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Résumé de la theése

Durant la derniere décennie, la résonance de plasmons de surface (SPR)
est devenue tres populaire pour effectuer des analyses au cours d’un gr-
effage chimique (ou biochimique) et étudier ainsi des réactions chimiques.
Les capteurs SPR ont plusieurs mérites dont la détection en temps réel
et une grande sensibilité, ce qui leur ouvrent de larges perspectives ap-
plicatives comme biocapteurs et dans l'industrie chimique. Ce champ de
recherche a été récemment favorisé par une croissance rapide des outils
de nanostructuration de surface parmi lesquelles les lithographies douces
émergent.

Au début de ma these, 'approche la plus commune pour élaborer des
films métalliques était la lithographie électronique (EBL) ou la lithographie
par faisceau d’ions focalisés (FIB). Puisque ces deux techniques lithogra-
phiques souffrent de limitations en terme de débit (temps d’écriture trop
long), nous avons choisi de développer une méthode lithographique alterna-
tive, la nanoimpression assistée UV dite “douce”, qui permet de fabriquer
des réseaux de nanomotifs sur de tres grandes surfaces. Contrairement aux
lithographies traditionnelles, cette technique repose sur la déformation mé-
canique de la résine. Elle permet donc d’atteindre des résolutions inégalées
en dega des limitations des techniques classiques, dues a la diffraction de la
lumiere ou aux effets de diffusion dans la résine. La simplicité du procédé
et le faible cotlit du dispositif expérimental sont les principaux atouts de la
nanoimpression douce (voir chapitre 1 - état de l'art).

Apres ’étude de la technique de nanoimpression couplée a celle de la
gravure ionique réactive, qui sont décrites dans les chapitres 2 et 3, notre
étude optique a été menée tout d’abord sur des matrices de nanotrous
dans des films d’or (chapitre 4). J'ai étudié le mécanisme physique du
phénomene de transmission assistée par plasmons en étudiant de maniere
systématique les effets des parametres structuraux sur la position du pic de
transmission de la nanostructure. Une validation de principe des mesures
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réalisées dans un systeme fluidique a montré une réponse a un faible
changement de I'indice de réfraction a la surface de la matrice.

Enfin, dans le dernier chapitre (chapitre 5), une nouvelle géométrie de
biocapteur optique basé sur un tri-couche nanostructuré dans une géomé-
trie de type “méta-matériau” est présentée. Les capteurs fonctionnent de
fagon similaire aux capteurs SPR bien établis, mais offrent une améliora-
tion de la sensibilité de plusieurs ordres de grandeur. Les propriétés de
résonance de ces méta-matériaux en grille sont discutées a ’aide d’outils
de simulation numérique (en collaboration étroite avec Stéphane Collin
du LPN). Enfin, nous démontrons qu'un tel capteur possede une grande
sensibilité a la détection de biomolécules et serait donc adapté a I'étude
d’interactions immunochimiques.



Abstract

During the last decade, surface plasmon resonance (SPR) has become
widely used to characterize a biological surface and to characterize binding
events in the fields of chemistry and biochemistry. Since SPR sensors ex-
hibit many merits such as real-time detection and high sensitivity, a wide
range of applications as biosensors or chemical sensors is expected. In ad-
dition, research in this field has been favored by the tremendous growth in
nanofabrication methods among which soft lithographies are alternatively
emerging.

At the beginning of my PhD, most commonly used lithographies were
electron-beam lithography (EBL) or focused ion beam lithography (FIB).
Since, both these approaches have limitations in terms of high cost and low
throughput, we have studied and developed soft UV nanoimprint lithogra-
phy, an emerging flexible technology allowing patterning on large area of
subwavelength photonic nanostructures. Unlike traditional lithographies,
this technique relies on direct mechanical deformation of the resist. Thus,
beyond the limitations imposed by light diffraction or beam scattering
usually observed with conventional techniques, resolution can be largely
improved. The main advantages offered by soft UV nanoimprint lithog-
raphy concern the simple patterning procedure and the low cost of the
experimental setup. All the advantages of this technique are described
and resumed in the chapter 1.

Chapters 2 and 3 present the fabrication of master stamps, the study of
nanoimprinting parameters coupled with the optimization of the etching
process. The physical mechanisms of the transmission phenomenon ex-
haled by surface plasmons were studied based on arrays of imprinted gold
nanoholes (chapter 4). Extraordinary light transmission has been experi-
mentally demonstrated. The geometrical effects on the position transmis-
sion peak were systematically analyzed. Proof-of-concept measurements
performed in simple fluidic device indicate a response to small changes in
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refractive index in the surface vicinity.

A novel design of optical sensor based on plasmonic nano-grating meta-
material was also studied (chapter 5). The sensor operates similarly to
well-established SPR sensors, but offers large improvement in sensitiv-
ity. From numerical simulations (in collaboration with Stéphane Collin in
LPN), the resonance properties of these innovative nano-grating metama-
terials have been studied and discussed based on their geometrical depen-
dence. Since this system has demonstrated higher sensitivity for detection
of biomolecules, it is thus fully adapted to study immunochemical binding
interactions.
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Outline

Nanotechnology as an inter-disciplinary science has developed very rapidly
over the last decade and the range of applications is increasing. Metallic
nanostructures exhibit unusual optical, magnetic, catalytic and mechan-
ical properties that are inherent to their small size and not observed in
bulk materials. Such nanoscopic properties have permitted the develop-
ment of novel devices. One of the earliest applications concerns the de-
velopment of improved chemical and biological sensors. During the last
two decades remarkable progress has been made in the development of
optical nanosensors for environmental monitoring, biotechnology, medical
diagnostics, drug screening, food safety and security.

Amongst all sensing and characterization techniques, non-intrusive op-
tical sensors are markedly attractive. Using light as a probe of a chemical
reaction in a biological sample offers the advantage of a non-invasive de-
tection technique. The use of an electromagnetic wave confined near the
surface of the sample provides an efficient optical probe. Surface plas-
mons (SPs) that are defined as a collective oscillation of the free electrons
at the interface between a metal and a dielectric can be used as such
electromagnetic wave probe. SPs are very sensitive to any change in the
near-surface dielectric constant. They are thus well-suited for detection
of binding events which can be exploited in a wide variety of SPR-based
sensing applications.

SPR is a suitable technique for highly sensitive affinity-based biosensing
applications. Up to now, many companies have developed several commer-
cial SPR systems. The SPR biosensor can provide real-time and kinetic
information of biomolecular interactions, and it is beneficial for detect-
ing biological analytes and analyzing biomolecular interactions. More-
over, development of SPR sensors for detection of chemical and biological
species has gained considerable momentum. Lately, plasmonic nanostruc-
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tures have started to be largely applied based on their intense SPR and
the ability to tune this resonance by simply changing the size, the shape,
the composition, and the surrounding medium of the nanostructure.

This thesis work has been conducted in the Laboratory for Photonics
and Nanostructures (LPN- CNRS). As a part of the experimental research
activity, we focused on the development of soft UV nanoimprint lithog-
raphy technique to fabricate large-area, uniform metallic subwavelength
nanostructures for SPR sensing applications. We present the flexibility
of this approach by fully control the plasmonic response of nanostructure
through its size. As demonstrator, the fabricated nanostructures have been
used for chem/bio molecular sensing.

This dissertation is organized into 5 chapters, the contents of which are
organized as follows:

Chapter 1 provides a general introduction to surface plasmon resonance
and nanoimprint lithography techniques. First, the background of SPR
biosensor is presented, including: a brief history of SPR, basic physics and
common techniques for optical excitation and detection of SPR, applica-
tions of plasmonics in the field of sensing technology. Then, we present the
history of both thermal nanoimprint lithography (T-NIL) and UV nanoim-
print lithography (UV-NIL). Whereafter, the main challenges for future
successful applications are discussed and recent research experiments are
presented from state-of-art in literature. We also explain why soft UV-NIL
appears as the most attractive method in the context of our investigation.
Finally, the advantages of NIL for SPR biosensing are resumed.

Chapter 2 describes the steps of the fabrication processes of master
molds based on different resists and the replication of soft mold. An in-
troduction to various state-of-the-art anti-sticking agents for surface treat-
ment is then given. Furthermore, a perfect copy or inversion process of a
master mold is proposed by combining T-NIL and soft UV-NIL.

Chapter 3 begins with a short introduction on nanoimprinters as well
as specific imprinting resists used for the experimental part of this thesis.
The optimization of the parameters of the soft UV-NIL process is then
discussed. Similarly the etching process for residual layer removal is given.
This chapter ends with presenting different pattern transfer techniques
used in combination with soft UV nanoimprint lithography for pattern
replication into a substrate.

Chapter 4 reports how soft UV nanoimprint lithography can be used
for the fabrication of gold nanohole arrays for surface plasmon sensor ap-
plication. The SEM characterization of the imprinted patterns shows good
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homogeneity over large area. Finally, a simple fluidic device that integrates
gold nanohole arrays has been developed and is presented. The optical
measurements indicate that such nanohole arrays can be easily integrated
and used as an effective SPR detectors in a microfluidic system.

Chapter 5 presents the design of an original tri-layer geometry for
the SPR sensor. Such sensor couples a planar metallic film to metallic
nanogratings. To optimize the geometry of this new SPR tri-layer, numer-
ical investigations have been done. More particularly, we show how the
thicknesses of metallic film, nanograting and dielectric spacer change the
reflective spectrum. Our experimental process related to the fabrication of
these tri-layer SPR structures is then described and immunodetection of
anti-mouse IgG process is presented. Compared with conventional label-
free plasmonic devices, our approach demonstrates significant improvement
in the detection of small analytes.
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Chapter 1

Introduction

The goal of this thesis was to develop soft UV nanoimprint lithography
(NIL) as a very powerful and flexible lithography technique for produc-
ing nanostructures on very large surfaces. The main application of soft
UV nanoimprint lithography that was studied in my thesis concerns large
area fabrication of uniformly oriented noble metallic nanostructures and 3-
dimensional gratings. Such metallic nanostructures will have tremendous
impact on biosensing due to surface plasmon resonance (SPR) effect. They
can thus be integrated in microfluidic devices as highly sensitive SPR-based
biosensors.

After a short general introduction, this chapter will first briefly present
the properties of plasmons that are excited at an interface between a metal
and a dielectric and review the state-of-the-art towards practical applica-
tions of surface plasmons in the field of SPR biosensors. In a second part,
a brief history of nanoimprint lithography techniques is given followed by
a comparison with the other conventional or emerging lithography tech-
niques. We also list the advantages and potential benefits of this soft
UV-NIL technique, that have attracted admiration of the research com-
munity in nanofabrication and which explains the goal of my thesis work.
Finally, we conclude this chapter with a discussion of progress towards
developing SPR biosensor chips based on this soft UV-NIL method.

1.1 Why surface plasmon resonance for bio-
sensing and nanoimprint lithography?

Nowadays, nanotechnology, electronics and biology are combined in the
newly emerging field of bio-nanotechnology that has very recently received
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much attention due to its potential as being the next area of rapid growth
for high technology. One of the earliest applications of biotechnology is
the invention of new complex innovative devices. Combining fundamental
studies and applied techniques in such biodevices allows creating novel
biophysics methods, nanoscale biosensing and nanofluidic devices for direct
manipulation and analysis of biomolecules, such as DNA and proteins [1,
2, 3, 4].

Surface plasmon resonance is an affinity-based optical detection method
that measures the changes in refractive index in the vicinity of a thin metal-
lic surface during complex formation or dissociation of chemical bonds [5].
SPR, as a surface oriented method, has shown a great potential for biosen-
sors allowing real-time analysis of biospecific interactions without the use
of labeled molecules. The other advantages of these SPR sensors concern
the decrease of the sample volume and the ability of tuning the wavelength
to the changing nanostructures characteristics like size, shape and mate-
rial. To get such metallic SPR nanostructures with the desired size and
shape, both bottom up and top down approaches can be used. Concerning
one common requirement of SPR sensing, a well collimated readout beam
is required which supposes hence a relatively large sensing area with a large
number of identical nanostructure arrays. Based on these requirements,
nanoimprint lithography (NIL) appears as the most attractive lithography
method for lab-scale experiments and prototyping.

Nanoimprint lithography is now standing in the spotlight as an emerg-
ing nano-fabrication technology. Since NIL is a replication technique based
on a mechanical deformation under a stamp to create a thickness contrast
in a polymer, its resolution is well beyond the limitations imposed by light
diffraction or beam scattering that are the well-known limits of optical
and electron beam lithographies. The smallest attainable feature with
NIL is mainly given by stamp resolution, without any restriction of the
wavelength of the light source. Moreover, NIL provides parallel process-
ing with high throughput and is thus suitable for large-scale patterning of
nano-optical structures. Recently, NIL has attracted increased levels of at-
tention and MIT’s technology review has put NIL as one of ten alternative
technologies that are likely to change the world [6]. For nanoelectronics,
NIL has also been added into the International Technology Roadmap for
Semiconductors (ITRS) for the next 22 nm node.

Obviously, fabrication of uniformly-oriented noble metallic nanostruc-
tures on large-area using nanoimprint lithography will have tremendous
impact on a number of SPR-based sensors.
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1.2 Surface plasmon resonance biosensors

1.2.1 Brief history of SPR

The first observation of surface plasmons dates back to 1902, when Wood
illuminated a metallic diffraction grating with polychromatic light and no-
ticed narrow dark bands in the spectrum of the diffracted light, which he re-
ferred as to anomalies [7]. The phenomenon was attributed to the resonant
coupling of photons from the polarized light to the oscillation of metal-free
electrons (Surface plasmon polaritons, SPPs), generating a strong electro-
magnetic evanescent wave bound to the metal surface. In 1941, theoretical
work by Sommerfeld and Fano concluded that these anomalies were asso-
ciated with the excitation of electromagnetic surface waves on the surface
of the diffraction grating [8]. In 1958, Thurbadar observed a large drop
in reflectivity when illuminating thin metal films on a substrate, but did
not link this effect to surface plasmons [9]. In 1968, Otto explained Tur-
badar’s results and demonstrated that the drop in the reflectivity in the
attenuated total reflection method is due to the excitation of surface plas-
mon [10]. In the same year, Kretschmann and Raether reported excitation
of surface plasmons by the method of attenuated total reflection [11]. All
these pioneering works of Otto, Kretschmann and Raether have established
a convenient method to describe the excitation of surface plasmons, and
have introduced SPR into modern optics. From this pioneer work, the
application of surface plasmon resonance has been intensively studied and
major properties have been assessed.

In the last two decades remarkable research and development activities
were performed based on optical sensors to measure chemical and biological
quantities. The first optical chemical sensors have measured changes in
absorption spectrum to quantify COs and Os concentration [12]. The
potential of surface plasmon resonance for characterization of thin film and
monitoring processes at metal interface was recognized in the late seventies
[13, 14]. In 1983, the use of SPR for gas detection and biosensing was first
demonstrated by Liedberg et al. [15]. Since then SPR has been extensively
explored as one of the main optical biosensor technologies. It has gradually
become a very powerful label-free tool for the the real-time determination
of concentration, kinetic constants and interactions between the target
and the recognized biomolecules. The principle, the development and the

applications of biosensors have been well described in a lot of review papers
[16, 17, 18, 19].
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1.2.2 Principles of SPR

Surface plasmon polaritons

Surface plasmons are the electron plasma oscillations near a metal surface
that stem from the broken translational invariance in the direction per-
pendicular to the surface. A combined excitation consisting of a surface
plasmon and a photon is called a surface plasmon polariton.

,z I(12 lESp l Ez
E, ks €
1 X H, d
—
2 l €,
k.

Figure 1.1: SPPs on metal film interfaces

To introduce the main parameters characterizing SPP, the simplest
geometry in which a surface plasmon can exist consists of a semi-infinite
metal (z < 0) and a semi-infinite dielectric (z > 0) (Fig. 1.1). The semi-
infinite metal has a complex permittivity, €,,(w) = €,(w) + i€;(w) in which
normally the real part of the permittivity of the metal is negative and
its magnitude is much larger than the imaginary part | €.(w) |>> €(w).
The semi-infinite dielectric (z > 0) has a real permittivity ;. Assuming
that two kinds of medium are non-magnetic materials, which commonly
constitute an optical waveguide, the magnetic permeability u; (i is m or
d) is equal to the free-space permeability ug. Surface plasmon polariton is
a transverse-magnetic (TM) wave. Therefore its vector of magnetic field
intensity lies in the plane of metal-dielectric interface and is perpendicular
to the direction of propagation. In a Cartesian system of coordinates the
distribution of magnetic intensity vectors of a surface plasmon can thus be
expressed as:

Hyy(x, z) = Aexp(ikgpr — k1,2), 2> 0 (1.1)

Hyy(z,2) = Bexp(ikgpx + koy2), 2 <0 (1.2)
where A and B denote the modal field amplitude, k., = ,/kgp —egkd | ko, =

k2, — em(wW)kE, ki, and ko, are all positive, kg = w/c is the free-space
wavenumber, ¢ is the speed of light in vacuum. According to Maxwell’s
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curl equations:

V x H = ¢ye(w)0E /0t (1.4)
The distribution of electric field can be expressed by:

1k
Ei(z,2) = — Mz Aexp(ikgr — ki,2), 2> 0 (1.5)
Wep€Eq
ik2z .
Ey(z,2) = m/lexp(zkspx + koyz), 2 <0 (1.6)

According to the boundary conditions of Maxwell’s equations, the com-
ponents of the electric and magnetic field intensity vectors parallel to the
boundaries of the waveguiding layer (z = 0) are continuous at the bound-
aries, from Eqs.(1.1), (1.2), (1.5) and (1.6). This yields for:

A=B, Ak p ke (1.7)
€d €m(w)
from Eqs.(1.7)
€d klz
_— 1.
€m(w) ks, (18)

Since kq, and ko, are all real numbers, it can be concluded that the interface
surface waves exist providing that e; and €,,(w) are of opposite signs on
both sides of the dielectric interface. In nature, for most of the media,
the real part of dielectric constant is positive, while real part of metal
dielectric constant in the visible and near-infrared bands is negative, so the
TM polarized surface waves only exist in the metal and dielectric interface,
which refer to SPPs. The dispersion relation of SPPs on metal - dielectric
interface can be estimated from Eq.(1.8):

iy — W | €a€m(w)

¢\ €+ €em(w) (1.9)

The real and imaginary parts of SPPs wavevector can be expressed as:

o ow | €€q
ko, = — 1.10
s | e (1.10)
, 3/2
" W € €r€q
R < ) 1.11
e 2e2 \e +€q ( )
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The respective dispersion relation of surface plasmon polaritons on metal
surface are shown in Figure 1.2 together with the photon dispersion in the
dielectric. Since k;p > /€aw/c, it can be seen from Figure 1.2 that the
SPPs dispersion curve lies on the larger - wavevector side of the light dis-
persion in the adjacent dielectric, SPPs cannot radiate in light, and cannot
be excited with conventional illumination from the adjacent medium. The
concrete methods of excitation of SPPs will be explained in next section.

Fy /
o photon
5 / ©=cke"”
=
z /
i /
B / surface plasmon
wsp L4
/ .
y) surface polariton

—
Wavevector k,

Figure 1.2: Dispersion of surface plasmon polaritons on a metal surface.

This analysis explain the basic characteristics in case of transversally mag-
netic mold (TM), if the surface electromagnetic field of transverse electric
mode (TE) is considered. The electric field can be similarly expressed by
simply exchanging the components of magnetic field towards the ones of
the electrical field in Eq.(1.1) and Eq.(1.2). According to Maxwell’s curl
equations Eq.(1.4), the two vectors of magnetic field can be obtained. The
boundary conditions of Maxwell’s equations are introduced and there is
no non-zero solution of eigenvalue equation for TE modes. This indicated
that the surface electromagnetic field of TE mode on the surface of metal
can not exist. Thus SPPs can only support TM mode. Therefore, SPPs
can only be TM polarization.

The electric field of the surface plasmon polaritons propagating on a
metal surface (z = 0) in the x-direction can be expressed as [20]:
Eg,(x, z) = Epexp(ikspr — k,|2|)

> , (1.12)
= Foexp(ikg,x — kv — k.|2])

This field configuration corresponds to a surface mode propagating along
the surface with wavevector k| = ky, and exponentially decaying from
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the surface with the decay constant k,. With the dispersion relation of
SPPs, each length scale can be discussed, since which is key index for sub-
wavelength photonic devices designing. These length scales are the SPPs
propagation length d,,, the SPPs wavelength \,,, the penetration depth
of the electromagnetic field associated with SPPs mode into the dielectric
medium d; and the penetration depth of the field into the metal é,,. These
four length scales for surface plasmon polaritons in the visible and near-
infrared are schematically shown in Figure 1.3. The SPPs wavelength, A,
the oscillation period of electrons on the metal surface, can be obtained
from the real part of the surface plasmon wavevector (equation 1.10):

2T € + €g

(1.13)

€d€r

We can see from equation (1.13) that the SPPs wavelength A, is always
slightly less than the free space wavelength \q. Therefore to use surface
structures as a means to manipulate SPPs, e.g. through the use of periodic
structures that act as Bragg scatters, the length scale of such structure
should be of the order of the wavelength involved. In practice, for SPPs in
the visible and near-IR, the size of the structures should be in the range
~400-1000 nm.

Penetration depth  ponatration depth

into "\‘Etal into dielectric SPP propagation
\ ’ SPP wavelength length
’
\ r - 4
\ 7 - - /,
Non-local - ’
offects O 8y Aspp Ospp
\ \ \ \ SPP LRSPP
! ! ! ! ! ! ! ! !
1 nm 10 nm 100 nm 1 um 10 um 100 pm 1 mm 1cm 10cm

Figure 1.3: Characteristic scale of SPPs in visible and infrared bands.

To guaranty that the wavelength scale structure noted above can be ef-
fective in manipulating SPPs, the SPPs should have a propagation length
that correspond to several times of their wavelength. The SPPs propaga-
tion length d,,, which is determined by the imaginary part of the surface
plasmon polariton wavevector, is defined as the distance in the direction
of propagation at which the energy of the surface plasmon decreases by a



8 Introduction

factor of 1/e. According to Eq.(1.11) and (1.12), the propagation length
can be written as:

1 € /e +e€4\3?
P ( r ) 1.14
P 2k, Y9me; \ €6y (1.14)

Provided low losses inside the metal and the condition | €, |[>>]| €4 |
satisfied, this propagation length can be approximated as:

Sep A Ag=r (1.15)

From equation(1.15), we can see that for a long propagation length, low
losses in the metal are needed, which means that the relative permittivity
of the metal needs to have a large real part ¢, and small imaginary part
€;. Propagation length 0, represents an upper limit of the size of the
structures one can use in case of photonic devices based on SPPs. So
one effective method to increase the scale of SPP modes is to utilize the
coupled SPPs modes supported by symmetrically clad thin metal films [21].
Moreover, owing to the fact that the SPPs propagation length is obviously
greater than the SPPs wavelength, d,, >> \,,, wavelength scale gratings
and other periodic surface structures can be used to manipulate SPPs since
the modes are able to interact over many periods of such structure.

The field decay in the direction perpendicular to the metal-dielectric
interface is characterized by the penetration depth that is defined as the
distance from the interface at which the amplitude of the field decreases by
a factor of 1/e. From the dispersion relation equation(1.9), the penetration
depth into dielectric d; and metal 6,, can be expressed separately as follows
(here we have assumed again that | €. |>>] ¢; |):

1le. +€ 3
e d (1.16)
d
1 € + €4 %

The penetration depth of the field into the dielectric d4 is of the light wave
order. It gives us a measurement of the length scale over which the SPPs
mode is sensitive to the presence of refractive index changes, such as a air
gap in the Otto configuration for coupling light to SPPs, or the binding of
specific bio-molecules in biosensors. The penetration depth into the metal
gives us a measurement of the required thickness of metal films which can
excite SPPs (typically 50 nm in the visible spectrum), the thickness of
metal films for super lens [22] and the thickness of metal films where the
SPPs modes on the two metal surface interact [23] and so on.
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Excitation of surface plasmon polaritons

Exciting surface plasmon polaritons with large efficiency is a primary task
in SPPs control. Surface plasmon polaritons on metal-dielectric interface
can be excited only if the energy and the momentum of the TM polarized
incident light match the ones of surface plasmon polaritons. This first
condition is easily satisfied, since the frequency of the incident light has to
equal the frequency of the SPPs. The main difficulty is to implement the
momentum matching, which means that the component of the wavevector
of the incident light parallel to the surface has to equal the wavevector of
the SPPs. Nevertheless, as it can be seen from the SPPs dispersion relation
(Fig. 1.2), the SPPs wavevector is larger than the photon wavevector of
the light in the adjacent dielectric medium. Thus, light illumination of a
smooth metal surface cannot be directly coupled to surface plasmon polari-
tons and the momentum of the incident optical wave has to be enhanced
to match the momentum of the SPPs.

The most common approach to achieve this momentum change is to
use a prism coupler and the attenuated total reflection method. In this
Kretschmann configuration (Fig. 1.4(a)), a thin metal film layer with
permittivity €,, is evaporated on the surface of dielectric plate, that is
connected to a high refractive index prism by the index matching liquid.
These three materials are of the same refractive index n. When a light
wave propagates in the prism at a certain incident angle 6, the wavevector
along the surface of dielectric layer can be expressed as:

k., = nkysin = n? sin 0 (1.18)

C

(a) (b)
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kg, Dielectric o—ck/nsin 0
Metal layerl /
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Figure 1.4: (a) Excitation of surface plasmon-polaritons by a light beam via prism
coupling and (b) Dispersion relation of SPPs and incident light.
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If the metal film is sufficiently thin (less than 100 nm for light in visible
and near infrared part of the spectrum ), tunneling of incident photons
through the metal film occurs and light is coupled to surface polaritons:

kyp = nsinf = — [ —4m (1.19)
c c\ €4+ €n

where €, is the permittivity of a semi-infinite dielectric. The solvability
condition of this equation is n > /€4, namely the wavevector of light is
increased in the optically more dense medium while the incident angle
is greater than the critical angle for total internal reflection [24]. Figure
1.4(b) illustrates the dispersion relation of SPPs in this prism coupling
configuration. An intersection point in the dispersion curve of the excita-
tion wave with the dielectric wave on the metal surface can be obtained,
as shown in Figure 1.4(b). Therefore, SPPs with the same frequency than
the incident light can be only excited by varying the angle of incidence at
the dielectric/metal interface.

(@) (b)

® w=-ck/sin@ ock2nx/A)/sind

A
Dielectric / / /
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» k

Figure 1.5: (a) Excitation of surface plasmon-polaritons by light diffraction on a
diffraction grating and (b) Dispersion relation of SPPs and incident light.

Another approach for optical excitation of surface plasmons is based
on the diffraction of the light in a grating coupler (Fig. 1.5(a)). In this
method, a light wave is incident from the dielectric medium on the surface
of the metallic grating. The component of the wavevector in the plane of
the grating k, is:

2
by = ko Sinﬁj:m% (1.20)
where m is an integer and denotes the diffraction order and A is the pitch
of the grating. Figure 1.5(b) presents the dispersion relation of SPPs and
incident light produced by a diffraction of light on a diffraction grating.
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The in-plane component of the wavevector intersects with the dispersion
curve of SPPs after periodic translation, and SPPs wavevector is equal:

w . 2m
ksp = k;oz sm@:l:mx (1.21)

SPPs can be also excited by near-field optical methods [25]. The opti-
cal probe of a scanning near-field optical microscope (SNOM) is shown to
act as a point source for surface plasmon polaritons (see Figure 1.6(a)). In
this set-up configuration, a probe tip has to be very close to the metallic
surface in the near field region of the probe. The near-field diffraction field
includes all the component of the wavevectors. Among them some compo-
nents can match with SPPs wavevectors and thus produce energy transfer.
This is one way to excite SPPs on metal surfaces in near-field techniques.
Likewise, the SPPs excitation can also be achieved by scattering on a rough
surface (Fig. 1.6(b)). Due to a strong presence of the evanescent field of
the scattering light over the metal, SPPs can also be excited if the match-
ing condition for vectors is satisfied. Unfortunately, scattering caused by
both SNOM probe and random roughness on the metal surface are all non-
resonant excitation. Only a small part of the energy can thus be coupled
into SPPs; resulting in a low efficiency of light-to-SPPs coupling.

(@) ®)

Figure 1.6: SPPs near-field optical excitation configurations: (a) excitation with a
SNOM probe and (b) excitation on rough metallic surface

1.2.3 SPR for biosensing

Surface plasmon resonance (SPR) biosensors are optical sensors that use
the excitation of the surface plasmons to probe interactions between an
analyte in solution and a biomolecular recognition element immobilized
on the SPR sensor surface. Major application areas include the detec-
tion of biological analytes and analysis of biomolecular interactions, where
SPR biosensors are capable of characterizing binding reactions in real-time
without labeling requirements.
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In SPR biosensing, the adsorption of a target analyte molecules by a
surface functionalized bioreceptor is measured by tracking the change in
the conditions of the resonance coupling of incident light to the propagating
surface plasmon wave (SPW). The existence of this surface plasmon wave
is dictated by the electromagnetic (EM) properties of a noble metal (typ-
ically gold or silver) and a dielectric (sample medium) interface. Thanks
to the fact that majority of the SPW field is concentrated in the dielectric,
the propagation constant of the SPW is extremely sensitive to any change
in the dielectric refractive index. A change in the refractive index shifts
the plasmon resonance condition, which can be detected as intensity, wave-
length or angle shift to provide quantitative information about the binding
event (Fig. 1.7).

(@)
Fememememmemcccmmmemm—m——=a
1 o e e e e
1
Surface  SPW 1 2 Amalyte
receptors
] Gold layer =
§
Prism- %
coupler =4
Incident Reflected light Wavelength or Incident angle °
light (Detector)

Figure 1.7: (a) Tracking absorption by most widely used prism coupler-based SPR
system and (b) resonance shift in the reflected light spectrum.

Main performance characteristics of SPR sensors

The main performance characteristics of SPR biosensors include sensitivity,
resolution and limit of detection.

e Sensitivity: The sensitivity of SPR sensors is an important parameter
to evaluate the sensor performance which is defined as the derivative
of the monitored SPR parameter (resonant angle or wavelength) with
respect to the parameter to be determined (refractive index, thickness
of the overlayer and concentration, etc.). The sensitivity of a SPR
sensor can be decomposed into two components : (1) sensitivity to
the refractive index change produced by the analyte binding to the
biospecific coating on the sensor’s surface Sp; and (2) the efficiency
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E which depends on the properties of the target analyte and the
ability of the biospecific coating to capture analyte molecules :

B 0P On

5= noe

= SpE (1.22)

where n is the refractive index change caused by the binding of the
analyte with the concentration c.

e Resolution: Resolution is the key performance characteristic of a
SPR sensor which is defined as the minimum change in the bulk
refractive index producing a detectable change in the sensor output.
The resolution of a SPR sensor, rgy, is typically expressed in the
terms of the standard deviation of the noise of the sensor output, o,
translated to the refractive index of bulk medium, rg; = 04,/Sg;.

e Limit of detection: The limit of detection (LOD) is another im-
portant characteristic describing the ability of a SPR sensor to de-
tect an analyte. LOD corresponds to the concentration of the ana-
lyte derived from the smallest measure which can be detected with
reasonable certainty. Typically, there are three ways to specify the
LOD: first, LOD can be expressed in units of refractive index units
(RIU), which enables a rough comparison of the sensing capability
among different sensing technique and structures; second, LOD can
be expressed using surface mass density (or total mass) in units of
pgmm 2, which corresponds to the true mass change really measured
by the biosensor that can be used to evaluate the sensor performance;
third, LOD can be expressed using sample concentration (in units of
ngml~! or molarity). These three methods are correlated and the
relationship between them can be studied for each biosensor.

Table 1.1 provides a summary of different architectures of the opti-
cal biosensing techniques as well as some of the best reported results for
these techniques in terms of LOD/sensitivity. Note that surface plasmon
biosensors appear among the most sensitive sensors available. This large
sensitivity is related to the fact that the majority of the optical field is
located in the dielectric and the field is concentrated close to the surface
producing a quite sharp resonance (although not as sharp as a typical
dielectric resonance).
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Optical struc-

Sensing technique Analyte Detection limit Ref.
tures
SPR Bulk solution 10-5-10-8 RIU  [26]
SPR SPR imagine  Bulk solution 1075-10~7 RIU  [27]
SPR Protein(CA19-9)  66.7unitml ! [28]
Bulk solution 10-7 RIU [29]
Interferometer
Interferometer Protein 20pgmm—2 [30]
Microchannel — Bulk solution 7x107% RIU [31]
Resonant mir- . 9
Waveguide ror Protein ~0.1pgmm [32]
Metal—c'lad Bacterial spore ~ ~10° spores ml™  [33]
waveguide
Bulk solution 1074107 RIU [34]
. Ring on a chip  pNA ~100nM [35]
Ring resonafor Bacteria 10°cfu ml—* [35]
Diclectric mi- g 1 lution 10-7RIU 136]
crosphere
Nanofiber Bulk solution 10~7 RIU [37]
Optical fiber . Bulk solution 4x10~5 RIU [38]
Fiber coupler
Protein 0.5ugml—1 [38]
: -5
9D PC Bulk .solutlon 10=° RIU . [39]
Photonic crystals Protein 0.4pgmm 39]
I'D microcav- g ngolution 7x10~% RIU [40]

ity array

Table 1.1: Comparsion of the detection limits of optical biosensors based on analyte

type.

Applications of SPR biosensors

The major advantage of SPR over a majority of other transduction tech-
nologies is that it allows real-time monitoring of interactions between the
ligand and the analyte. This is why SPR biosensors has been used in a
number of applications involving the interactions of any biological system
from cell, phage, oligonucleotide, oligosaccharides, to small molecules, such
as proteins and viral particles. Some examples of applications which are
relevant to the present study are given below.

a. Detection of biomolecular binding

Recently, Lesuffleur et al. [41] have demonstrated that combining the
enhanced transmission effect and the shape resonance of nanohole arrays
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in a gold film allows real-time and label-free measurements of molecular
binding. In this work, they used arrays of apertures consisting of two
overlapping circular holes to produce sharp apexes (Figure 1.8(a)) and
demonstrated a 50% improvement in sensitivity. A real-time measurement
of bovine serum albumin (BSA) adsorption on the gold surface was also
presented as it is shown in Figure 1.8(b).
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Figure 1.8: (a) SEM image of a double-hole array with a 800 nm periodicity. The
diameter of the circular hole is 200 nm and the center-to-center hole distance is 190 nm.
(b) Real-time measurement of BSA on the gold surface [41].

While the refractive index biosensing capability of many plasmonic
nanostructures has been reported, more recently, vertically aligned gold
nanotube arrays was also proposed for label-free bioanalytical sensing [42].
Figure 1.9(I) shows a sample gold nanotube arrays fabricated on glass sub-
strates by bottom-up self-assembling technique. Free-standing nanotubes
were also investigated as label-free biosensors through the binding of Neu-
trAvidin protein (Fig. 1.9(II)). This work also demonstrate the ability to
probe single cell.

To improve the sensing performance of SPR based sensors, triangles and
microhole arrays (Fig. 1.10(a) and (b)) prepared by modified nanosphere
lithography have been studied [43]. To demonstrate the biosensing poten-
tial of such materials and geometries, an IgG biosensor was constructed on
triangle and microhole arrays. The SPR response for a 10 nM IgG solution
was improved significantly with triangular geometry as it can be observed
in the Figure 1.10(c) that compares the response obtained with triangles,
nanoholes and continuous thin films. All those results prove that such novel
plasmonic structure are of large interest for SPR biosensing comparatively
to the standard approach based on continuous Au film .

b. Detection of antibody-antigen interactions
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Figure 1.9: (I) SEM image of the resulting structure. (II) Real-time measurement of
the absorption of 10ug/ml NeutrAvidin to a free-standing gold nanotube array [42].
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Figure 1.10: AFM images of micropatterned thin films with (a) microtriangle and
(b) microhole arrays. (c) Sensogram for the detection of 10 nM IgG with different

plasmonic materials [43].

Localized surface plasmon resonance (LSPR) sensing monitors the reso-
nance condition similarly to SPPs in thin gold film, but it greatly broaden
their scientific and technological applications since LSPR, sensing is not
temperature sensitive. LSPR sensing studies have been thus mainly fo-
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cused on antigen/antibody interactions. Real-time LSPR analysis of anti-
body /antigen interactions with gold nanorod has been systematically stud-
ied as presented in the Figure 1.11 [44]. The gold nanorods with highly ho-
mogeneity were produced by seed-mediated, surfactant directed synthesis.
The LSPR peak wavelength spectra has been measured through a contin-
uous experiments: conjugating with capture antibodies by carbodiimide
cross-linking and interacting with a specific secondary antibody. The re-
sults shows successful measurement of binding kinetics, thus demonstrating
that the nanorod LSPR sensor can monitor real-time dynamic interactions.
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Figure 1.11: (a) Schematic of the nanorod-based immunoassay. (b) SEM image of
films of gold nanorods with about 15 nm diameter and 50 nm length for individual
nanorods. (c¢) The LSPR peak wavelength throughout continuous immunoassay exper-
iments. (d) Test of sensor sensitivity [44].

Surface plasmon resonance, as one of the main surface sensitive op-
tical technique, is a suitable technique for highly sensitive affinity-based
biosensing applications. SPR devices are capable of performing real-time
high-throughput biomolecular interaction analysis and have the major ad-
vantage that prior labeling of the analytes is not required. Nowadays, SPR
biosensors have become a central tool for characterizing biomolecular in-
teractions. Moreover, development of SPR sensors for the detection of a
variety of chemical or biological species has gained considerable momen-
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tum, which will further extend the potential of SPR sensing technology to
be uses more widely.

1.3 Soft UV nanoimprint lithography

1.3.1 Historical recall

The original nanoimprint lithography, i.e. thermal nanoimprint lithogra-
phy (T-NIL), was first developed by S. Y. Chou’s group in 1995 [45]. In
this method, the hard mold that contains nanoscale surface-relief features
is brought into a physical contact with a thin polymeric material spin
coated on the substrate and highly pressed with a pressure in the range of
50-100 bar. The polymer is held some 90-100 °C above its glass-transition
temperature (Ty), in a few minutes, during which the polymer can flow
to fill in the volume delimited by the mold topology. After cooling down
both the stamp and the substrate and relieving the pressure, the mold can
be retrieved without damage. Finally, the thin residual layer of polymer
remaining in the pressed areas is removed via reactive ion etching. The
Figure 1.12(a) gives the schematic of such T-NIL process. At this stage,
the process is complete and one can either etch the substrate, or evaporate
the metal on the substrate to perform a lift-off.

This imprinting-based lithography that has attracted numerous atten-
tion presents the ability of replicating patterns with ultrahigh resolution.
After its inception, Chou et al. has demonstrated replication with un-
precedented precision of 10 nm diameter and 40 nm periodic holes arrays
in polymethylmethacrylate (PMMA) on silicon, as shown in the Figure
1.12(b) and (c) that present the SEM images of the mold pattern and its
replica of hole arrays.

In contrast to conventional methods based on exposure and develop-
ment, nanoimprint lithography have several advantages. First, it offers
high resolution [46]. Also NIL performs pattern transfer simply by in-
ducing a local displacement of the resist under mechanical deformation
instead of any photo-/electro-induced chemical or physical modification of
the resist that is the basis of classical lithography. Limitations imposed
by light diffraction or beam scattering in these classical techniques can be
overcome. As a second advantage, NIL provides parallel processing with
high throughput, that is thus suitable for large-scale patterning with high
resolution. Finally, a huge benefit of NIL concerns the cheap equipment
involved compared to classical nano lithographies such as electron beam
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Figure 1.12: (a) Schematics of the originally proposed NIL process. (b) Scanning
electron microscopy (SEM) image of a SiO2 mold with 10 nm minimum diameter pillars
with a 40 nm period and 60 nm height. (¢) SEM image of a top view of corresponding
replica formed by imprinting into PMMA with 60 nm depth, demonstrated by S. Y.
Chou in 1997 [46].

lithography. Nowadays, NIL can provide high resolution wafer-scale pat-
terning using standard clean room process offering simplicity and low cost
[47, 48].

1.3.2 Principle of UV nanoimprint lithography

Thermal nanoimprint lithography techniques allows for a very simple set-
up, which results in very short setup times (from seconds to minutes).
While on the other hand, the simple setup technology is connect with rel-
atively long cycle times which are mainly caused by the fact of each tem-
perature cycling. In addition, because thermal NIL requires high pressure
conditions, it’s difficult to attain overlay accuracy because of the distortion
of the multilayer.

In order to enhance the capability of the standard NIL process, in 1996
Haisma et al. have proposed another approach based on a low-viscosity UV
curable prepolymer instead of a thermoplastic resist [49]. They called this
technique “UV light-assisted NIL (UV-NIL)". In the following years, since
it offers several advantages compared to T-NIL, this variant technique has
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been widely studied and developed by many research groups and centers,
such as the institute of semiconductor electronics (IHT) of RWTH, AMO
GmbH and “University of Texas” at Austin [50, 51]. Since the UV resist
can be photopolymerized under UV exposure through the transparent mold
at room temperature and under low pressure, UV-based approaches gain
several decisive advantages concerning both speed and overlayer.

The principle of UV-NIL is schematically illustrated in Fig. 1.13. In
UV-NIL, a UV sensitive resin (monomer) that is liquid at room tempera-
ture is spin coated on the substrate. The transparent template is brought
into contact with the substrate under a moderate pressure (0-5 bar). The
template is then illuminated through its backside producing at room tem-
perature crosslinking and hardening of the resin. After the separation of
the template, the residual layer of resist can be finally etched using reactive
ion etching (RIE) to form a high resolution feature.

/Quartz mold

<= Resist

Liquid resist is spin-coated on
T the substrate.
Substrate
UV Exposure

1

The transparent mold is pressed
into resist and exposured to UV
light.

After the resist is cured, the mold
is removed.

The residual layer and the material
to be patterned are etched by RIE.

...,

Figure 1.13: Process steps of UV nanoimprint lithography

UV nanoimprint lithography offers several decisive technical advan-
tages concerning overlay alignment accuracy, patterning of various patterns
over a wide range scale simultaneously, tool design due to the absence of
high imprint pressure and temperature cycles. Currently, UV-NIL offers
two ways for patterning based either on rigid optically transparent molds
(Hard UV-NIL) or soft stamps. Materials for hard molds are quartz or
glass, whereas for soft stamp they are mainly based on flexible elastomer
such as PDMS material (see chapters 2 and 3). Since UV-NIL is a room
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temperature process, it has been adopted in industry very rapidly. Step
and stamp procedures have been proposed to replicate nanostructures on
several fields [51]. Here, step-and-flash imprint lithography (SFIL) is an
industrial approach that consists of dispensing a drop of low viscosity, pho-
topolymerizable organosilicon solution onto the substrate surface prior to
imprint (Fig. 1.14). Since the unit process is conducted at room tem-
perature and at low pressure, the template can be stepped to pattern the
whole wafer area as in a stepper lithography tool. Some examples of both
UV-NIL and SFIL will be given in the following part of this chapter.

UV nanoimprint lithography (UV-NIL)

. L. Stamp&flash imprint lithography
Pr(_)cess: Low pressure filling of!lqund (SFIL/O): SSIL using a negative resist:
resin at room temperature by capillary coating and UV-exposure only locally

action and hardening by UV-exposure X .
through the stamp; coating by dispensing SFIL/R (_rev'erse tone SFIL): Pa}ttemmg
of planarization layer + overcoating

or spin coating of precursor Lo e
enables imprint over intrinsic substrate
topology

Figure 1.14: Comparison of the full-wafer processing and step-and-repeat approaches
in UV-NIL [52].

1.3.3 UV-NIL in the roadmap

The International Technology Roadmap for Semiconductors (ITRS) lays
out a quite challenging path for the further development of these NIL pat-
terning techniques. The main objective is to create the smallest feature size
in the limits of resolution. Since standard lithographies such as electron
beam lithography (EBL) need expensive tools, this simple NIL technique
appears competitive and has thus entered the ITRS Roadmap as “next
generation lithography” (NGL) technique. As it can be seen from Figure
1.15, it’s generally believed that extension of the Roadmap for semiconduc-
tor industry beyond 32 nm will probably require the development of NGL
technologies such as ultraviolet lithography (EUVL), maskless (ML2) and
imprint lithography (NIL). Among them, it’s obvious that NIL, which thus
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been included in ITRS roadmap for 22 nm and 16 nm nodes, can achieve
much better resolution.
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Figure 1.15: ITRS Projections for lithography technology [53]

Research in the lab

Significant efforts from both academic and industry have been put in NIL
research and development. The current state-of-the-art resolution in UV-
NIL is about 5 nm, that was pursued by Chou et al. in 2004. [54]. In their
work, these authors have demonstrated pattern replication of 5 nm-wide
lines spaced by 14 nm. UV-NIL was performed at room temperature with
a pressure less than 15 psi and a backside UV illumination through the
glass substrate. For the application of single macromolecule devices, they
also fabricated gold contact gaps as narrow as 5 nm by NIL as it can be
see in Figure 1.16. Finally, they demonstrate excellent uniformity pattern
replication over 4 inch wafer in a single step. One should note that this
research demonstration was possible since these authors used a very high
resolution mold that was obtained by EBL in the 5 nm scale.

We note that mold fabrication is thus one key point for ultra high
resolution imprinting. However, it is quite to fabricate mold of this type by
using conventional means, such as electron beam lithography, due to limits
in resolution and patterning nonuniformities at sub-5 nm length scale.
For this reason mold formed by cleaved and etched edges of substrates
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Figure 1.16: (a) SEM images of a silicon oxide mold. (b) SEM images of the imprinted
P-NIL resist after UV curing and mold separation. (c¢) SEM images of Au contacts after
evaporation of metal and lift-off of the resist [54].

with multilayer stacks deposited by molecular beam epitaxy have also been
proposed. However such cleaved mold suffers from certain limitations in
geometry. Figure 1.17 presents another approach based on single-walled
carbon nanotubes (SWNT) as templates. Such SWNT template allows
performing soft imprinting lithographic process with feature sizes as small
as 2 nm that are comparable to the size of an individual molecule [55]. The
imprinting results obtained in this recent work demonstrates the ability for
reliable replication features with horizontal and vertical dimensions greater
than 2 nm, thus providing a new and simple method for evaluating the
resolution limits of imprinting lithography.

Since UV-NIL uses a UV-curable resist to define a pattern contrast,
one other key point concerns the removal of the residual layer of the poly-
merized resist (see step 4 of process in Fig. 1.13). Other approaches have
been thus proposed to try to avoid any residual resist in the imprinted
nanocavities. During the 24th international conference of Micro & Nano
Engineering (MNE) (1998), Chen et al. has reported a new approach of
mold-assisted lithography based on photopolymerization under near-field
regime. In this experiments, polymerization occurs only in the transparent
region of the mold so that the residual layer can be removed after in the
solvent (Fig. 1.18(a)). Pattern with feature sizes ranging from 70 nm to 1
um have been formed by such technique (see Figure 1.18(c)). In parallel,
the group of Kurz [50] and the group of Willson of Texas University [51]
have provided two similar approaches based on this same idea of localized
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Figure 1.17: (a) AFM images of a SWNT master. (b) AFM image of a layer of PAA
imprint with a mold derived from a SWNT master. (c) TEM images of Pt/C replicas
formed by angled evaporation onto relief features in PAA fabricated with a similar
SWNT master [55].

(a)

D fused-silica I:‘ metal

[0 menomer [ polymer

Figure 1.18: (a) Schematic illustration of the mold-assisted optical lithography. (b)
SEM images of a mold structure with feature sizes ranging from 70 nm to 1 um made of
a fused silica substrate and a thin film metallic cap layer and (c¢) SEM of replica formed
by the mold-assisted near-field optical lithography [56].

UV light photopolymerization with specific resist materials and masks.

Research from the industry

Now, several companies are also working to optimize UV nanoimprint
lithography. Molecular Imprints, Nanonex, Obducat and EV Group are the
most famous companies that are not developing conventional photolithog-
raphy scanners, but rather machines that utilize UV and liquid emersion
technologies to imprint patterns on a wafer. Nanoimprint technology also
seems to have the backing of large corporations, such as KLA-Tencor,
MII, DARPA and Motorola, that was the first large semiconductor manu-
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facturer to test a nanoimprint tool in 2002.
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Figure 1.19: 30 nm semi-dense structure: (a) template, (b) imprinted features, (c)
etched SOI fins, (d) cross-section of etched fins ready for implantation and (e) critical
dimension (CD) and LWR for the 30 nm features after etch for two different wafers[57].

Figure 1.19 shows the SEM images of a 30 nm-wide typical test struc-
ture on the master mold (Fig. 1.19(a)) and its corresponding imprint
(Fig. 1.19(b)). This experiment has been performed by Molecular Im-
print. A Drop-On-Demand?™ method was employed to deposit the photo-
polymerizable acrylate based solution in each field across a large 200 nm
wafer. After imprinting, the Silicon on Insulator (SOI) wafers were etched
(Fig.1.19(c) and (d)). It demonstrates that a resolution of 30 nm can be
achieved on very large surface. The evolution of the linewidth roughness
(LWR) is also of great interest as shown in Figure 1.19(e): LWR of etched
pattern is shown to fit with LWR of master pattern. NIL is thus able to
replicate faithfully the master pattern, which imposes the use of a perfect
master mold. Such SFIL experiments meet the requirement of ITRS at
32 nm node. Nanonex has successfully demonstrated excellent duplication
over 4 inch wafer scale of 20 nm holes with a pitch of 100 nm (Fig 1.20(a))
and 65 nm pillars with a pitch of 200 nm (Fig 1.20(b)) in their Nanonex
photo-curable resist. Besides imprinting gratings with high uniform pat-
tern density, they also shown imprinting with good CD control of isolated
feature, such as the gate level of MESFET (metal semiconductor field ef-
fect transistor) circuit. Numerous work has convinced the ability of NIL
for fine patterning in all kinds of applications, including data storage, life
science, MEMS, biochip, sensor and optics with low cost.
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Figure 1.20: (a) SEM images of 100 nm pitch, 20 nm holes imprinted in NXR-3010
resist using P-NIL and (b) SEM images of 200 nm pitch, 65 nm pillars imprinted in
NXR-2010/NXR-3010 resist over 4 inch wafer using P-NIL [58].

1.3.4 Comparison to the other lithographic tech-
niques

To appreciate the potential of nanoimprint lithography, an overview of
different current lithographic patterning techniques is also briefly given
here for comparison.

Photolithography, in other words the standard lithography working
with a UV light source, is a process that has been extensively employed
throughout the semiconductor industry to create a pattern by projection
from a photomask. The limiting factor to reach high resolution is the
wavelength of the light that governs the diffraction across the mask. In
addition, the replication systems and the complex phase-shift masks for
high resolution are very expensive. Today deep UV light (DUV) working
with a wavelength of 250 nm and 190 nm allows feature sizes down to 50
nm. To go further to higher resolution in the sub-50 nm scale, extreme
ultraviolet lithography (EUV) that works at A = 13.5 nm can be used
as alternative method. However, EUV suffers from several disadvantages
such as the cost of its source and the optical elements (X-Ray reflecting
mirrors) to be inserted, which limit the light power and thus enhance the
exposure time.

X-ray lithography (XRL) is similar to photolithography in terms of
exposure configuration. As X-rays have wavelengths that are much shorter
than UV light (A = 1 nm), high resolution in the sub-20 nm scale can
be reached with extreme precision. The main drawbacks of this method
include: (1) the systems require a powerful and reliable X-rays source which
can only be practically achieved using synchrotron radiation; (2) 1:1 mask
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and a small gap (10-20 um) between mask and substrate is required [59].

Electron beam lithography (EBL) is one of the most powerful methods
for forming nano-patterns. In this technique, a beam of electrons is uti-
lized to generated patterns on the substrate. It uses high voltage electrons
in the range of 1-100 KV to nano-pattern the resist on the substrate by
directly writing onto it. The short wavelength associated with high-energy
electron beams gives EBL as the best method to pattern with extremely
high resolution of several nanometers. The resolution limit is determined
by forward scattering in the photoresist and secondary electron travel in
the photoresist. Despite the high resolution, the commercial value of EBL
is also limited because of the very slow pattern generation of the serial
point-by-point e-beam writing. This is a cost limitation compared with
techniques as photolithography in which the entire surface is patterned
once. The throughput of e-beam systems has been increased through
the development of the “shaped beam” concept due to its high current
density. Based on this concept, projection PREVAIL (projection reduc-
tion exposure with variable axis immersion lenses) which combines e-beam
projection with e-beam scanning through the use of curvilinear variable
axis lenses has been explored. PREVAIL - electron projection lithography
(EPL) offers high resolution and large process margins with reasonable
throughput and multigeneration tool characteristics holds promise for the
next-generation lithography.

FIB systems generally employ a highly focused beam of ions, such as
Ga™ that is raster scanned over the sample surface in a similar manner
to an electron beam in a scanning electron microscope [60]. However, it
differs in that gallium atoms from the ion beam are implanted into the top
few nanometers of the sample surface which is destructive to the specimen.
Although ultrafine structures (several nm) can be fabricated with FIB, the
low throughput and the limitation of ion beam current limit its application
for lithographic purposes.

In table 1.2, comparsion between nanoimprint lithography and other
nanopatterning techniques has been given. Clearly, nanoimprint lithogra-
phy is a fast rather cheap nanolithography tool that is ideal for replicating
features with a resolution in the order of a few tens of nanometers.

1.3.5 Challenge of nanoimprint lithography

Nanoimprint can currently achieve high resolution and reasonable high
throughput at low cost, but their are still some challenges to overcome
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Technique Resolution Patterning time Cost

Contact optical lithography 500 nm Short Low
Projection optical lithography 45 nm Short Very high

Extreme UV lithography 50 nm Short Extremely high

Electron beam lithography 5 nm Long High
X-ray lithography 20 nm Short Very high

Ton beam lithography 8 nm Very long High

Nanoimprint lithography 5 nm Moderate Low

Table 1.2: Comparsion between nanoimptint lithography and other nanopatterning
techniques.

that will require further developments.
e Template fabrication

One of the most important components for the realization of the nano-
scale feature replication by NIL is the minimum feature size on the mold.
Two important challenges in NIL mold production are (1) the faithful
duplication of existing NIL molds and (2) the production of NIL molds with
features beyond traditional nanopatterning capabilities. For comparison,
a UV photomask can support feature sizes 4x larger than those desired on
the wafer, since pattern magnification is possible (based on lens insertion
between mask and wafer). The templates for NIL should exhibit the same
pattern size 1x as the wafer pattern size. This means that the master
pattern cannot be magnified. The pattern mask resolution has to be always
four time better than an optical lithography mask. Mask resolution and
mask inspection are thus very challenging for NIL. This renders the NIL
template fabrication significantly more difficult and expensive than the
standard photomask process. Thus, in order to reduce total cost and to
increase the overall throughput, a process combining NIL and reactive ion
etching for template fabrication has been studied (see chapter 2). However,
the anisotropy etching, the random motion of enchant ions and the resist
chemistry can produce severe pattern distortion and increased line edge
roughness (LER) which can limit the high quality NIL mold production.
We will see along this thesis that those RIE steps are critical and have to
be studied similarly, as the NIL process itself, if one want to optimize both
resolution, pattern profile and LWR, [62, 63].

Another challenge for NIL templates is how to make them defect-free.
Concerning quality inspection, approaches for defect analysis will need
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to be carried out with SEM, AFM and more pioneering method based
on optical microscopy of fluorescent dye loaded in printable polymers [64].
The effect of the smaller defect size on imprint template cost (cost for both
defect inspection and repair of template defects) should also be considered
in the overall cost of nanoimprint lithography.

e Multilevel issue

One of the crucial problem lies in NIL is the multilevel capability. To
get over this problem, the first step is to find solutions for in-plane align-
ment to control overlayer better than 10 nm. Normally, the functionality
of template for nanoimprint is equivalent to the photo projection mask
for conventional optical projection lithography. The overlayer accuracy
depends on the alignment techniques. With a three step alignment pro-
cedure based on diffractive gratings overlay accuracies in the sub-50 nm
regime have been achieved recently [65].

e Throughput

In contrast to UV photolithography that simply requires exposure for each
field, imprint requires not only exposure, but also material dispense, tem-
plate fill and field by field alignment. Normally, NIL throughput can be
roughly estimated from the time of actual printing, loading alignment and
separation, which corresponds more often to a current time of 10-15 min-
utes. Other factors also contribute to throughput among which the stamp
size, the high density of features, the sticking, the polymer curing time,
the temperature and the pressure during imprint and the stamp life time.
Some factors leading to influence the throughput are listed below:

(1) The mold feature density. The mold feature complexity and feature
size all play an important role. Combining large and small feature sizes
into a single mold will causes several problems, among which the most
important is the non uniformity in thickness of the residual resist layer
across the imprinted area. With such differences in thickness: first, it’s
challenging to remove the right amount of residual polymers to complete
the pattern definition; secondly, extra cleaning time will be needed to re-
move completely the excess resist left in the valleys. Such increase in RIE
time will increase the overall time of NIL process, and thus decrease the
final throughput. Figure 1.21 presents a work of the residual thickness
obtained on the same plate with nanoline pattern of varying density real-
ized by C. Courgon and coworkers [51]. It’s showed that the imprinting
uniformity is strongly dependent on the pattern density across the wafer.
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In the case where the linewidth (L) of printed line is narrower than the
adjacent space (S), the residual thickness is inhomogeneous at the scale of
all the wafer.

Figure 1.21: Residual thickness as a function of pattern density and mapping across
the same plate [66].

(2)Stamp size. 1deally the stamp size will have a size compatible with
standard production equipment. As the stamp size determines the field
area to be printed, the stamp area should be as large as possible. For SFIL
allowing step-and-repeat process, the stamp size can be largely reduced.

(3) Imprint temperature and pressure. Reducing the imprint pressure
required for reliable pattern definition by lowing the environmental pres-
sure and also decreasing the temperature as low as possible will increase
the throughput by decreasing time of pressure and temperature cycling.

In summary, challenges concerning throughput, defect tolerance and
multi layer overlay still need supreme efforts by tool makers, resist devel-
opers and template manufacturers. NIL is still not yet established as a
mass fabrication technique and in competition with other established and
emerging lithographies. Whether imprint lithography is suitable for high-
volume semiconductor production is still an open question. Regarding the
current activities, nanoimprint lithography seems best suited for single im-
printing of complex patterns or in multiple imprints in which alignment
is not critical. Omne of the examples would be in the biosensor fabrica-
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tion, where NIL proves its ability in simple, high resolution, wafer-scale
fabrication of reproducible, large-scale plasmonic structures.

1.3.6 Advantages of soft UV-NIL

Soft UV-NIL process merges the two main techniques that are outstanding
in research and development: Soft Lithography [67, 68] and UV Nanoim-
print Lithography (UV-NIL) [51]. Due to the use of flexible stamp, soft
lithography techniques can generate 3D structures and patterns on non-
planar surfaces. These soft methods can be also used to transfer chem-
ical molecules and thus pattern specific chemical functionalities on sur-
face (microcontact-printing method). Meanwhile, UV-NIL uses hard rigid
(quartz or glass) stamps combined with a low viscosity monomer enabling
patterning high contrast three-dimensional nanostructures. Nevertheless,
full wafer patterning in Hard UV-NIL can only be performed by SFIL, in
which the imprint cycle is performed over a small area corresponding to
one field. Hard UV-NIL is thus limited in practice in terms of patternable
area.

imprinting and stamp
adaptation

pin coated
resist layer

cured resist
layer profile

/4

Figure 1.22: Process flow of the soft UV-NIL nanoimprint lithography technique.
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Soft UV-NIL that combines the advantages of both techniques is a soft
lithographic process for nanopatterning on wafer scale in only one imprint
step. Patterning is performed at room temperature with low imprint pres-
sures below 1 bar and even on non-flat surface. The main advantages of
this process are based on the two following properties: the transparent
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flexible stamp and a low viscosity UV-curable resist. In soft UV-NIL, the
elastomeric stamps are basically replicated by molding and curing a liquid
prepolymer from a three dimensional template. The most commonly used
materials for flexible stamp fabrication is poly(dimethylsiloxane) PDMS
that exhibits attractive properties like low interfacial free energy (~21.6
dyn/cm), good chemical stability and high optical transparency.

The standard fabrication process of soft UV-NIL is shown in Figure
1.22. In soft UV-NIL process, (1) the substrate is first coated with a
photocurable resist layer; (2) then the soft PDMS stamp is lowered into
the resist and adjusts to the topography of the substrate until fully contact
is achieved; (3) followed by the UV-light irradiation directly through the
transparent stamp, which cures the monomer to make it solidified; (4)
finally, the soft stamp is released.

Obliviously, permeability of soft stamp inhibits problems caused by
trapped air bubbles in the resist layer when imprinting at ambient pressure.
In the other hand, the usage of low viscosity UV-curable resists allows 3D
patterning at low pressure without any heating cycles, thus minimizing the
risk of deformation of the soft stamp.

1.3.7 NIL for biosensing

Nanofabrication technology has enabled methods to manipulate and probe
individual molecules in a biosensor system. This type of application often
requires to fabricate a large number of identical biosensors which imposes
the fabrication of multisensor arrays. Each sensor should be sensitive for
one chemical /biological component. Therefore, it’s possible to determine
the composition of the unknown substance by using such sensing system.
The development of biosensing has been largely applied for different ap-
plications including food industry, detection of pollution, drug discovery,
proteomics etc.

More recently, numerous biosensor research has been devoted to the
evaluation of the relative merits of various signal transduction methods
including optical, radioactive, electrochemical, magnetic and mass spec-
trometric. Among these methods, in particular those base on evanescent
electromagnetic fields such as SPP (surface plasmon polaritons) at the no-
ble metallic surface has been rapidly exploited in a wide variety of SPR
based biosensors [69, 70].

Various nanofabrication techniques have been employed to fabricate
the desired nanopatterns utilized in SPR based biosensing studies. UV
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photolithography is a widely used method, but its feature sizes are limited
by its diffraction limit of A\/2. The leading nanotechnologies for subop-
tical domain fabrication are electron-beam lithography and x-ray lithog-
raphy. Although EBL has outstanding resolution yielding features of 1-2
nm, its serial processing speed is limited in terms of commercially accept-
able throughput. XRL resolution is limited by photoelectrons range and
diffraction effect to 20 nm, but its capability to produce simultaneously
large number of nanostructures is really encouraging. Nanosphere lithog-
raphy is another fabrication method to produce periodic particle arrays
with a precise control, which makes it a promising fabrication candidate
for commercialized SPR applications. However, surface coverage and geo-
metric constraints reduce the type of SPR biosensors that can be obtained
with this nanosphere lithography.
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Figure 1.23: (Top)Process used to fabricate “nano-block molds”. (Bottom) SEM
images of representative nanoblock molds derived from one-dimensional gratings by
using NIL [71].

Consequently there is substantial interest in developing nanofabrica-
tion techniques that can integrate both the resolution of EBL and the
throughput of XRL. In this context, nanoimprint lithography appears as
an ideal fabrication method since it allows parallel replication of identical
nanoarrays.

More recently, several works have been done to study the behavior of

surface plasmon resonance biosensor. Guo et al. have proposed an ap-
proach based on NIL and one-dimensional gratings (Fig 1.23 (Top)) to
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produce a two-dimensional array of “nano-block molds” (Fig 1.23 (Bot-
tom)). Such nanoblock molds have been used to fabricate large area metal-
lic nano-particles arrays (NPAs) through conventional NIL process. They
have successfully demonstrated the flexibility of this approach by complete
control of the plasmonic response of NPAs through their composition, size
and shape. In our work, the purpose of the biosensing application is mainly
focused on how to optimize the process latitude in order to get homoge-
neous nanostructures on large area. We hope that such study will open
in the future the way to fabricate parallel multi-channel fluidic biodevices
integrating SPR biosensors for detection. The related work will be present
in chapter 5 and chapter 6.

1.4 Thesis objectives

Surface plasmon resonance biosensors have become increasingly popular
for the qualitative and quantitative characterization of the specific bind-
ing of mobile reactants to a binding partner immobilized on the sensor
surface. Today, the development of SPR biosensors is geared towards the
ability to produce compact, low cost and sensitive nanostructure arrays.
Hence, the ability to fabricate nanoscale plasmonic structures with high
precision, high throughput at low fabrication cost is of crucial importance
to real-life applications. Being a next generation lithography candidate,
NIL provides high resolution wafer-scale processing using standard clean
room procedures offering simplicity and low cost.

Meanwhile, in order to perform many optical measurements in SPR
biosensor, it’s necessary to bring the sample solution in the vicinity of the
sensing surface of the device. For this purpose, microfluidics are proposed
to be implemented in various sensing platforms. Such platform offers as
advantages faster response, manipulation of smaller sample volume and
easiness to miniaturize the entire analytical sensing system. which results
in a compact biosensing device [72, 73]. NIL-based technology platform
allows integration of plasmonic components into more complex devices,
e.g. microfluidic channel devices for biosensing.

Therefore, we have focused on the development of such innovative
biodevices that can be used in different biosensing application fields. The
first objective of this thesis work is to design and develop SPR nanoar-
ray sensors based on both nanohole arrays and nanograting metamateri-
als. The second main objective is to apply and develop UV nanoimprint
lithography technique for producing high resolution plasmonic nanostruc-
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tures on large area. We have also investigated such process reproducibility
allowing to reliably measure the biomolecular interactions in our device.
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Chapter 2

Mold and stamp fabrication

As previously described in chapter 1, the quality of the master mold (high
resolution, defect-free) is of fundamental importance to nanoimprint lithog-
raphy (NIL). The fabrication process of such master mold is more often
based on the electron beam lithography (EBL) since this technique is very
flexible and can produce high resolution features in the sub-10nm range.
This first EBL step used to get the master mold is thus very important.
This chapter will present the different EBL processes that have been used
during my thesis. After the preparation of the hard master mold, soft
stamps (PDMS, h-PDMS/PDMS) can then be obtained by replication
from the master mold. This last duplication step for producing flexible
NIL stamps will also be described.

2.1 Master mold fabrication

Electron beam lithography (EBL) is one of the most powerful methods
for creating high resolution nanoscale structures. The main advantages of
EBL over the conventional photolithography techniques include very high
resolution, greater accuracy and the ability to write a variety of pattern
geometries.

In EBL, a beam of electrons is utilized to generate patterns on a sub-
strate surface. The principle of this technique is to use a high voltage
electrons in the range of 1 kV - 100 kV to nanopattern the electrosensitive
resist deposited on the substrate by directly writing onto it. A very high
resolution of several nanometers can be obtained with this method. A
typical electron beam lithography system is shown schematically in figure
2.1, it consists of an electron gun, electron optical column, and a vacuum
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chamber containing a laser controlled x/y stage for accurately positioning
the substrate under the beam. The electron optical column is used to form
and direct a focused beam of electrons onto the surface of the substrate.
The electrons are produced in the electron gun. After the electron beam
emerges from the gun, it passes through several additional stages in the
electron optical column that perform specific beam modification processes
to produce a beam having the required current and the spot size correctly
located onto the substrate.

The short wavelength associated with high-energy electron beam gives
to EBL an ultra high resolution capability. However, the resolution limit
is determined not by the beam size, but by the scattering effects occurring
in the resist after interaction with the electrons of high energy. Different
scattering effects exist among which the more important are the forward
scattering of the primary electron beam, the secondary electron travel and
the electron backscattering. Working with a higher energy electron beam
(above 50KeV) or in a very thin resist layer allows to largely reduce the
forward scattering in order to reach very high resolution with dimension
in the range of the beam size. However, the secondary backscattering
effect (also called the proximity effect) is a bothering over exposure that
occurs at the resist-substrate interface due to backscattered electrons. This
proximity effect that is dependent of the substrate material has to be
largely minimized in case of high resolution experiments.

Gun Assembly > v

Blanking Plates g
Electron Optical Column }—p?ggl I -

Final Lens

Figure 2.1: The basic components of a typical electron beam lithography system
(excluding electronic component).
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2.1.1 Commercial EBL molds

The standard commercial stamp with multi-patterns manufactured by NIL
Technology (Denmark) has been used first for the initial testing of the
nanoimprint process and test of NIL equipment [6]. This mold is fabricated
by E-beam lithography and transferred in nickel plate by electroplating.
Figure 2.2(a) and (b) show the details of the mold. There are nine pat-
terned areas with the size of 200 um x 200 um occupied the center of the
2 inch wafer. Each of the area contains four different type patterns in-
cluded lines, pillars, cross-bars and checker-board, with four different line
widths/periods (250/500 nm, 200/400 nm, 150/300 nm and 100/200 nm)
and 200 um spacing. The protrusion height is 105 nm (with x=100nm the
protrusion height is 65 nm).
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Figure 2.2: (a) The organization of the standard commercial stamp fabricated by
NIL technology and (b) SEM images of dots array (left) and lines arrays (right) in the
standard commercial stamp from NIL technology/[6].

In our work, the studied sub-wavelength photonic nanostructures were
obtained by EBL with the LPN LEICA EBPG 50004 e-beam system.
Three different e-beam resists have been tested for high resolution e-beam
direct writing. I will now report on those three different EBL processes
and their performance for both resolution and pattern profile.
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2.1.2 EBL process based on the PMMA resist

PMMA (polymethyl methacrylate) that has been firstly discovered and
studied as EBL polymeric material is a positive e-beam resist for directly
EBL writing and can be used as well in deep UV and X ray microlithogra-
phy processes [1]. The most prominent features of this PMMA resist are
its high resolution, its high contrast associated with its low sensitivity and
its wide process latitude. The master molds have been fabricated by EBL
based on PMMA resist in two different approaches: (1) a conventional
multi-process with PMMA resist exposure combined with lift-off and Si
reactive ion etching (Fig. 2.3(a)) and (2) single-step process with PMMA
resist exposure and Si direct etching (Fig. 2.4(a)).

In the first multi-process, nanodots and nanolines are defined by EBL
at 100 KeV in the PMMA resist that has been previously pre-backed at
180 °C for 30 minutes. After development and Ni lift-off, the final patterns
are transferred into the silicon wafer by reactive ion etching (RIE) with
CHF3-SFg gases. Figure 2.3(b) shows the SEM images of nanopattern
transferred on silicon wafer after reactive ion etching with Ni metal layer
as a mask. Before replication, the Ni layer has to be removed by chemical
wet etching in a HNOj acid solution.

1) EBL with PMMA
silicon
2) Deposition of Ni
mask
Silicon
(==l =~
ST LIS 3) Lift-off of PMMA

=
T X X A 4) RIE of Silicon

5) Remove Ni mask in
HNO,

Silicon

@

Figure 2.3: (a) process 1: multi-step fabrication process based on EBL PMMA resist
exposure combined with lift-off and etching; (b) SEM images of nanodots (diameter
= 100 nm, pitch = 100 nm) and nanolines (linewidth = 220 nm, pitch = 180 nm)
structures in silicon mold patterned by e-beam lithography and reactive ion etching
before the removal of Ni mask.
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Since this first process is complicated and involves multiple intermedi-
ate steps that are difficult to optimize, a faster and more reliable approach
(process 2) has been developed. After the standard EBL exposure at 100
KeV in a 430 nm thick layer of PMMA (950PMMA A5, MicroChem Corp.),
the samples are developed in a methylisobutylketone (MIBK) /isopropanol
(IPA) solution at 20°C for 35 s, rinsed in IPA for 10 s and then dried
with nitrogen gun. The direct etching step of Si is then performed. A
highly anisotropic RIE process based on CHF3/SFs/04 allows to transfer
nanopatterns in Si. PMMA resist is finally removed in acetone. Fig. 2.4(b)
shows a SEM images of nanohole arrays and nanoline arrays recorded in
Si master. These images show clearly a better edge profile of the pat-
terns combined with a better homogeneity in dimension (hole diameter
and line width) compared to the multi-step fabrication process 1 (compare
Fig. 2.4(b) and Fig. 2.3(b)). However, this master mold has a negative
polarity (holes in silicon for example) compared to the process 1 master
mold (pillars in silicon). The polarity of the soft NIL stamp will also be
different and produce different imprinting results. These important points
will be discussed in chapter 3.

2) RIE of Silicon
_siicn
3) Remove PMMA
. mask in actone
Csiieon

(a)

Figure 2.4: (a) process 2: a single-step fabrication process based on EBL in PMMA
resist and direct etching (b) SEM images of nanoholes (diameter = 200 nm, pitch = 400
nm) and nanolines (linewidth = 200 nm, pitch = 400 nm) structures in silicon mold.
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2.1.3 EBL process based on the ZEP-520 resist

In contrast to PMMA | ZEP-520 is an excellent positive e-beam resist with a
higher sensitivity in which improvements in the minimum feature size have
been shown. ZEP-520 is a chain scission resist consisting of copolymers of
a-chloromethacrylate and a-methylstyrene [2]. This resist has also a better
dry etch resistance than PMMA, but is still not adequate for some plasma
chemistries and large etching times [3]. It presents also poor adhesion
(requires HMDS prime layer) and normal exposure doses result more often
in reentrant pattern profiles. Nanorings have been patterned based on

After Si etching
and remove of Ni

Designed

2 . . _
fontire size Dose (nC/cm?)  After Ni lift-off

d=100nm 500
550
d=60nm 550
600

Table 2.1: Comparison of some nanorings patterns defined in ZEP-520 resist by EBL

with different electron does.

EBL in a ZEP-520 resist layer that was pre-baked at 170°C. After Ni
lift-off, RIE with CHF3-SFg gas is used to transfer patterns in the silicon
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substrate. Some selected results obtained after Ni lift-off and anisotropic
etching are shown in table 2.1.

As it can be seen from table 2.1, the resulting structures show a good
performance of EBL in resolution despite the sizes slightly differ from the
designed ones. However, some inaccuracies are also encountered. For ex-
ample, for the nanoring (d = 125 nm) arrays after Ni lift-off, some central
part of nanoring isn’t fully lifted, thus the finally pattern appears as nan-
odot (see the red arrows on the image). Such defect and dimension control
can be adjusted by optimizing both the electron dose and RIE etching
time.

2.2 Soft stamp fabrication

The molds used in nanoimprint lithography take up the same impor-
tant role as the photomask in photolithography. Both thermal NIL (T-
NIL) and step-and-flash imprint lithography (S-FIL) utilize the hard molds
which distinguish from soft lithographic methods that use soft electromet-
ric stamps as patterning elements. Considering the hardness, compatibil-
ity with traditional microfabrication processing and the thermal expansion
coefficient of the material, normally materials include silicon, dielectric ma-
terials (e.g: silicon dioxide, silicon carbide or silicon nitride), metals (e.g:
Nickel) or polymeric materials with sufficient Young’s modulus have been
chosen for T-NIL molds fabrication [7]. Hard features of the different tem-
plates are that they have a high mechanical strength and durability. The
properties of these hard molds can allow imprinting of features in polymer
materials with resolutions below 10 nm, and also are crucial for producing
nanoscale features because the protrusion patterns on the template should
not deform, buckle, or collapse during imprint,even at elevated temper-
atures, which isn’t possible to be achieved by soft lithography using a
elastomeric stamps.

Compared with T-NIL and SFIL, soft imprint technique uses an elas-
tomeric stamp with patterned relief structures on its surface. Several types
of materials, including polycarbonate resins [8], cross-linked novolak based
epoxy resin [9], fluoropolymer materials and tetrafluoroethylene(TFE) [10],
etc. have been used in soft lithography. It turned out that poly (dimethyl-
siloxanes) (PDMS) offers numerous attractive properties for use as stamp
elastomer because: (1) its flexible backbone enables accurate replication
of relief shapes in the fabrication of the patterning elements [11], (2) its
low Young’s modulus (~750 KPa) [12] and low surface energy enable con-
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formal contact with surface without applied pressure and nondestructive
release from patterned structures [13], (3) its good optical transparency
down to a light wavelength of approximately 256 nm [14], (4) its commer-
cial availability in bulk quantities at low cost. PDMS can be used as a
backplane or imprint layer for soft UV nanoimprint lithography. Several
procedure for preparing the stamp are summarized below.

2.2.1 Basic soft PDMS stamp fabrication process

Stamps are typically replicated by firstly mixing two commercial PDMS
components: 10:1 PDMS RTV 615 (part A) siloxane oligomer and RTV
615 (part B) cross-linking oligomers (General Electric) thoroughly and
degassing, then casting a mixture onto the anti-sticking treated surface
of nickel or silicon nanostructured master molds. After curing at 60°C
for 24h, the stamps have been left to cool to room temperature and then
carefully peeled off from the print master. A schematic illustration of the
protocol used for the preparation of soft stamps is given in Figure 2.5.

.
— — —

Rigid master(Si) PDMS casting PDMS stamp

Figure 2.5: Schematic illustration of the basic procedure for the preparation of the
soft stamp.

PDMS normally includes a base polymer (part A) containing poly-
dimethysiloxane bearing vinyl groups and a platinum and a curing agent
(part B) which contains a cross-linker containing silicon hydride (Si-H)
groups for forming covalent bonds with vinyl groups.Controlling the mix-
ing ratio of PDMS’s two components (part A and part B), different me-
chanical properties of PDMS can be achieved. Young’s modulus can be
tuned by changing the mixing ratio from 1:10 to 1:5 (part A : part B): the
smaller the ratio, the lower the resulting Young’s modulus (the softer the
nature) [15].

While PDMS offers some advantages, there are a number of properties
inherent to PDMS which severely limit its capabilities in soft UV-NIL.
First, its low Young’s modulus limits the fabrication of features with high
aspect ratios due to collapse, merging and buckling of the relief structures;
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second, its surface energy (& 22-25 mNm™!) isn’t low enough to replicate
profiles with high fidelity; third, its high elasticity and thermal expansion
can lead to deformation and distortions during the fabrication; finally, it
shrinks by ~1% curing and the cured PDMS can be readily swelled by
most organic liquids [16, 17].

2.2.2 Improved soft stamp fabrication process

To improve the resolution and fidelity in soft UV-NIL, we have developed
one composite stamp composed of two layers: a stiff layer supported by a
flexible PDMS layer, which presents enhanced mechanical characteristics
compared with PMDS soft mold.

The most widely used material for this stiff layer is the so-called “h-
PDMS” (“hard” PDMS) which wasprepared from a commercially available
trimet - hylsiloxy terminated vinylmethylsiloxane (VDT-731, Gelest) and
meth-ylhydrosiloxane-dimethylsiloxane (HMS-301, Gelest) copoly-mers. h-
PDMS has cross-linkers with relatively short lengths as compared to those
in the normal PDMS. Also it possesses a relatively high modulus (~9
N/mm?), but its elongation at break is much lower than that of normal
PDMS][18, 19].

(a) - M)

Master
Spin coating of h-PDMS

Casting of PDMS
PDMS

0.8 pm|
h-PDMS/PDMS composite stamp "uj j

PDMS 02

LLRR

Figure 2.6: (a) Procedure for fabricating a h-PDMS/PDMS two-layer composite
stamp. (b) SEM image of 200 nm nanolines arrays with a spacing of 200 nm of the silicon
master and (c¢) Atomic force microscope (AFM) image of the replicated h-PDMS/PDMS
bilayer stamp of the corresponding Si master.
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Figure 2.6(a) summarized the procedure for preparing a bi-layer stamp
from h-PDMS and normal PDMS. The h-PDMS solution is first spin coated
onto a master at 5000 rpm for 30 s and then degassed in vacuum for 10
mins to make sure the h-PDMS can flow into the recessed nanoareas of the
master. Note that, below a certain critical lateral dimension, the PDMS
cannot completely fill up the recessed nanoareas due to its high viscosity,
and the height of the soft stamp nanostructures will be thus lower than the
height of the master patterns. A mixture of commercial available (RTV615
from GE) two component solution (1:10) of conventional PDMS is then
directly poured on top of the cured thin h-PDMS layer. After degassing
and solidifying at 60 °C for 24 hours, the bi-layer stamp can be peeled off
from the master. In figure 2.6(b) SEM images of an array with 200 nm
nanolines on the surface of the silicon master are shown. The 3D AFM
picture of the replicated h-PDMS/PDMS stamp ( figure 2.6(c)) shows the
replicated pattern uniformity along the vertical dimension. This composite
stamp combines some attractive advantages of both a more rigid layer (to
achieve high-resolution pattern transfer) and a more flexible support (to
enable conformal contact with a surface without external pressure).

2.3 Anti-sticking surface treatment

2.3.1 State of the art

A mold used for nanoimprint lithography typically has a high density of
nanoscale protrusion features on its surface, which increases the total sur-
face contact areas with the polymer layer in nanoimprinting and stamp-
ing process and leads to a strong tendency of adhesion of the polymer
to the mold. Thus, adhesion is a major issue in the creation of reliable
and high-yield techniques for the replications of more complex and smaller
structures. The solutions to this problem are (1) incorporating an internal
release agent into the resist formulation, (2) applying a low surface ten-
sion coating to the mold to reduce its surface energy (or a combination of
both approaches) and (3) choosing a mold material with an intrinsically
low surface surface energy [7]. Among these solutions, most research is in
progress to investigate the use of anti-sticking layer providing a low energy
surface to enhance mold release and thereby minimizing distortions in the
pattern during mold removal from the solidified polymeric material.

N. Roos, M. Wissen and H. -C Scheer have proposed two methods
of tailoring adhesion properties of thermosets in hot embossing lithogra-
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phy. The first method was based on a plasma-deposition of a fluorinated
film followed by a self-assembled monolayer (SAM) coating of fluoroalkyl-
trichlorosilane. The second one used C4Fg as a feed gas to deposit Teflon-
like anti-sticking layers by plasma deposition and formed the SAM layer
from the gas phase[23, 24].

Byeon et al. studied the anti-sticking treatment of Nickel nanoimprint
template. In their study, a thin layer of SiO, film was deposited on nickel
surface and silane based hydrophobic SAM layer could be stable formed
on SiO; film. As a result, the imprint defects generated by using nickel
template which has a poor anti-sticking property can be avoided by such
proper releasing layer [26].

Recently, researches from the “University of the Texas System” present
an invention for getting diamond-like carbon films (commonly referred to
as“DLC” films) that act as a release layer on a template. Such DLC
film has generally similar properties as polycrystalline diamond coatings,
such as low energy friction, high hardness and low surface energy and
thus exhibits excellent release characteristics of the cross-linked polymer
material from the template [25]. Whereafter F. A. Houle and L. Tao et
al. also indicated that DLC coatings is a useful alternative for fluorosilane
layers [27, 28].

Among these reported methods, many researches used a commercially
available F13 -OCTS (Tridecafluoro - 1,1,2,2 - tetrahydrooctyl) - trichloros-
ilane[29, 30] or OTMS (octadecyltrimethoxysilane) [31] to deposit anti-
adhesive coating on the surface of SiOs or Si stamp. It was also shown
that solution-based procedures for forming the SAM releasing layer on the
mold does not work well for high resolution molds with sub-100nm pitch
and high aspect ratio, while vapor-phase processes allow superior coating
of the releasing agent, mainly because the vapor can penetrate more easily
into the nanoscale patterns of the mold than a solution [32].

2.3.2 Principle of anti-sticking treatment

Since UV-NIL is based on squeeze flow of a viscous resist between a stamp
and a substrate, the interface between the two materials has to be con-
sidered throughout the entire process. Several effects contribute to the
adhesion between the interface. Mechanical adhesion from a large area
contact, surface roughness, dovetail stamp structures and friction inter-
locking. Chemical adhesion originates from chemical bonds across the
interface. Physical adhesion is the interaction between the surface from
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Van der Waals force and hydrogen bridges.

Polymer

Figure 2.7: Surface energy of the polymer, solid and interior surface.

It’s known that the adhesion energy, W,q is the energy that should
be applied to separate two surfaces that are adhering one to each other.
Taking the surface energy of a polymer +,, the surface energy of a solid
and the interfacial energy between the polymer and solid v, (Figure 2.7),
the adhesive energy is given by

Waa = Ys + Yp — Vps (2.1)

The interior surface energy between polymer and solid is calculated
from the given formula by [33]

Tps = Vp + Vs — 20\/ s (2.2)

where C is a constant and in the reference [33], C=1. Now the expression
for the adhesive energy 7,s can be expressed as

Waa = 2C /775 (2.3)

From this simple expression, one can explain intuitively that good adhe-
sion is obtained for a surface with a large surface energy and poor adhesion
for a surface with a small surface energy. Concerning the adhesion during
NIL, it’s observed from equation (2.3) that the stamp should have a lower
surface energy than the one of the polymer, and the substrate should have
a large surface energy to adhere well to the polymer.
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2.3.3 Anti-sticking treatment by TMCS

In our experiment, functionalization of all the mold surface, including both
the master mold and the PDMS stamp, are accomplished by simply evapo-
rated Trichloromethylesilane (TMCS, chlortrimethylsilane redistilled, 99%,
Sigma Aldrich), the usability with which has been proved in our group be-
fore. The surface treatment procedure used in our soft UV-NIL process is
based on this treatment. Silicon templates should be first cleaned with a
piranha solution(1 part HyO5 to 5 parts HySOy) for 1 hour to remove any
surface organic contaminants. Then the mold was immersed successively
in HF and H50O, for 2 min and finally the mold was dried with nitrogen
gun. The mold was then placed inside a closed box with a small quantity
of TMCS inside for 10 min. When the gaseous molecules come into contact
with the mold surface they react immediately to form a covalent link as
described in Figure 2.8.

7 %
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Figure 2.8: Schematic diagram of the mechanism for anti-sticking treatment by using
TMCS.

2.4 Mold pattern inversion based on NIL

Traditionally, the most common nanolithographies used for sub-100nm
scale patterning are electron beam lithography [34] and focused ion beam
lithography [35], but they are not suitable for mass production because of
their long writing time and expensive equipments as described in chapter 1.
In this context, nanoimprint lithography has been demonstrated to be one
of the most promising alternative techniques for producing dense periodic
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nanostructures on large areas at reasonable cost [36]. With intensive de-
velopments from materials (i.e. resists, mold) to imprinting tools, NIL has
now passed the barrier from laboratory scale to industrial preproduction
[37].

However, one NIL key parameter for both resolution and pattern smo-
othness concerns the fabrication of the master mold. Since NIL allows
faithful pattern duplication even of nanometer variations on a pattern side-
wall, it is important to fabricate NIL master molds of high resolution and
with minimal sidewall roughness. These molds are generally patterned us-
ing EBL at high energy. To reduce both writing time and fabrication time,
developing other strategies for master replication or inversion at the whole
wafer scale is thus important. In this part, we propose a two steps process
that allows pattern inversion at each step. The first step combines thermal
nanoimprint lithography, ion beam etching (IBE) and reactive ion etching
for pattern transfer, whereas the second step is based on soft UV nanoim-
print lithography associated only with reactive ion etching. We have here
studied how each pattern transfer process will affect feature size, pattern
shape and homogeneity. Sub-200nm nanostructures have been inverted
with good reproducibility and homogeneity on field as large as 1 cm?. Two
successive inversions were finally performed in order to quantify changes
in both linewidth and pattern shape between the original EBL Si master
mold and the grand-daughter Si mold (step 2) replicated from the daughter
mold (step 1) by soft UV-NIL.

2.4.1 Materials and fabrication

T-NIL and soft UV-NIL were performed on our commercial Nanonex NXR-
2500 imprint tool. The fabrication process can be divided in two parts:
(Fig. 2.9) T-NIL combined with IBE and RIE is first used to invert an
EBL master mold (step 1). Then soft h-PDMS/PDMS transparent stamps
are casted on the daughter Si to perform UV-NIL (step 2 - Fig. 2.13(a)).
Finally, after RIE pattern transfer, the grand-daughter Si mold exhibits
the same pattern polarity as the original EBL master.

Master mold fabrication

Each pattern field on the silicon masters (mother molds) used in this work
contains either nanopillars arrays or nanolines arrays. The master patterns
are defined by electron beam lithography at 100 KeV in a resist layer (ZEP
520 or PMMA depending of the pattern size) and transferred into a silicon
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wafer by anisotropic reactive ion etching (RIE) with CHF3-SFg gas [38, 39],
resulting in sub-100nm features with a depth of 100 nm. Finally, the
surface of the patterned silicon mold was treated with trichloromethylsilane
(TMCS) as release agent.

Thermal nanoimprint lithography (T-NIL) inversion process

First, T-NIL is used to invert the Si master mold, for example to get holes
arrays starting from pillars arrays (Figure 2.9). A thin gold layer (20 nm)
that will act as mask during IBE pattern transfer is first deposited on
the silicon wafer. The NXR-1020 resist (Nanonex) is then spin coated
to get a thickness of 180 nm on Au/Si wafers and is finally annealed on
hotplate at 120°C during 10 min to remove the solvent. The Si master
mold is gently placed in contact with the NXR-1020/Au/Si sample and
sandwiched between the two membranes of the NXR-~2500 Nanonex, which
provides optimal uniformity over the whole imprinted field [38]. Imprint
is performed at 130°C in two successive pressuring steps: 10 s at 120 psi
(8 bars) followed by 30 s at 200 psi (14 bars). The imprint tool is cooled
down below the estimated glass transition temperature of the resist, before
careful demolding of the master.

Si m““ii T-NIL Unmolding RIE
NXR 1020
— ) ... -

{180nm)

Au(20mm ﬂ

Au removal Transfer in St IBE

= L ]

Figure 2.9: The mold inversion process based on T-NIL and ion beam etching. The
daughter mold exhibits holes arrays instead of pillars on the EBL master.

After T-NIL step, the residual NXR1020 resist layer is removed under
O, plasma at a rate of 30nm/min, and the thin Au mask layer is etched by
Ar ion beam etching (IBE) at high energy (350 V). This IBE step is crucial
for pattern dimension control as it will be discussed later. The resist layer
is then simply removed in acetone. Finally, the patterns are transferred
into silicon wafer with standard Si RIE process [38, 39] and the Au mask is
removed in a KI+I; solution. At the end of this step 1, inverted patterns
are obtained in the daughter Si mold (for example holes as shown in Fig.
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2.11).

UV nanoimprint lithography (UV-NIL) replication process

In soft UV-NIL [40], patterns are replicated in a low viscosity UV-curable
polymer from a flexible transparent mold that offers many advantages.
This polydimethylsiloxane (PDMS) soft stamp can be easily cast more
than twenty times on the same master mold. Moreover this cheap stamp
is sufficiently flexible to be in perfect conformal contact during printing.
Here we used our specific h-PDMS/PDMS bi-layer transparent stamps [38]
to perform replications in the sub-100nm range (see Figure 2.6).

These arrays (for example pillars) are replicated by soft UV-NIL in
an Amonil/Ge/PMMA tri-layer system that allows pattern transfer with
high aspect ratio [39]. PMMA bottom layer is first spin-coated with a
thickness between 150-300 nm and pre-baked at 180°C for 10 min. A 10
nm-thin intermediate germanium (Ge) is then deposited by electron-beam
evaporation. Finally a 180 nm thick Amonil resist (AMO-MMS4) layer
is spin coated on the top of the Ge layer. UV-NIL is realized at room
temperature using the optimized pressure of 8 psi (0.55 bars).

UV imprinted patterns (for example holes arrays) in Amonil resist are
then transferred using three successive RIE steps with Oy /CHF3, SF¢ and
O, plasma. A 20 nm-thin Ni layer is deposited by electron-beam evapora-
tion and lifted in acetone. The final patterns (pillars in the case-see Figure
2.13) are etched in Si with our standard CHF3/ SFg¢ gas mixture. The Ni
mask is then removed with nitric acid (HNOj). After this whole process,
the grand-daughter Si mold exhibit pillar arrays similarly to the original
EBL master mold. The detail of the fabrication process of soft UV-NIL
(include optimizing parameters for both UV-NIL and reactive ion etching)
will be explain in chapter 4.

2.4.2 Results and discussion

Unlike other conventional lithography, nanoimprint lithography replicates
patterns by producing a 3D topography in a thin resist film. Such pattern
contrast can be obtained either by embossing a thermoplastic resist at an
elevated temperature (T-NIL) or by curing with UV a resist precursor at
room temperature (UV-NIL). In order to achieve high resolution pattern
over wafer-scale area, applying a uniform pressure is a key parameter.
After imprinting to maintain both feature size and pattern shape, pattern
transfer by etching is a key step that has to be optimized. The ability
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of each etching step to properly transfer patterns (IBE or RIE) will be
discussed below.

Master inversion by using T-NIL

Pillars and lines arrays of different sizes and periods ranging from 70 nm
to 1 um have been selected as test structures to investigate the replication
performances of T-NIL.

NL3

Figure 2.10: SEM images of nanoline gratings with different linewidth: NL1: 100 nm,
NL2: 70 nm, NL3: 50 nm after thermal nanoimprint lithography, reactive ion etching
of the residual resist.

Typical results after T-NIL and both RIE and IBE are presented in Fig.
2.11 and Fig. 2.10. SEM images of Fig. 2.11 show respectively nanohole
arrays of 100 nm, 80 nm and 50 nm and corresponding Si master for direct
comparison. Figure 2.10 presents the line gratings with a linewidth of
100 nm, 70 nm and 50 nm. These results show clearly the ability of the
process to reach resolution to 100 nm. However, for feature size smaller
than 100 nm, even if the general shape is maintained, the pattern size
can be affected. As shown in 2.11 and 2.10, the shape of the 100 nm
wide structures is similar as the master one, even if a small broadening
is observed. Lines even at small width don’t exhibit significant lateral
defects. However, for the smaller nanoholes with diameter of 70 nm and
below, defects appear and the general squared shape of the hole is not well
preserved as it can be seen in Fig. 2.10. To analyze more precisely changes
in pattern width (or diameter), these SEM images have been analyzed
using the “Image J” software that extracts contrast and pattern outline.
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The feature size distribution can thus be calculated from the listed area
distribution. Table 2.2 gives the different mean feature size values recorded
on both Si master fabricated by EBL and the daughter inverted Si mold.
An average broadening of 20 nm is observed for patterns (nanoline and
nanohole) with feature size above 70 nm; while for smaller feature (50
nm), the broadening becomes bigger (~30 nm).
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Figure 2.11: SEM images for nano square dots gratings with different diameter on
the Si master, gold nanoholes arrays with different diameters after thermal nanoimprint
lithography, reactive ion etching of the residual resist and ion beam etching for inversed
replicating patterns of the Si master and the area distribution of the inversed replicated
mold.

This broadening originates from a loss of etch resistance of the NXR-
1020 mask resist during Ar IBE at high energy. If the first oxygen RIE
step for residual layer removal of NXR1020 doesn’t affect feature size, the
IBE transfer of the resist pattern inside the intermediate Au layer is more
critical. Thus, in order to minimize the loss of etch resistance of NXR-1020,
it would have be possible to both decrease NXR-1020 and Au thicknesses
to reduce more IBE etching time. Finally, for this step 1, the IBE etching
resistance of the NXR-1020 resist has thus to be improved in the future to
avoid any size broadening.
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Nanopatterns NH1 NH2 NH3 NL1 NL2 NL3

Pattern size on 100 S0 50 100 70 50
the master (nm)

Pattern size on

the inverted mold (nm) 120£4 102+£5 80+£6 120£2 90+5 80+£5

Table 2.2: Summarized results of feature size (for nanohole array the dimension refers
to the diameter and for nanoline array the dimension refers to the width). The first
table line gives dimensions on the Si master mold and the second line gives dimensions
measured on the inverted mold fabricated by T-NIL and IBE.

We have also applied this T-NIL inversion process to field as large
as 1.5 em? for 200nm-wide pillar arrays and for 150nm-wide line arrays.
For these dimensions higher than 100 nm, the inverted replication worked
more successfully in faithfully keeping the profile and dimension. Figure
2.12 shows images of 2 inches silicon inverted replication molds (daughter
molds). The first one has been patterned on 1 cm? field with 200nm-wide
holes arrays (top) and the second one exhibit a 1.5 cm? patterned area with
150 nm - wide line arrays (down). A good homogeneity and uniformity
can be observed over the whole imprint field up to 1.5 cm?. SEM images
also show that a good uniformity can be obtained on the whole large field
without noticeable variation in critical dimension, sidewall roughness. This
turns out that larger than 100 nm patterns can be replicated with a well
controlled process and then be transferred into the substrate by direct
etching.

Soft UV-NIL imprint and transfer

In order to test pattern shape and feature dimension control of the inverted
daughter silicon molds, bi-layer hard PDMS/PDMS flexible stamps have
been used. Fig. 2.13(a) shows the fabrication sequence with the soft h-
PDMS/PDMS stamp replicated from the daughter mold by using soft UV-
NIL. Soft UV-NIL has been performed in the Amonil/Ge/PMMA tri-layer
stack. Note that the hard bi-layer h-PDMS/PDMS stamps used in this
study can guaranty a good contact between mold and the substrate, thus
producing a homogeneous replication on the whole large area. After the
three RIE steps and the metallic lift-off, we obtain similar nanostructures
than those on the initial EBL master mold. Figure 2.13(b) shows the
tilted SEM images of both nanopillars and nanolines gratings with different
feature size. We observed a small widening of both the pillars and lines,
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Figure 2.12: Images of 2 inches Si inverted replication molds (daughter molds) with
(top) a 1 cm? hole array (d = 200/p = 400 nm) and (bottom) a 1.5 cm? line array (d
= 150/p = 300 nm) fabricated based on thermal NIL and IBE.

which can be minimized to 10nm by optimizing the parameters of three
continuous etching steps as follows: (1) removal of the Amonil residual
layer inside the nanopatterns with Oy and CHF3 mixture at a 40 nm/min
etching speed, (2) etching of the thin Ge layer using SFg plasma and finally
(3) O2 plasma etching of the thick PMMA underlayer. If the first Amonil
etching step (1) has to be well optimized to get faithful pattern profile
compared with the original pattern, the last PMMA etching step (3) allows
perfect control of the feature size.

Finally, the verticality of the pattern profiles observed on the SEM im-
ages of the grand-daughter Si mold (Figure 2.13) proves that this inversion
process based on several etching steps is sufficiently controlled in terms of
anisotropy.

2.5 Conclusion

Both rigid master mold and soft stamp are the key elements in soft UV
nanoimprint lithography since they carry the pattern on their surface, thus
playing a fundamental role for high resolution patterning. We started
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( a) Bi-layer h-PDMS/PDMS stamp with
pillars replicated from the daughter mold. 1 uv |ight 1

PDMS

Daughter mold
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Figure 2.13: (a) Schematics of the soft UV nanoimprint process and (b) SEM im-
ages of the grand-daughter mold with different diameter pillars and linewidth lines
gratings based on the proceeding fabrication procedure: soft UV-NIL with the h-
PDMS/PDMS bi-layer stamp obtained from the Si daughter mold patterned with 200
nm-wide nanohole arrays, tri-layer etching, lift-off and transferred into Si.

from the fabrication of master mold and two different positive electron
beam resists have been presented. For the replication of the patterned
relief structures from the master, two configurations based on soft PDMS
elastomeric stamp have been studied (basic PDMS stamps and improved
bi-layer stamp). If resolution down to 100-200 nm can be achieved with
the basic PDMS stamp, when the feature size is smaller than 100 nm,
other strategy based on h-PDMS/PDMS bi-layer flexible stamp have been
successfully proposed. All the NIL experiments performed in the following
chapter are mainly based on h-PDMS/PDMS stamps.

Finally, a mold pattern inversion method based on thermal nanoim-
print lithography (T-NIL) associated with lift-off and direct etching has
been proposed for the fabrication of sub-100nm nanostructures. Two suc-
cessive mold inversions have been realized at the whole wafer scale. The
good shape homogeneity and size uniformity of the replicated nanostruc-
tures over field as large as 1.5cms proves that this low cost whole fabrica-
tion process appears as a reliable technique for replicating and inverting
expensive EBL master molds.
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Chapter 3

Development of soft UV
nanoimprint lithography

Soft UV nanoimprint lithography technique is a very promising low-cost
nanomanufacturing process that involves two steps. The first step is “im-
printing” which relies on deforming a thin UV sensitive polymer layer using
a flexible stamp that contains nanostructures and leaving a characteristic
pattern in the polymer layer. In order to achieve a reasonable process time
and yield in this step, polymer materials with relatively low viscosities have
been proposed. In the second “pattern transfer” step, a thin residual layer
of the resist left underneath the mold protrusions is removed by an etching
process such as reactive ion etching (RIE). This removal of the residual
resist layer is important to complete the pattern definition. This process is
a UV light irradiation process as opposed to thermal nanoimprint lithogra-
phy that is based on mechanically deforming the viscous molding material.

The purpose of this chapter is the study of soft UV nanoimprint lithog-
raphy. First we will give a brief introduction to both the UV imprinting
tools and the resists that have been used in this thesis. Then, we will
discuss the imprinting process and show the optimization of the different
parameters for our commercial imprinter for soft UV-NIL. Finally, we will
conclude this chapter by presenting different pattern transfer processes
used in combination with soft UV nanoimprint lithography for pattern
replication into a substrate.
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3.1 The nanoimprint machine

The contact-based nanoimprint lithography, such as thermal nanoimprint
and UV-nanoimprint, is a highly dynamic process where the vertical sink-
ing movement of a stamp is transformed into a 3D flow with large lat-
eral flow components. To achieve nanoimprinting process, nanoimprint
lithography equipment needs a precise pressing mechanism with specific
requirements on mechanical stiffness, uniformity and homogeneity over
large areas [1, 2, 3]. Meanwhile, it should also adapt to local variations of
pressure and temperature because of the imperfections and tolerances in
stamps and substrates. Concerning those demands, an imprint machine
must have required some multi-functional parts including imprinting head,
self-alignment wafer stage, overlay and alignment system for multi-layer
process, and anti-vibration parts, etc.

According to increase in demand for nanoimprint lithography tech-
niques, a number of imprint tool manufacturers such as Molecular Im-
prints, EVG, Nanonex, Suss MicroTec and Obducat, have been making
steady progress in order to fully achieve such requirement [4]. Being the
first company to commercialize nanoimprint lithography, Obducat offers
both thermal NIL, hot embossing, UV-NIL as well as Obducat’s propri-
etary Simultaneous Thermal and UV imprint process. Molecular Imprint
Inc. is developing nanoimprint lithography systems for high resolution
3D pattern replication. They have commercialized a proprietary imprint
lithography technology (S-FILT™), which is a room temperature, low pres-
sure and non-contact imprint that has demonstrated sub-20nm resolution.
EV Group provides both high volume embossing systems and a complete
product line for UV-based nanoimprint lithography including single step
UV-imprinting systems and step and repeat large area UV-nanoimprint
systems. Suss MicroTec’s equipment supports nanoimprinting with ther-
mal and UV, single imprint and step and repeat imprint technologies.
With their currently developed “Substrate Conformal Imprint Lithogra-
phy” technology, Suss MicroTec has very recently demonstrated excellent
performances for substrate conformity and pattern fidelity over large areas.
Similarly Nanonex showed a tool for sub-10nm resolution replication that
integrates a layer-to-layer alignment system. The Nanonex NIL machine
is based on a patented technology that is opposed to the traditional solid-
plate mechanism with rigid master and wafer holders. This new technology
gives many unique advantages over any tool on the market. Their single
machine allows performing all forms of nanoimprint processes, including
thermal, photocurable and embossing imprinting.
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Based on the comparative evaluation of different nanoimprint systems
coupled with our specific applications, the LPN laboratory has chosen the
NX-2500 imprint machine from Nanonex company. The Nanonex NX-2500
is a multi-level nanoimprintor with imprint capabilities in thermoplastic,
photo-curable and embossing. It offers excellent uniformity regardless of
backside roughness of substrate and template and can correct waving and
bowing of surface. All the tools are computer controlled with user friendly
graphic interface (GUI), while the loading and unloading of samples are
manual. This machine also eliminates relative lateral shifting between sub-
strate and mold which affects mold lifetime. For thermal nanoimprint, a
very small thermal mass ensure rapid heating and cooling, resulting in fast
process cycles. For UV nanoimprint, with a high sensitive photocurable
resist (NXR2030, Nanonex), sub-10 nm nanostructures could be obtained.
This system is also extremely convenient for whole wafer (up to 8”) repli-
cation. Figure 3.1 shows the imprinter installed in LPN clean room.

Computerized control

Emergency button

Control key

Optical aligner

Transfer printing
chamber

UV lamp

Figure 3.1: Photo of the NX-2500 imprinter installed in LPN clean room.

The description of NX-2500 is listed below:

1. UV source: A narrow band UV lamp (320-390 nm) with a power of
200 W.

2. Pressure and temperature: The system supports the pressure range
from 0 to 4 Mpa and the temperature range from 0 to 300°C for
thermoplastic imprint module. Both the heating and cooling rate >
300°C/min, the imprinting cycle time on the machines is less than
60 seconds.
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3. Air Cushion Press (ACP): A novel developed pressing method named
ACP of the Nanonex imprinter, which applied air pressure for confor-
mal contact and imprint through the two flexible plastic membrane
on both top film ring holder and the wafer holder, Figure 3.2(a)-(c)
shows the working chamber and the configuration of mold, sample,
membrane. Figure 3.2(d) schematicly explains the principle of ACP
technology achieving uniform pressure during imprint. Unlike the
traditional imprint tools which utilize solid parallel plate press has
the inherent problem of relative shift between the mold and the sub-
strate and non uniform pressure distribution, this ACP technology
enables conformal contact between mold and substrate and also re-
duces the influence of dust particles [5, 6].

(a) Working chamber (b) Top holder

Air

Vit

~ Substrate
Mt
(c) Wafer holder (d) ACP

W,

Figure 3.2: (a) Image of the working chamber of the NX-2500 system. (b) and (c)
Photos of the drawer on which is top film ring holder and the wafer holder, the mask
and wafer is put in the center of the wafer holder, sandwiched between two plastic
membrane on both holder. (d) Schematic diagram shows the Air Cushion Press (ACP)
offers ultra uniform pressure during imprint.

4. Optical aligner: Figure 3.3 shows both front and side view and fea-
tures of the optical aligner of the NX-2500 system. Sub 1 um over-
layer alignment accuracy was specified with an imprint mold size of
up to 4 inch. Instead of applying the imprint pressure mechanically,
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this alignment module use gas pressure on the back side of the wafer
(or the mold). Spacers with certain value keep to the template en-
able the template to slide across the wafer during alignment. When
two layers are aligned, gas pressure is applied to distort the wafer (or
the mold) very gently, just sufficient to press the mold into the resist
on the wafer. Such system provides several advantage, for example,
there is no mechanical movement after alignment until the end of the
imprint process and using gas ensures that the imprint pressure is
uniform on the whole imprint area.

Figure 3.3: Substrate and mask alignment system on NX-2500: A-Wafer stage x-
movement, B-Wafer stage y-movement, C-Wafer stage ©-movement, D-Mask holder,
E-Wafer chuck, F-Mask holder seating, T1-Emergency switch, T2-Power on/off, T3-
Pin pressure gouge, T4-Pin pressure regulator, Sl-Illumination lamp intensity, S2-
Ilumination lamp power on/off, S3-Illumination fiber.

5. Demolding system: Mold-wafer separation, or so-called demolding af-
ter NIL, is one of the unique nature of the nanoimprint lithography
process that different from conventional DUV photolithography. The
separation process is crucial for any commercial high-volume manu-
facturing using nanoimprint. For a full-wafer NIL, most demolding
processes were done manually and separately from the nanoimprint
process because the demolding force could be significantly larger than
the vacuuming force between the mold and the substrate and the vac-
uum chuck holding them. Figure 3.4 presents the accessory parts for
mold detachment from nanonex, a needle and razor blade is used
for the injecting nitrogen and separating mold/substrate separately
inside the system during demolding process. Here the demolding
system is specialized for the separation of 4 inch circular molds and
substrates.
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Figure 3.4: Tmages of the demolding system.

All the nanopatterns showed in this thesis work were fabricated on the
Nanonex NX-2500 imprinter. We are able to precisely control the applied
pressure, temperature and UV exposure time, the unique ACP system help
us to obtain good imprint homogeneity on the surface, which show great
advantage for mold duplication. Besides of the main studying of soft UV
nanoimprint, we have also tested with this machine thermal nanoimprint,
for which we obtained high resolution patterns with low processing time.

3.2 Soft UV nanoimprint resist

Soft UV nanoimprint lithography is attracting more and more interests as
a technique to transfer nanosized patterns without using expensive optical
exposure tools. Nevertheless its progress is closely linked to the availability
of the suitable resists and polymers which meet all the requirements of
this technology. The implementation of NIL will largely depend on the
availability of tailor-made polymers and resists. They are a key element
on the way to an industrial production in the semiconductor industry.

Resists used for NIL are either used as an intermediate masking layer
for the substrate or as a functional layer for a specific application. Typi-
cally an imprint resist is a mixture of various polymerizable components,
each adding desired characteristics to the final polymeric material. There
are four basic components to any UV curable resist systems: monomer,
photoinitiator, oligomer and additive.

e Monomers are added to the polymer system for various reasons.
The viscosity of the system can be lowered or adjusted by adding
monomer. Addition of more low molecular weight monomer can
increase the volatility and odor. Monomer addition will slow the
cure speed and can increase shelf life. While reducing the amount
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of monomer can reduce volume shrinkage and surface stresses. A
monomer with a high Si or siloxane content can provide the oxygen-
etch resistance needed to transfer the pattern onto the underlying
substrate.

e The photoinitiator is the key component linking the UV light source
to the polymerization reaction. Anionic photoinitiators generate re-
active free radicals which are sensitive to oxygen. Oxygen free at-
mospheres can help in the depth and degree of cure of this kind of
polymer, while oxygen rich atmospheres can increase their shelf life.
Cationic photoinitiators generate acids which act as a catalyst and
are not sensitive to oxygen. In addition, the cationic polymer can
undergo a post-thermal cure, so this type of systems have a much
greater depth of cure.

e Oligomers typically exhibit the opposite properties of what was men-
tioned for the monomers. The backbone of the oligomer may be made
up of a variety of polymer types and can control the final properties
of the cured polymer.

e Additives can mainly control the final properties of the UV curable
systems. They can vary to up to 50% of the system. Additive include
pigments, surfactants, dispersants and stablizers.

3.2.1 Properties of UV-NIL resist

The resolution of UV nanoimprint lithography is limited by the availability
of patterns that can be resolved on a mold and the availability of an appro-
priate UV curing material. This material has to fulfill several requirements
such as low viscosity, low adhesion to the mold, good adhesion to the sub-
strate, fast curing times, and high etch resistance to allow pattern transfer
into the substrate. To achieve these properties, UV curing resist formula-
tions are usually acrylic based, but vinyl-ether-based or fluorinated-based
materials have shown appropriate imprint properties [9, 10].

The selection of the polymer material is the critical part of the imprint-
ing process. Thus resists for soft UV-NIL have to meet several requirements
before it can be successfully used as an imprint resist:

e Low viscosity resists was desired during the imprint process for easy
flow through the empty channels between the mold and the sub-
strate to yield a uniform film over the entire imprint area and also
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significantly influences the necessary imprint force and compression
time. Therefore the viscosity of the resist formulation must have low
enough viscosity after spin coating at least for a period required to
step through the whole wafer and its composition must not change
significantly due to evaporation. Currently, both pure organic ma-
terials and a mixtures of organic and inorganic components with
viscosities in the range between 50 and 200 mPa.s are utilized for
UV-NIL [7, 8].

e The resist can be photo-polymerized rapidly to maintain high throu-
ghput, and the shrinkage due to polymerization must be minimal.

e Since the major issue in soft UV-NIL approaches is the reproducibil-
ity of the printed results, an important prerequisite for reproducibil-
ity is to avoid sticking of the resist to the surface of the mold after
detachment. So the resist used in soft UV-NIL must adhere to the
substrate as strong as possible, be able to release from the imprint
template the easier the better, and also have sufficient mechanical
properties and integrity in order to avoid feature collapse.

e The composition of the imprint resist has a strong impact on etch
rates, selectivity and transferred feature quality. Hence the resists
must be thermally stable to common temperatures associated with
reactive ion etching, and must possess the high etch selectivity that
required to produce high aspect ratio device features.

Often trades-off are needed in order to achieve a good balance between
good physiochemical properties and the suitability for the nanoimprint
process. There are also some contradictory requirements that are difficult
to satisfy simultaneously.

3.2.2 Principles of photopolymerization

Compared with thermal nanoimprint obtaining nanopatterns by embossing
a thermoplastic resist with high temperatures and high pressures, UV radi-
ation curing technologies applied in soft UV nanoimprint provide a number
of advantages, such as high curing speed that reduces the cycle time, low
energy requirements as polymerization proceeds at room temperature, no
pattern shift due to the absence of mismatch of the coefficients of thermal
expansion of mold and substrate, non-polluting and solvent-free formula-
tions and low cost. They use UV light beams to start photochemical and
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chemical reactions in organic materials (monomers, oligomers, polymers),
in order to form a new polymeric material.

The photopolymerization reaction proceeds through several well estab-
lished steps. Radical, cationic and anionic polymerizations can be first
initiated by the excitation of suitable photoinitiating systems under the
UV light. It then process through initiation of polymerization by charge,
energy transfer, or radical reaction; propagation and the termination of
the chain.

The functional-group reaction scheme for polymerizations of multifunc-
tional monomers with the formation of trapped radicals is shown below
(11, 12]:

initiation: I — 2 Re
Re + M — Re,,

propagation: Re , + M LN Re 1. (n>0)

trapping: Re LN Re , (n > 0)

termination: Re , +Re . — P . (nm > 0)

n-+m

In this scheme, I is an initiator, Re is a primary radical, Rey, is a chain
initiating radical, Re,, and Re,,;, are active and trapped (buried) radicals
with n functional groups reacted, M is a functional group, P,.,, is a dead
polymer with (n+m) functional groups reacted, k, is the rate constant for
propagation, k; is the rate constant for radical trapping (burying), and k;
is the rate constant for the termination [11, 12].

In the initiation step, the initiator splits into two primary radicals Re,
each of which reacts with a functional group to form a chain initiating
radical Req,. Propagation consists of the growth of active radicals by the
successive addition of functional groups. Finally, the termination reac-
tion can be by combination or by disproportionation, depending upon the
monomer used [13].

3.2.3 Viscosity

Specific for soft UV-NIL is the use of low viscosity resists which strongly
affects the filling behavior of the liquid resist during the imprint process
and significantly influences the necessary imprint force and compression
time.
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Viscosity () which is the most important property used to describe
the flow of the resists represents the resistance to flow, and is defined as

shear stress T
n=——=-— (3.1)

shear rate A
and the viscosity of the resists used for soft UV-NIL are typically measured
in a rotation rheometer setup.

The most important factor determining the viscosity is the tempera-
ture. The temperature dependence of the zero shear viscosity, 1, is de-
scribed by the Vogel-Fulcher law, which has the form [14]

no(T) = Be Ta/(T-Tv) (3.2)

where B is constant, T4 is the activation temperature, and Ty is the Vogel-
temperature. From this it can be seen that the zero shear viscosity is
strongly dependent on the temperature. Increasing the temperature makes
the polymer chain motion easier, since the chains more easily overcome the
energy barrier for rotation of the bonds and for breaking the entanglements.

The viscosity not only has a temperature dependence but also depends
strongly on the resist’s molecular weight [15]:

M M < M,
Mo = { (3.3)

)
M3'4:t0‘2, M > Mc

where M, is a critical molecular weight of a given polymer. Specifically, a
lower molecular weight polymer having lower shear viscosity will tend to
fill the mold more readily under given imprinting conditions.

In practice, low molecular weight polymers can be imprinted at lower
temperatures, lower pressures or within shorter times. However, the ab-
sence of a network of entangled may lead to more brittle behavior and could
result in the fracture of the imprinted polymer features during the mold
separation step. Hence, choice of both temperature and critical molecular
weight is important in keeping pattern structural stability.

3.2.4 Commercial UV-NIL resist

Different enterprises and institutes have made UV-curable materials, such
as Nanonex, MII, AMO and Obducat offer their materials adapted to
their proprietary process and tool. Nevertheless, there are few publications
dealing with UV polymer system for soft UV-NIL, and their properties and
characteristics are not known accurately.



3.2 Soft UV nanoimprint resist 83

In this thesis, two types of UV curable resists have been used: NXR-
2010 (Nanonex, America) and Amonil (AMO GmbH, German). Both the
technical information and the comparison of each resist is discussed below.

a. NXR 2010 Resist

The NXR-2010 photo-curable resist (Nanonex) which is designed for both
sub-10 nm nanostructure engineering and micro- and nano- patterning.
NXR-2010 nanoimprint resist offers super low viscosity (0.63 Pa.s) and
low curing dosage of 40 mJ/cm? in an oxygen-free environment. NXR-2010
resist can be spin-coated using a standard spinner in an environment with
ultraviolet light filtered out. A filter (0.2 um) is recommended to use when
applying the resist to wafers. The resist film can be prepared up to several
hundreds of nanometers in thickness, depending on resist concentration
and spin-coating conditions. The spin coating curve of NXR-2010 (3%)
is shown in Figure 3.5. The resist solution must be kept in a cool and
dark place when not in use. NXR-2010 photo-curable resist is typically
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Figure 3.5: Spin curve of NXR-2010 resist at different acceleration (3%).

used with NXR-3010 and NXR-3020 resist, serving as an imaging layer
on top. After NXR-2010 resist is deformed by a mold with patterns, the
resist is cross-linked using UV light (200-400 nm wavelength), transferring
patterns on the mold to the resist with high resolution and in excellent
fidelity. NXR-2010 resist can be etched with CHF3 and O, with a speed
of 16 nm/min under the condition: 30 w RF power, 30 mtorr pressure and
2 scem Oy and 20 scem CHF3, and possesses a selectivity of larger than 10
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to NXR-3020 resist in oxygen plasma.

b. Amonil resist

Amonil UV curable resist is a commercial resist developed by AMO GmbH
(Germany). The composite materials of Amonil are nearly the same as
Laromer based photo curable resist which is composed by monomer LR-
8765 and photo curable agent Irgacure 369, diluted in 2-Isopropoxyethanol
solvent [16]. They include the monomer and photo curable agent designed
for UV-curing at 365 nm wavelength. The exposure dose is 2 J/cm?. The
available thickness could reach at 100 nm by spin coating. The capability
for step-repeat cycles more than 1000 imprints have also been demon-
strated [17].

For our experiments, two commercially available resists (MMS4 and
MSS 10) proposed by AMO GmbH have been tested. The spin curves of
the two resist are presented in Fig. 3.6. Compared with MMS4, Amonil
MMS 10 has lower viscosity, thus thinner resist layer can be obtained.
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Figure 3.6: Spin coating curves of two types Amonil resist.

In summary, Amonil resist is a methacrylate based imprint material.
It offers resist interface for good anti-sticking performance due to included
anti-sticking compounds. Nevertheless, as the soft PDMS mold was treated
with TMCS before the first imprint, no mold surface treatment was per-
formed every time before imprint. The NXR 2010 resist is expensive but
it offers excellent flow properties, high photo-sensitivity, excellent ther-
mal stability and high etch resistance in plasma, which makes it ideal for
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UV-NIL applications. Both Amonil resist and NXR resist exhibit good
performance for resolution and etching resistance. In our experiments,
Amonil resist has been mostly adopted, since NXR 2010 resist can only be
preserved for one month.

3.3 Soft UV nanoimprint process

To become a reliable and controllable process, one should find the optimal
processing parameters for soft UV-NIL, such as imprint time, protrusion
height, initial polymer film thickness, temperature and pressure. Therefore
it’s essential to understand the physical phenomena involved in the NIL
process.

3.3.1 Theory of imprint behavior

Within this part two approaches to understand the rheologic aspects of the
mold-filling process will be presented: (1) fluid mechanics and (2) stamp
geometry.

a. Fluid mechanics during imprint

Navier-Stokes equation

Fluid mechanics is describe by Navier-Stokes equations which arise from
applying Newton’s second law to fluid motion. Newton’s second law is
expressed as:

mo = ZF, (3.4)

Considering a unit volume, the above Newton’s second law equations is

rewritten as: 1
P@:Vze’:Zfi (3.5)

where f; is an effective density of force from the force F; acting on the
volume V. Through the application of the chain rule to acceleration, the
time derivative of the velocity vector is given by:

. Ov
U= + (v-V)v) (3.6)

where the rightmost term enclosed in parentheses originates from the time

v
dependence of the position vector to a fluid particle. Term — represents

ot
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changes at a point with respect to time, whereas the second term gives
the changes of a quantity with respect to position. By examining the force
acting on a volume element dV, there are three types of forces that can
act on this fluid element: body forces, pressure gradient forces and viscous
forces due to velocity gradients in the fluid. From the definition of the

stress tensor, ¢ = —p + 7, then the sum of all the forces per unit volume
is given by
Zfl = fbody+v'0
‘ (3.7)
= frody + Z Vo5
J
The elements in the stress tensor, o;; is given by
2
Oij = —p5ij -+ n(Vivj -+ Vj’UZ' — §V . Uéij) (38)

where the first term is the pressure contribution along the coordinate axis,
the second and the third term are the viscous contribution due to velocity
gradient, and the last term are tensile stress from compressible fluid.

The Navier-Stokes equation is obtained by combining Eqs. (3.5), (3.6),
(3.7) and (3.8):

P 1
p(a—? (v VI0) = =Vp+ gV 4 V(0 V) frgy  (39)

where V is the flow velocity, p is the fluid density, p is the pressure and
frody TePresents body force acting on the fluid.

As can be seen the Navier-Stokes equations are too complicated to be
solved in a closed form. Thus, based on some assumptions the equation
can be simplified to linear equation:

e Incompressible fluid V - v = 0.
e All body force can be neglected.

e Steady flow which means set all changes of fluid properties with time
to zero.

Vp =V (3.10)
Therefore, the viscous force balance the force from the pressure gradient.
Imprint regimes

The molding stage of soft UV nanoimprint lithography moves poly-
mer around from one place to another, which can be characterized on the
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basis of the residual resist thickness. Here considering the polymer flow
during imprint of a circular shaped protrusion into a polymer film, a few
assumptions are made to simplify the situation on how polymer flow dur-
ing imprint: (1) the mold is round with a radius R much larger than the
circular structures with radius r (R > r); (2) the contact between the
surface of the mold and the substrate is parallel; (3) no surface waviness
of both the mold and substrate (4) surface tensions and capillary forces
are neglected and (5) the polymer during imprint as a non-compressible
Newtonian liquid is regarded.

The equation of resist residual thickness (h,) can be derived based on
the above Navier-Stocks equations under these assumptions:

3mnurs )
U . Z]ff , if F < F
1
hy=dhi——— h, fR<F<F 11
1+ A /A, e 2 (3.11)
5/ 3T R4 )
: Z;ﬁ , it F > F,
where A
3
Fi=n- e (3.12)
Ahi — ———— . h,)?
( 1+ A /A, )
and .
Fy = 37”’1”‘}% (3.13)
Ahy — ——— . h,)?
( 1+ A /A, )

where h; is the initial polymer film thickness, h,, is the depth of features
etched into the mold, A./A, is the ratio of the mold covered with pro-

h
trusions, p = —— is the initial imprint speed and 7 is the viscosity of the
polymer liquid.
From Eqgs.(3.11) it can be considered that three imprint regimes can be

divided during molding process of soft UV nanoimprint lithography (An
illustration of this is seen in Fig. 3.7):

e When F' < F}, the recessed areas on the mold have not yet been com-
pletely filled up (incomplete molding regime), so the imprint speed is
high in this regime. In this case, h, depends strongly on the imprint
force F' and the size of the protrusions on the mold.
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e When F; < F < F5, the cavities are completely filled but no poly-
mer is pushed out of the sides of the mold, thus the imprint speed
decrease and when all the mold cavities are filled, the imprint will
essentially stop. In this regime (Optimal molding regime), the resid-
ual resist thickness depends only on the initial film thickness and
the geometry of the mold. On condition that neglect the change in
volume of the polymer, the conservation of matter can be expressed

A
by a relationship h; = h, + fh,,, where f = j, A, and A being

the etched total cavity area and total mold area separately. This
equation represents the condition for an optimal imprint.

e When F' > Fj, the force is great enough to depress the mold further,
consequently, the polymer under the mold is forced to flow outside of
the mold. The minimum force required for this further depression of
the mold is given by Fy, and the residual polymer thickness depends
strongly on the mold radius R and the force F.

| Mold | Mold

| |
—L M~ MM
Resist Resist |_|1h... Lih—rl I_,_Ihi
Substrate Substrate
(a) Incomplete molding (b) Optimal molding
| Mold |
LT LT LT[ T

| Substrate |

(¢) Over molding

Figure 3.7: The schematics of three imprint regimes.

b. Stamp geometry

Besides the polymer flow, the influence of the stamp geometry on the
imprinted pattern is also important to soft UV-NIL. In order to work in
the optimal molding regime for totally filling of mold cavities, the right
relationship must be found between the depth of the mold features h,,,
the initial thickness of the polymer h; and the residual thickness of those
features that have been cleared out h, . In the case of periodic structures,
h; = h, + fh,, can be used to calculate the thickness of residual thickness,
therefore to optimize the initial polymer.
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The factor f can be thus calculated in the case of lines, dots and holes
arrays in the polymer, as shown in Fig. 3.8:

1
f:1+S/L
- -
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Figure 3.8: schematic illustrations of calculated factor f in the case of periodic lines,
dots and holes arrays.

It’s clear that the initial thickness of polymer depends sensitively on
the type of pattern to be imprinted. Hence, for arrays with different di-
mensions or different geometries, we must choose the greatest value of f
for a perfect imprint. Moreover, it’s preferred to distribute the protrusions
homogeneously over the whole surface to keep the spacing large enough to
facilitate the polymer local motion.

Table 3.1 listed the designed patterns and dimension together with the
etch depth for four major master molds fabricated by EBL in this thesis
work, among which mold 1 and mold 2 is for SPR application in chapter
4 and chapter 5 respectively and mold 3 and mold 4 is mainly applied for
imprint test.

3.3.2 Imprint process sequence

The basic soft UV-NIL process are shown in Fig.3.9 which includes two
steps: first, patterns are imprinted by pressing a mold on the resist layer;
second, the resist relief pattern imprinted into the resist is treated by
reactive ion etching until its recessed areas are fully removed (removal of
the residual resist layer).

To realize soft UV-NIL, we need first a master mold and its replicated

soft PDMS stamp. Once the master mold is ready and has been anti-
sticking treated, the basic or improved PDMS stamp is then fabricated
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Mold number Mold pattern Dimension (L/S) Height (h,,)

100/100 nm
200/200 nm
250/250 nm
Mold 1 300/300 nm 130 nm

150 nm (Note)
Nanorings arrays 100 nm (Note)
50 nm (Note)

Mold 2 lcm? Nanolines arrays 200/200 nm 130 nm

80/80 nm
100/100 nm
200/200 nm
Mold 3 Nanodots and nanolines 300/300 nm 100 nm
500/500 nm
750/750 nm
1000/1000 nm

Mold 4 lem? Nanodots arrays 100/100 nm 100 nm

Note: The dimension is the value of difference between outer and inner radius.

Nanodots arrays

Table 3.1: Four major master molds prepared by E-beam lithography and transferred

in 2 inch Si wafer.

o

PDMS mold
NIL resist

(a) Imprinting (b) Curing

PDMS mold

(c) Separation (d) After etching

Figure 3.9: Process scheme of soft UV nanoimprint.

according to the feature size. After TMCS anti-sticking treatment, the soft
replicated stamp should be kept inside a clean box to avoid dust pollution.
Meanwhile, the substrate chosen to use should also be carefully cleaned,
since any dust on both surface of substrate and soft stamp will introduce
defects into the final pattern.
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The cleaning of stamp is either washing in isopropanol or using scotch
tape before every imprint. It was chosen to use silicon or thin glass slide as
substrate in our experiment, so the process sequence for substrate prepa-
ration is given below:

e For silicon substrates: First, pre-wash it in acetone solvent within ul-
trasonic bath for 5 mins; thereafter immerse it into trichloroethylene
at 80 °C for 5 mins on a hotplate; followed by isopropanol, blown dry
in high purity nitrogen gas and baked on the hot plate at 180 °C for
10 min to make sure that the solvent has been fully dried out. This
treatment was found to improve the wet ability of the polymer films
on the wafers.

e For glass substrates: First, pre-wash it in acetone solvent within
ultrasonic bath for 5 min to clean big dust particles; second, rinse
it in deionized (DI) water for at least 5 min to ensure fully removal
of acetone; third, put the samples in the beaker, and use piranha
(HSO4:Ho09=5:1) cleaning for 30 mins to remove all organics; when
the piranha clean is completed, rinse the sample in DI for 5 mins;
finally blow them dry with the Ny gun, after getting most of the
water off, dry the samples more on a hotplate at 180 °C for 10 min.

Afterward, a bottom layer of thermoplastic resist (PMMA or NXR-
3020) is first spin coated on the substrate and pre-baked at 180°C for
1 min (for NXR-3020 resist, pre-bake at 100°C for 30 min in a vacuum
oven) to completely evaporate solvent. This layer is used as the transfer
layer for obtaining resist patterns with high aspect ratio and consequently
to facilitate the metal lift off used for the pattern transfer into substrate.
The UV-curable photosensitive resist with low viscosity is then spin coated
over the bottom layer (Figure 3.9(a)). Subsequently, the soft stamp is put
slowly into contact with the resist and then both stamp and substrate
are placed between the printing membranes inside the NX-2500 machine.
Note that contact could be not perfect if some gas bubbles appear between
stamp and substrate, but it’s forbidden to remove the stamp, before the
end of the process and UV resist reticulation. The soft UV-NIL process was
carried out at low imprint pressure (< 10 psi) that is controlled by the Ny
flow inside the pressure chamber. After applying pressure, a first important
waiting time is imposed before starting UV (referred as t1). The resist is
cured by photopolymerization due to UV radiation through the transparent
stamp at room temperature (Figure 3.9(b)). The time specified for curing
(referred as to) depends on the sensitivity of the resist. For Amonil resist,



92 Development of soft UV nanoimprint lithography

this time is about 10 min. After curing, stamp is separated from the
substrate and a image stays behind (Figure 3.9(c)). Finally, the imprinted
patterns and the residual layer and the underlying layer were etched down
to substrate to produce the final structure (Figure 3.9(d)).

Nevertheless, before pattern transfer, the imprinted patterns should be
inspected by the optical microscope to ascertain if the patterns are well
transfer inside the resist layer. Some bad cases can be sometimes observed
: (1) if some parts of the pattern is missing, its cause maybe the sticking
of resist to the stamp; (2) if no pattern has been imprinted in the resist,
the reason maybe that the stamp has been reversely placed (flat surface
instead of pattern top surface). To avoid such mistake we made big corner
marks on the top surface of the stamp; (3) if there are some distortions
of the imprinted features, it means that the imprint process should be
adjusted to optimize the resist disturbance.

:
(a) Whole array (b) D=1.4 um quasi crystal array

[ 20um_|
(¢) D=800 nm triangle array (d) D=300 nm quasi crystal array

Figure 3.10: Optical micrography of photonic crystal arrays after soft UV nanoim-
print.

Figure 3.10(a) shows an optical micrography of two types of photonic
crystal (PC) structures with four feature sizes (1.4 um, 800 nm, 300 nm
and 200 nm). In this figure, one array is missing while the other arrays
have been well replicated and also a defect caused by a particle on the
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mold or substrate surface can be seen on the image. Figure 3.10(b)-(d)
show zoomed images of 1.4 um quasi crystal array, 800 nm triangle array
and 200 nm quasi crystal array respectively, it’s seen that the transferred
patterns are completely replicated from the stamp, but some defects near
the border of cavities were found.

3.3.3 Imprint process optimization

The process conditions during the imprint step will directly influence flow
behavior, which determines the accuracy of the final geometry of imprinted
nanoscale structures. The imprint specific process parameters like UV
curing time and pressure have thus to be optimized for each geometry. To
introduce soft UV-NIL as a high-resolution and high throughput patterning
technique for low cost fabrication of a wide range of functional application,
it appears very important to determine these specific imprint parameters.
This optimization is the subject of this section.

In our work, a series of test imprints with various pressing time and
pressure were performed.

e Time: One parameter in soft UV-NIL, the exposure does, may
change the shape of the replicated patterns and the value of the
demolding force. Generally, the control of the exposure dose can be
done by selecting either the light intensity or the exposure time. In
our experiments the time duration of UV light exposure is used to
control the dose. The experiments are performed at room temper-
ature and the UV time was varied alternatively from 5 min to 15
min. Through the evaluation of the resulted resist pattern, we found
that un-precise curing time may induce the resist structure collapse,
because changing the curing time will change the modulus or the
strength of the resist and the interface. If the curing time is so short
that the modulus of the resultant resist is too low, the filled patterns
in the resist will be much more adhesive and it is easy to be blurred
after being demolded from the mold. Whereas too long a curing time
will make the resist obtains excessive modulus, which will damage
the mold due to excessive demolding force. So it is necessary to keep
the modulus of the exposed resist at a moderate level. According to
the adjustment of UV curing time, the converting process from lig-
uid to solid state of resist can be controlled, which is helpful to refill
the cavity between nanostructures of mold and resist film caused by
press release, and reduce the trend of island like polymerization in



94

Development of soft UV nanoimprint lithography

resist surface layer. To summarize our experimental analysis, the op-
timal times determined for Amonil resist are as follows: prepumping
time: 1 min 30 s, processing time t;: 2-4 mins, UV time to: 10 mins
(here longer processing time could be helpful in case of non perfect
contact).

Pressure: The viscosity of the resist primarily determines the choice
of the imprint pressure. Due to the low viscosity of the UV resists we
used, only low pressure is needed to press the mold into the resist.
Table 3.2 shows imprint patterns on Si substrate with increasing
pressure of 0 psi, 5 psi, 10 psi, 15 psi, 30 psi and 50 psi (with the
optimal UV imprint time as previously mentioned).

1. 0-5 psi: As shown in the second row of table, it’s very clear that
the pressing force (0-5 psi) didn’t satisfy the requirement of resist
filling. The result is only partial filling of the recessed areas due to
an insufficient amount of material being displaced. Thus the top of
the structure isn’t flat and the pattern sidewall are not perfect. This
is because the loading force is deficient and the thickness of resist
film inside the recessed area is not sufficiently reduced. For this low
pressure, it is impossible to perfectly transfer resist pattern into the
substrate during subsequent etching.

2. 10-15 psi: When the pressing force is increased up to 10-15 psi,
as shown in the third row of the table, the top surface of the pattern
becomes very flat and the sidewall’s collapse is avoided. Replication
is perfectly done without any distortion of the patterns from the
elastomeric PDMS stamp. For this optimal pressure, the depth of
imprint is sufficiently high to ensure a minimized residual resist layer
in the recessed areas.

3. 30 psi and 50 psi: At higher pressure between 15 psi to 30 psi,
an increase of deformation has been observed, as shown in the fourth
row. The width of the feature size becomes enlarged and all the
pattern structure is destroyed. Additionally, pattern sidewall is not
regular and the thickness of Amonil residual is random. When the
pressure reaches 50 psi, the nanostructures are totally distorted be-
cause of the low stiffness (2-5 orders of magnitude lower than quartz)
the structural integrity of the soft mold is jeopardized. Local as well
as global deformation may occur, which limit the resolution of soft
UV-NIL. To conclude soft UV-NIL has to be often carried out at
moderate pressure, around 10-15 psi.
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Schematic of stamp deformation Imprint pressure SEM image after UV-NIL

%

h-PDMS/PDMS

A Resist

0-5 psi

Substrate

Incomplete molding

h-PDMS/PDMS

J\ Resist

10-15 psi

Substrate

Optimal molding

h-PDMS/PDMS 30 psi

Substrate

Over molding

50 psi

Table 3.2: Schematic illustration of the Amonil resist flow behavior during UV-NIL
process by applying different pressure and the corresponding SEM images with nanodot

patterns.
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Through the analysis of our experimental results, accurately control of
pressure is very important to ensure perfect replication of the patterns with
fidelity. High pressure can generate distortions of resist patterns during
process which is very harmful since the errors will be transferred into final
functional structures. When the pressing force is about 10 psi, the patterns
look nicely replicated and large aspect ratio can also be guaranteed.
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Figure 3.11: (a)-(c) The CD measurement of the mold and the imprinted Amonil
in three different patterns and correspondence increase of CD upon imprint in three
patterns on scales of percentages.

Here, we also investigated the pattern transfer fidelity of soft UV-NIL
on a two-inch wafer scale under this optimum pressure (10 psi). Nanodot
patterns with three different dimensions have been chosen for this study.
Each pattern is 200 um x 200 um in footprint on the wafer. The critical di-
mension (CD) of the nanodot patterns on the mold and imprinted in resist
were measured using an ultrahigh-resolution scanning electron microscopy
(Figure 3.11(a)-(c)). Comparison of the measurement (Fig. 3.11(d)) re-
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veals that the as-imprinted nanodots in Amonil resist are 2.8% on average
larger than those on the mold with a standard deviation of 0.9%. Among
the three pattern arrays, the smallest CD increase after imprint occurs in
pattern 3 and largest in pattern 2, with an intermediate increase in pat-
tern 1. Compared with photolithography, soft UV-NIL shows a better CD
controls. Thus, we choose a pressure of 10 psi for all our replication on
both Si substrate and glass substrate (on glass substrate we can increase
the pressure up to 30 psi without any problem of distortion).

Finally, we used the parameters that are summarized in table 3.3. This
table can be used as a guideline for the reported investigation in this dis-
sertation, even if sometimes parameters are finely adapted to the specific
circumstances, such as for example different stamp design.

Imprint pressure 10 psi
Imprint temperature 20°C
Pumping time 1 min 30 s
Processing time 2-4 min
UV time 10 min in Amonil resist

Table 3.3: Process parameters for UV nanoimprints with Nanonex 2500 machine.

Soft UV-NIL is an excellent method for pattern definition in a polymer,
as long as these patterns are periodic, which is the case for a number of
advanced high density applications in optics and electronics. When large
differences in pattern size or pattern group size have to be imprinted, the
material transport inherent to this technique will limit the imprint quality
as long as imprint pressure cannot be increased accordingly. Thus, soft UV-
NIL will not be the optimal solution for any patterning problem regardless
of the specific design. It was found that small and periodic patterns are
replicated most easily into the resist.

3.4 Elimination of residual layer

Soft UV-NIL utilizes a multi-layer scheme to pattern the underlying films
after the imprinting process. Because of the presence of a thin residual layer
over the thick transfer underlayer, it is essential to minimize the thickness
of this residual layer in oder to perform subsequent pattern transfer with
fidelity in both size and profile. Thin residual layers can thus help to
transfer the pattern into a substrate with a high-dimensional accuracy.
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3.4.1 Optimization initial thickness of Amonil resist

The initial thickness of the resist is related to the residual resist thickness
(equation 3.11). Since the minimum initial thickness of resist depends on
its viscosity, we estimate that the residual layer thickness can be reduced
to a feasible value by using a lower viscosity resist such as Amonil MSS10.

The thickness of the resist coating was carefully calibrated with the spin
coating speed. By varying this spin coating speed, we have thus produce
resist films with different thicknesses. It becomes possible to determine
which thickness will ensure a complete filling of the relief without leaving
an excessively thick residual layer.

(d) 3000 rpm (e) 2000 rpm (f) 1000 rpm

Figure 3.12: SEM images of different residual layer.

Imprints were done into Amonil MSS10 resist with five different film
thicknesses corresponding roughly to the five spin speed of 5000 rpm, 4000
rpm, 3000 rpm, 2000 rpm and 1000 rpm, respectively. The imprinting pa-
rameters are the same as we described in the previous part: 10 psi pressure,
UV imprint 10 mins. A silicon master mold with 220 linewidth/180 nm
pitch and 120 nm etch depth grating structure was employed. In the tests,
a thin layer of 20 nm Al was first deposited on the Si substrate by e-beam
evaporation, followed by Amonil MMS 10 resist spin coated on top (here
the adoption of Al layer is for later RIE condition optimization study).
After imprint, the samples are observed with electron scanning microscope
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(HITACHI S4800).

Fig. 3.12 shows SEM pictures of the mold patterns and the corre-
sponding features printed in the Amonil resist layer with different initial
thickness. We find that the residual layer is uniform when the spin speed
at 1000 rpm, 2000 rpm and 3000 rpm, while the residual layer start to be
discontinuous when the spin speed is higher than 4000 rpm.

Spin speed (rpm) ACCN (rpm/s) Time (s) Total hight Hight of residual

(nm) layer (nm)
5000 2000 30 113 discontinuous
4000 2000 30 108 discontinuous
2000 1000 30 163 70
1000 500 30 202 78

Table 3.4: The effect of imprinted thickness on the residual thickness.

By studying the cross-sectional profile of the periodic nanoline arrays in
each SEM image shown in Fig. 3.12, both the total thickness of deformed
polymer and residual thickness have been measured after imprint for var-
ious initial thickness conditions. Because Amonil is a liquid photoresist
and its initial thickness can’t be measured directly. Consequently, we have
measured and reported here the thickness of the Amonil resist (h}) after
UV curing process (performed on a test sample). The initial thickness of
Amonil can be caculated by considering the factor of resist shrinkage due
to the curing step. Here, we estimated that the shrinkage ratio of Amonil
resist after UV exposure is around 10% [18]. The resulted measurements
of h} and relevant thickness of residual layer are shown in table 3.4. As
the initial thickness of Amonil resist increases, the residual thickness also
increases.

These experimental results show that the residual layer thickness could
be largely decreased by simply optimizing the initial polymer thickness,
which can be achieved by adjusting the spin coating speed. The minimum
residual layer thickness achieved for the Amonil MSS10 resist was about
28 nm for a spin coating speed of 3000 rpm (note that these optimal
parameters are highlighting with green color in table 3.4