are valid
throughout this thesis.

Description Color

Master

Template or the intermediate template (IT)

Soft stamp

Resist (for structure patterning)

Resist (sacrificial layer)

Etch-mask or silicon oxide

Metal

Substrate

UV light

Table 7.2: A list of color notations
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