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Motivation

In 1959, Richard Feynman envisioned the new possibilities arising from miniaturization and down-
scaling of devices in his very famous talk “There is plenty of room at the bottom™ . Since then,
Nanotechnology has become a hot-topic not only in research labs, but also for industry. The study of
matter when the typical dimensions of the structures are reduced down to the nanoscale have academic
interest, as it exhibits new properties, and, taking advantage of that, potential applications can be found
in many different fields, such as physics, biology, chemistry, medicine, electronics, material science,
pharmaceutical, environmental control, etc.

Nanotechnology presents several challenges. The study and characterization of features with very
small dimensions needs to be tackled different from those with macroscale dimensions. Even further,
nanotechnology also involves manipulation and control of the matter at the nanoscale. These leaded to
the development of new tools the last decades, such as new microscopy and/or fabrication techniques.

Concerning the fabrication, there are mainly two approaches: bottom-up, and top-down. In the first,
small “seeds” are used for the assisted growth or creation of the structures (e.g., growth of silicon
nanowires using gold nanoparticles as catalysts, or creation of complex structures emulating natural
motors starting from self-assembled molecules). The second approach consists on starting at the top of
the blank piece and work the way down removing or depositing material from where it is not required.

Top-down Nanofabrication

Figure 1 shows a scheme of a conventional fabrication process, based on silicon technologies. Two
parts can be distinguised: the lithography, where the features are defined in a resist (or other material)
deposited onto the substrate where the features need to be defined, and that will used as a mask for the
second part: the post-process. This depends on the objective of the sample, and can range from an
etching to define structures in 3 dimensions, a metallization, to define metallic structures, or local
modification (e.g. ion implantation) for CMOS fabrication.

The processes used for fabrication of devices in the nanoscale based on the top-down technologies
needs to be adapted and often completely changed from those used for microfabrication.

Figure 1. Top-down fabrication
approach, consisting on a
lithography step and post-
process.
I Resirt deposition In general microfabrication,
. ! optical lithography is used to
Litography define a resist mask onto the
Mask — — —— lIrradjation . . substrate (silicon wafer), where
Implantation, dopping,etc | ¢ features are defined by local
WHIL exposure to UV-light, using a
i DcvéloPment _———> [T mask. Several post-processes
are possible, attending to the
. final purpose of the sample:
Etching = === - - izati C . .
MY i ¢ — R Met2/lzation metallization,  etching, ion
Etching implantation, etc.

|
I | iftoff —) —_—

Substrate _

Resist stripping

' “There is plenty of room at the bottom”, talk given by the physicist Richard Feynman in an American Physical
Society meeting at Caltech on December 29, 1959



Defects related to border effects, lateral underetching, light diffraction, etc that have typical sizes of
nanometers, do not have relevance in the micrometric fabrication. But, when the dimensions of the
structures are shrunk down, they become important. Figure 2 shows examples of defects encountered
when using conventional recipes and processes to fabricate structures with few microns of lateral size
and below. In general, the metallization and etching processes can be conveniently optimized to obtain
structures with nanometric dimensions. But, as far as lithography is concerned, optical lithography
cannot be used, as the wavelength of the light sources are larger than the dimensions of the structures.
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Figure 2. SEM images of defectuous structures obtained when using conventional microfabrication
techniques to define patterns with lateral dimensions in the sub-micrometric range. The use of light for
optical lithography leads to diffraction-related defects; the adhesion of the metal to the sidewalls of
dense arrays difficults the lift-off process, and the lateral underetching, that is in the order of tens of
nanometers, may lead to the collapse of the structures, to a non-desired reduction in the dimensions, or
inhibit the penetration of the ions.

Nanolithography

There are now-a-days several lithographic techniques that allow overcoming the diffraction limit of
light, and allow the definition of features in the nanometric scale.

Figure 3 shows a scheme of the different techniques that are most commonly used, where the minimum
resolution achievable is plotted as a function of the areal throughput. Thus, depending on the
application and the requirements of the pattern, a trade-off between cost, efficiency and resolution can
be achieved.

One of the most extended techniques is electron beam lithography (EBL), that is commonly used to
pattern nanometric features in several types of resists. Never the less, it is rather slow. For this reason,
nanoimprint lithography (NIL) is emerging as an alternative, as the resolution is also very high, and, as
it is a parallel method, it allows fabrication with high throughput.
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Summary

This thesis is devoted to nanoimprint lithography (NIL), from process study and optimization, to its
application for the fabrication of different types of nanodevices in the area of micro and nano
systems engineering. The work was started right after the arrival of the first NIL equipment to the
cleanroom of CNM. Along these years, the international activity within NIL has evolved from being a
promising technique, to be a well-know method, that allows robust nanofabrication. This evolution can
be also observed in the development of the thesis work.

The memory is divided in three sections, each sub-divided in several chapters. Technology and
nanofabrication (especially nanoimprint lithography, NIL, process study) are the topics of the first
section. The fabrication of plasmonic waveguides devices and the optical characterization to proof
their good performance are shown in the second one. The fabrication of sensors based on interdigitated
nanoelectrodes, together with the electrochemical and impedimetric measurements and applications
are detailed in the third section.

The first section is devoted to NIL technology. Different aspects of the technology have been studied
and optimized, which, in many cases resulted in original works that have been published in
international scientific journal of international and/or contributions to international conferences. The
studied aspects of the NIL technology vary from the stamp fabrication and antisticking coating, to the
optimization of the imprinting recipes for different geometries and the post-processing depending on
the final application. Once the technology was settled, several different groups demanded
nanoimprinted structures for different applications, what leaded to national and international
collaborations. The section is divided in four chapters:

- In Chapter 1, the state of the art of nanoimprint is summarized. A picture of the different
imprinting-based nanofabrication processes is given as well as a description of specific
equipments and materials available in the market. An important part of the development of NIL
within this thesis work was done thanks to the participation in a european project (NaPa), that
actively advanced the state of the art of NIL in the European research community. Some of the
main activities will be listed, to conclude the summary of the current status of NIL.

- Chapter 2 describes different approaches to fabricate stamps for NIL. Electron-beam
lithography was the main technique used. On the other hand, AFM local anodic oxidation was
originally applied for the fast fabrication of stamps. For this, the oxidation mechanism of very
thin layers of Si3N4 was deeply studied A especial effort was done towards the fabrication of
triangular-shaped lines, with very smooth sidewalls. Also, a novel method for the antisticking
coating of the stamps at room temperature was developed and the functional properties of the
obtained mono-layers characterized in several ways. This procedure was also used for local
deposition of different types of silanes.

- Chapter 3 resumes the studies done in order to optimize the imprinting parameters especially
regarding polymer rheology. Here, an especial attention was given to the cooling step: the
residual stress in the polymeric structures was studied as a function of the cooling ratio and
stamp-substrate separation temperature. For this, special stamps were fabricated, and AFM
measurements were brought to their limit. The residual layer was measured, studied and
compared in the micrometric and nanometric ranges for different equipments, within a
benchmarking task in the NaPa project.




To explore potential applications of NIL technology, in Chapter 4 collaborations arising from
the possibility of using NIL to fabricate nanostructures with high throughput, and using various
different substrates will be explained.

In section two, NIL is used to fabricate devices to be used in the optics and plasmonics field. Novel
waveguiding devices, based on plasmon confinement in V-grooves will be introduced: from the NIL-
based fabrication of the samples to the optical characterizations performed to show plasmon
confinement and propagation. This section is divided in three chapters:

In Chapter 5, the basic notions about plasmons, surface plasmons and confined plasmons
(chanel plasmons) will be detailed

In Chapter 6, different strategies followed to fabricate V-groove based plasmonic waveguides
will be described. Nanoimprint was the preferred tool to structure the polymeric substrates, that
were later covered with a gold layer, where the plasmons would be excited.

In Chapter 7, the optical characterization will be shown. Near optical field microscopy shows
effectively that the imprinted V-grooves support channel-plasmon-polariton propagation. Far
field images allow to qualitatively study the modal shape for different excitation conditions. To
conclude the section, the results of introducing fluorescent nanoparticles inside the channels
will be shown. This allows studying the propagation mechanism just by using a conventional
optical microscope.

The third section is devoted to the fabrication and characterization of interdigitated arrays of
nanoelectrodes (IDEs). In this part of the work, the NIL-based fabrication was developed in parallel to
the characterization of the devices. This section is also divided in three chapters:

In Chapter 8 different process flows to fabricate the IDEs are described. The most efficient
technique was a combination of electron beam and optical lithography. Devices with large
active areas were fabricated as well using a new equipment that arrived at CNM by the end of
this thesis. In parallel, the nanoimprint-based fabrication was studied and optimized to reduce
the number of defects in the structures. Independently on the fabrication technique, a
passivation, wire bonding and encapsulation process was finally developed and used, in order
to have the devices ready-to-use, even in liquid media.

In Chapter 9, the performance of the devices as electrochemical sensors will be described.
Different substances were used, as well as different methods, which allowed to calibrate the
sensors, and to study the minimum detection limit, and the sensitivity. It was also observed that
the electrodes having a small width and large gap showed an ultra-micro-electrode behaviour.

In Chapter 10, impedimetric spectroscopy measurements will be shown. An electric model is
proposed, and standard characterizations performed, in order to check its validity: the response
to solutions with different conductivities and different permittivity validates the model. Finally,
two original applications are described: the detection (and quantification) of nanoparticles of
different natures (conductive and insulating), and the detection of specific DNA hybridization.

The initial objectives of the thesis were the development of nanoimprint lithography at CNM and its
applications in the area of micro/nano systems technology. These objectives were fulfilled. During the
thesis work, significative advances were achieved. In addition, it leaves several research lines open.
The availability of new fabrication processes and the demonstration of the improved properties of the
(nano) devices compared to the previously existing (micro) devices, open a broadband of possibilities
(maybe in the biosensing world).



Section 1

Contributions to NIL technology
development

“Give me 10% of the money that you've spent on next-
generation lithography and we'll give you an imprint system that
will do that job."

Steve Dwyer, vice president of EV Group

Schérding, Austria, 2006

The possibility of replication of the nanostructures of a hard stamp into a
polymer was first proposed by S. Chou et. al. in 1995 [1]. Since then,
Nanoimprint Lithography (NIL) has evolved from being a promising
alternative method for nanofabrication [2, 3], to be, nowadays, a mature
technique that allows obtaining nanometer scale features at wafer scale,
with high reproducibility and throughput [4]. The applications taking
advantage of NIL fabricated structures range from micro/nano electronics,
material sciences, or biology, just to cite some examples.






Nanoimprint Lithography

Since the dawn of the human civilization, the possibility of
replication the features previously patterned on a mold or a
stamp in different materials has been widely exploded. Mint of
coins may be one of the first examples, dating from thousands
of years ago. The printing press or even waffle cooking are just
some other examples of replication processes used in day by
day life.

These methods have been somehow adapted for the fabrication
also in the micro and nanoscale. Depending on the application,
there are several different possibilities for replication, varying
the material, the nature of the stamp, or the replication process
itself.

Nanoimprint lithography has the main advantage, compared to
other nanofabrication processes, that is a parallel process, that
allows multiple device fabrication and processing in one single
step, with high throughput, which is cost-effective, and
maintaining the nanometric resolution of the features of the
stamp. For all these reasons, in the last 10 years, it has been
widely spread, both in research labs, and in industry, to take
advantage of the new possibilities that it offers.

As there are several variants of the process, the fields where
NIL applies are not restricted to micro-nano/electronics or
CMOS technology, but also, material sciences, biology or
medicine take advantage of nanoimprint lithography.

In this section, the different processes most commonly used and
the equipments and materials especially developed for NIL will
be gathered in the state-of-the art (Chapter 1). Then, the original
contributions developed during this work will be described:
stamps fabrication (Chapter 2), rheology studies (Chapter 3)
and examples of applications (Chapter 4).

Minting Press, year 1913.
Coin (Asia Minor), year 660 BC.

Guthemberg’s printing press, year 1450.
Letters to conform the stamp.

Sealing wax, 16™ century
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Chapter 1

Nanolmprint Lithography:
Introduction and state of the art

Nowadays, there is a huge variety of nanoimprint processes, materials,
equipments and special tools, that, together with the theoretical studies and
modellizations, are contributing to the development of NIL and to its
consolidation as a standard nanofabrication process.

In this chapter, the main processes of replication of structures from a stamp
into a substrate will be explained. We will next focus the attention in
thermal NIL, that is the technology that was used and developed along this
thesis work. The different materials that can be used, the equipments that
are commercially available and the special characteristics of each one will
be commented. Some hot applications will be cited as well, to show the
potential of this nanofabrication technique.

11



12

1.1.- METHODS

The creation of structures by nanoimprint is based on mechanical deformation of a patterning media,
that can be a polymer, a resin, silicon or even a metal. This is radically different from other methods
(electron-beam lithography and optical lithography), which rely on chemical modifications of the
material. The first imprinting method was based on heating a polymer up to a low viscous state, but
soon other methods aroused, each having specific advantages for specific applications. However, all of
them share common characteristics: they use a 3-dimensional stamp and pressure (high or low) to
create the structures.

1.1-1. Thermal NIL

The first nanoimprint lithography (NIL) process reported by Chou et al. [5] was done by applying heat
and pressure to a thermoplastic material. In general terms, this thermal NIL process consists on
embossing a deformable polymer above its glass transition temperature (Ty) with a hard stamp,
cooling-down the system and releasing the pressure when the polymer is solid again. Figure 4 shows
the different steps:

A hard (silicon) stamp with the features to be replicated is fabricated.
b. A thermoplastic polymer is coated onto a substrate.

c. The stamp and the substrate are brought into contact. The system is heated up to the
“imprinting temperature” (T;), which is above the T, of the polymer. Thermoplastic
materials can flow when heated above their T,, as they enter the viscous regime.

d. By applying pressure (“imprinting pressure”, P;), the resist is displaced by squeeze flow, until
it conforms to the surface relief of the stamp. The temperature and pressure are kept at constant
values during the so called “imprinting time” (t;).

e. The pressure is maintained during the cooling down, until the temperature is below T,, so the
polymer is solid again. The temperature at which the mold is released is called “demolding
temperature” (Tp).

f.  When the stamp is separated from the sample, the polymer maintains the shape of the features
of the stamp.

(a) Hard stamp (b) Substrate, with a
thermoplastic polymer

P

Ty

(d) Pressure (e) Cooling down (f) Demolding

Figure 4. Scheme of the NIL process and its different steps. Starts with a hard stamp (a), and a substrate,
where a thermoplastic polymer has been spin-coated (b). The system is heated up above the T, of the
polymer (c), and, by applying a pressure (d), the material is forced to flow. The system is cooled down
(e), and when the temperature is below T,, the mold is released, so the polymer has been structured (f).
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1.1-2. UV-NIL

Later in 1996, Haisma et al. [6] reported on the possibility of performing replications by UV-curing of
a pre-polymer, spun onto a hard substrate and molded with a transparent stamp. The steps of this
process, called UV-NIL, are shown in Figure 5.

a. A transparent stamp is approached to the substrate, which is coated with the liquid
photocurable pre-polymer or a very low molecular weight resist.

b. A soft pressure is applied to fill the cavities with the liquid. Then, the system is exposed to UV
light, so the polymer is cured.

c. After releasing the stamp, the features are replicated in the polymer onto the substrate.

(a) (b) (c)

Figure 5. Scheme of the UV-NIL process. A transparent stamp (a) is pressed against a photocurable
resist. After UV-curing (b), the features are transferred to the polymer (c).

One of the requirements of this process is that the stamp (or the substrate) has to be transparent to UV
light. Thus, the stamps are commonly made of SiO,, which makes its fabrication process trickier than
the standard silicon-based fabrication. As an alternative to silica stamps, replication of stamps in
photocurable hybrid polymers [7-9], can be considered.

1.1-3. Micro Contact Printing

Another imprinting-based method for pattern replication consists on using a flexible stamp, and do an
inking-and-stamping process [10]. This method is commonly used to pattern a substrate with proteins
or other biological material. Even further, by using the appropriate ink, applications in many other
fields can be found [11, 12].

There are various approaches for soft patterning of bio-materials. In all of them, a flexible stamp is
used (PDMS, generally), where the liquid ink is absorbed and afterwards stamped onto the substrate
surface, just by applying soft (contact) pressure. Figure 6 shows the steps of the process, where the
inking of the liquid material is done by pressing the stamp onto another substrate, coated with the ink.
Figure 7 shows another approach, where the absorption of the material is done by dropping the liquid
on the stamp and drying the solvent.

~ N
sl s W e [ w— |
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Figure 6. Scheme of the ink-stamp process. The process starts with a soft stamp and a substrate, spin-
coated with the biological ink (a). The stamp is pressed against the substrate, so the protusions are inked
with the material (b). The stamp is approached to another (clean) substrate (c), so, after contact (d), the
features are patterned onto this new substrate (e)
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(a) (b) () (d)

Figure 7. Scheme of the soft lithography process. A flexible stamp (a) is wetted with the ink (b). After
drying the solvent, the biological material conforms the stamp surface (c). Then, with a soft contact, the
features can be patterned onto a hard substrate (d).

In the soft lithography process, the stamping step is manually done (generally). This, along with
defects due to the bending of the stamp, limit the resolution of the patterned structures to the
micrometric range. Stamp production and design optimization [13] together with improvements in the
printing conditions make possible to shrink the size of the patterns to the nanoscale [10].

1.1-4. Others

One of the signs that points to an increasing in the world wide activity in using nanoimprint
lithography for nanofabrication is the huge number of process variants. Direct imprint of other
materials (such as SiO,, silicon [14] or metals [15, 16]), hybrid processes combinations
(photolithography, thermal and UV [17, 18]) to combine different sizes, and even reversal imprint for
3D fabrication [19, 20] are some of the examples of different processes that can be found in the
literature that show the versatility of imprinting-based fabrication.

During this thesis work, thermal NIL was started up at the working institute (IMB-CNM). Several
different associated processes had to be developed, such as those related to stamp fabrication and
antisticking coating (Chapter 2).The imprinting process itself had to be studied and understood for the
used equipment, what leaded to rheological studies, necessary to optimize the imprinting recipes
(Chapter 3). The participation in a EU Project allowed to collaborate with many other european
groups, and to be involved in benchmarking tasks, developing studies towards standardization of
nanoimprint lithography, as described also in Chapter 3. The optimizations were needed not only to
study the process itself, but also for the complete fabrication of devices towards different kind of
applications, as will be sumarizzed in Chapter 4.

1.2.- THERMAL NIL-BASED NANOFABRICATION

Nanoimprint can be used either to structure (functional) polymers or as an actual lithographic
technique, using the different height features as a mask for a post-processing.

Examples of the first case are the fabrication of photonic crystals [21], micro/nano fluidic channels
[22] or plastic electronics [23, 24]. The possibility of fabrication of multilevel structures in the same
imprinting step and the ability of imprinting onto pre-structured substrates makes this technique
preferred for lab-on-a-chip fabrication [17, 25, 26].

In the second case, NIL is commonly used as an alternative to the time-consuming electron beam
lithography (EBL). The first stamp with the desired nano/micro-metric features needs often to be
fabricated by EBL. Afterwards, the features can be replicated many times with a simple parallel and
fast NIL step. Prior to using the structures as a mask, a short O, plasma reactive ion etching is needed
to remove the residual layer that remains in the buried areas. Figure 8 shows a typical NIL-based



process, where the structures are used to define a metallic pattern by lift-off. The use of functionalized
polymers as imprinting materials allows direct patterning of structures with functional properties [27],
as will be described later on.
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(a) Nanoimprint (b) Residual Layer (c) Metallization (d) Lift-off
Lithography etching
Figure 8. Example of post process of a sample: defining the pattern in metal. After imprinting the

features (a), the residual layer is removed with a short oxygen plasma (b). The metal is deposited (c),
and, after lift-off, the metal pattern is fabricated onto the substrate (d).

In this thesis, both approaches were used for the fabrication of devices. Section 2 will describe an
application based on direct structuring of polymers to fabricate plasmonic waveguides. Section 3 will
describe an application where the imprinted features are used as a mask (substituting e-beam) to
define metallic nanoelectrodes.

1.2-1. Resists

The increasing interest for NIL as a novel lithography technique entails an increase in the demand of
the polymers and resists used as imprinting material. Their development and improvements are
currently taking place both in research labs, and also in companies, that then commercialize the
developed products for public supply.

Nowadays, there is a high number of polymers available, with different properties [28] devoted to
several different NIL applications. There are resists that have especial processing parameters
(tailored for the specific needs), post-processing special issues (such as high etching resistivity) or
functional properties for different applications. Polymers with different Ty, high or low viscosity,
ordered internal structures (cristallinity), low [29] or high [30, 31] surface energy and an increased or
decreased etch resistivity are commercially available to obtain the most suitable processing and post
processing conditions. The polymers can be also functionalized to obtain very interesting properties for
a wide range of applications: conductive polymers (for flexible electronics or solar cells), polymers
with selective affinities (for biosensing or specific recognition) [32, 33], dyed materials for lasers
fabrication, incorporation of functional nanoparticles [34], modified polymers with special optical
properties [35, 36] (such as high transparency, variable refractive index), etc.

A more detailed study of the thermoplastic materials used during this work for thermal NIL, as well as
their main rheological issues will be reported in Chapter 3.
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1.2-2. Equipments for thermal NIL

There is also a large number of companies involved in the development and fabrication of equipments
for nanoimprint. Obducat, EVG, Molecular Imprints, Jenoptik, Nanonex, SussMicrotec and SET are
some of the most important ones in the thermal-NIL area.

1.2-2:a.- Parallel press equipments

Commercial thermal NIL equipments consist basically on a chamber, where the substrate and the
stamp are introduced, and the heat and pressure applied. It is connected to a computer to control the
imprinting recipes and to monitorize the process status in real time. The equipments allow parallel
wafer-scale fabrication, and, in general, depending on the holder, the maximum sample size can vary
from 2 up to 8 inch in diameter.

Figure 9 (a) shows the Obducat 4 inch equipment used during this work, placed at CNM’s cleanroom.
Here, the imprinting system can be seen next to the computer. Figure 9 (b) shows a detail of the
chamber, with the 4 inch sample holder.

Figure 9. Obducact, 4 inch NIL equipment. General view (a) at CNM’s cleanroom, and detail of the
imprinting chamber (b).

Generally, a compliance layer is placed in-between the stamp and the holder. It homogenizes the
pressure and softens the mechanical contact, minimizing the risk of breaking the samples. This layer
can be an aluminium or plastic thin foil, a PDMS sheet, etc.

The commercial equipments may present differences in some of their characteristics, depending on the
fabricant. For example, the pressure can be applied mechanically (Figure 10(a)) or by air pumping
(Figure 10(b)). This last was patented by Obducat (Soft Press ®). The requirements for the compliance
layer change for both cases. In the first one, it has to be flexible and soft, to homogenize the pressure.
PDMS sheets are generally used. In the second one, it needs to be ductile, to cover and conform the
back-side of the sample, to keep the air in-between the chamber and the sample, as schematized in
Figure 10(b). Aluminum or PMMA thin foils are often utilized. It has been reported recently that the
distribution of the pressure is one order of magnitude more homogeneous in this second case [37].
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compliance layer

substrate

substrate

(a) Mechanical pressure

Air Pressured Membrane on Top = Induced Bending
1a)

compliance layer

(b) Air Pressure

Figure 10. Scheme of two different types of chambers: mechanically applied pressure (a) and air-

induced pressure (b). [38]

Figure 11 (a) shows the imprinting chamber of the Obducat equipments, (air-induced pressure, also
called Soft Press"™), with the aluminum foils covering the sample and the stamp. During the imprint
process (Figure 11 (b)) the foils protect the samples from mechanical damage and serve to keep the
pressure and homogenize its distribution, as already mentioned, and induce the bending and process.
After the process, the shape of the backside of the stamp onto the sample can be seen in the foil

(Figure 11 (c)).

(a) Before (b) During (c) After imprinting

Figure 11. Compilance (aluminium) layers used in the Obducat equipment. The layers lye onto the
sample (a), and serve to maintain and homogenize the pressure during the imprinting process (b), by
conforming the back-side shape of the system substrate-stamp, as can be seen in (c).

Another characteristic that may vary from one equipment to another is the cooling system. It can be
done just by turning off the heating, by air flowing inside the holder plate, or, to achieve a faster ratio,

with liquid nitrogen flow.

Also, some of the equipments have special holders, that allow (vertical) automatic demolding. Figure
12 shows a scheme of a stamp holder, adapted for vertical demolding.
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Figure 12. Scheme a chamber, with the
possibility of automatic demolding. A
] special holder is used to control the vertical
substrate movement of the stamp. [38].
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1.2-2:b.- Other Special equipments

Apart from these parallel presses, there are some other special equipments available for thermal NIL,
that generally allow larger scale fabrication but that are more complex.

One case is the step-and-stamp NIL, schematized in Figure 13 (a). Here, the wafer-scale fabrication
is not done in parallel using a wafer-scale stamp, but a smaller one is imprinted several times. For this,
an equipment with stepper motors is needed. Local heating is important, as rewarming of the already
imprinted structures can cause distortions, so it is generally done by heating up the stamp. This process
can be also performed for UV-NIL (the so-called step-and-flash). In this case, the liquid resist is
locally dispensed to avoid exposure of non-patterned areas. An important advantage is that alignment
is possible, with an accuracy of few hundreds of nanometres [39], demonstrated even when using non-
transparent substrates for thermal step-and-stamp NIL [40]. These equipments are much more complex
than the conventional parallel presses, used for thermal or UV NIL described above, as complicated
engines and mechanics for moving the stamp with the necessary accuracy are involved. Figure 13
shows a NPS equipment, from SET", that allows step-and-imprint and step-and-flash processes, also
installed at CNM’s cleanroom.

Figure 13. Scheme of Step and Imprint NIL (a): a small stamp is imprinted several times, to full-fill a
larger wafer. Photo of a NPS equipment (b).

Another special large-scale process is the roll-to-roll nanoimprint [41]. In this case, a cylindrical
stamp is rolled and pressed onto a long polymeric film, locally heated (Figure 14(a)). It has
demonstrated nanometric resolution (200 nm period, 70 nm line width [41]) along several centimetres.
The main drawbacks are the complexity of the machine (Figure 14(b)), and the fabrication of the
rounded stamp. Nevertheless, this method is already been used by industry (Hewlett Packard, HP) to

" SET — Smart Equipment Technology (France) - www.set-sas. fr/



produce prototypes of all-polymeric electronic devices and optical displays, fabricated entirely by a
roll-to-roll based NIL process.

(a)

Figure 14. Scheme of the Roll-to-Roll
nanoimprinting (a): a cylindrical stamp is rolled
onto the thermoplastic (long) flexible plastic
ribbon. Photos of an equipment, available in VIT
(Finland), where the (mechanical) complexity of
the general system can be seen (b), and a detail of
the imprinting area, with the cylindrical stamp (c).

During the development of this thesis, an Obducat parallel 4 inch equipment, with an air pressure
chamber, and air cooling (Figure 9), placed at CNM’s cleanroom, was used. Also, we had the
opportunity of using an EVG nanoimprint tool © in the cleanroom of the Technical University of
Denmark, and a HEXO03 tool from Jenoptik *, in TEKNIKER.

Even further, in the framework of a european project, we have had also the possibility of comparing
the imprinting systems, recipes and conditions, together with the results, advantages and main
drawbacks for several different equipments. The details of these benchmarking tasks will be described
in Chapter 3.

1.3.- STATE OF THE ART

Fabrication by means of nanoimprint showed, since its beginning, that a resolution of few nanometers
was achievable. Figure 15 [1, 42] shows a stamp consisting on an array of pillars, 10 nm diameter (a),
the imprinted pattern in PMMA (b) and the features after a metallization and lift-off (c), reported by
Chou et al. in 1997. More recently, the possibility of achieving molecular scale resolution by
replication methods was reported by Hoff et al. [43], achieved by imprinting stamps made of carbon
nanotubes. Figure 16 shows AFM images of the soft stamp (a) and the replication (b). This proves that
the resolution achievable by NIL is limited by the stamp and not by the replication processes
themselves.

Regarding alignment, UV-NIL allows high accuracy, as the stamps used are generally transparent.
Figure 17 shows a finFET® transistor [44] fabricated in various steps by UV-NIL, where the gate was
aligned within 20 nm on the 19 nm small fin. Nowadays, some thermal NIL equipments incorporate
alignment capabilities, with an accuracy of ~ 100 nm [39].

¥ 520HE parallel press from EVG — EvgGroup - http://www.evgroup.com/en

Y HEXO03, from Jenoptik - http://www.jo-mt.de/

¥ finFET: nonplanar, double-gate transistor built on an SOI substrate. The conducting channel is wrapped around a thin
silicon "fin", which forms the body of the device.
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The high throughput of this technique has also been widely demonstrated up to date. Imprinting of a
full 8 inch wafer with nanometric features has widely been proved [45]: Figure 18 shows a 8 inch
wafer, fully imprinted with lines (optical encoders) with different widths and pitch, down to 200 nm.

| |« 10 nm

—{ |10 nm - |10 hm

Figure 15. Minimum resolution, obtained by Chou et al.. The stamp (a) was patterned with an array of
dots, 10 nm diameter, imprinted in PMMA (b), and the features successfully transferred by metallization
and lift-off onto the substrate (c). [42].
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Figure 16. Molecular resolution obtained by Hoff et al. by imprinting a carbon
nanotube, previously replicated by using PDMS. (a), AFM image of the stamp,
and (b), imprinted replica. [43].
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Figure 17. Alignment in UV-NIL. A finFET
transistor fabricated only using UV-NIL. The
gate was aligned within 20 nm on the 19 nm
small fin. [44].

Figure 18. 8 inch wafers
imprinted at CEA-LETI (France).
Full eight inches silicon stamps
(a) and closer view of several
optical encoders (b). The width
of the features is 250 nm. [45]
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Thermal NIL is nowadays a well-known process, and the research activities towards process study and
optimization (polymer rheology, modellization or defects study) are appearing less often than those
related to applications, where the structures and devices used in other research areas, such as biology,
optics or medicine, were fabricated by NIL.

NIL was added to the International Technology Roadmap for Semiconductors (ITRS) [46] for
the 32 and 22 nm nodes some years ago. But, according to the last results presented by companies in
international scientific conferences, NIL is not really being developed to substitute Optical
Lithography in the semiconductor industry. Massive fabrication of nanostructured magnetic media for
information storage [47] (Figure 19 (a)), and the fabrication of optical devices [48] [49] (Figure 19 (b))
look like the preferred industrial applications for NIL.
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(a) Hitachi Global Storage Technologies (b) Prototype of flexible display, HP Labs

Figure 19. Photos of two devices under development by industry: NIL-based nanofabrication for
magnetic storage (a), and for flexible electronics and displays (b).

Maybe, one of the most interesting and amazing applications of NIL is the fabrication of memristors™
by NIL, as an alternative to conventional CMOS circuitry, that is being developed at HP Labs [50].
These consist on metallic nanoscaled cross-bars, where the dimensions have to be in the sub-100 nm
range. The junctions of the lines form the memristor matrix [51, 52]. The combination of the report on
the viability of the performance of memristor-based devices and the high throughput of NIL-based
fabrication technology can make it possible to develop far more energy-efficient computing systems
with memories that retain information even after the power is off, so there's no wait for the system to
boot up after turning the computer on. It may even be possible to create systems with some of the
pattern-matching abilities of the human brain. Figure 20 shows two images of the cross bars, 32 nm
pitch, fabricated recently by UV-NIL in titanium dioxide, at HP labs in California.

(b)

Figure 20. AFM images of cross-bars of titanium dioxide, fabricated by UV-NIL, that behave as
memristors matrix. The pitch of the lines is 32 nm. They have been fabricated at HP labs (CA - USA).

k% . . . . . . . . . .
Memristor: passive two terminals circuit element, which resistance is variable, and its status can act as a memory or as an
electronic switch.
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1.4.- PROJECTS
1.4-1. NaPa: Nanopatterning Emerging Methods

An important part of the work related to NIL-process developed during this thesis was done in the
framework of the European Project NaPa - Emerging Nanopatterning Methods', where 35 research
groups from 14 different countries from Europe (Figure 21(a)) were working together towards the
development, optimization and combination of the different emerging nanopatterning methods.

The project was formed by 3 sub-projects (Micro/Nano Electro Mechanical Systems-MEMS, Soft
Lithography and Self Assembly-SLASA, and Nanoimprint Lithography-NIL), complemented by other 3
(Materials, Tools and Simulations), as is schematized in Figure 21(b).

Europe
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Figure 21. NaPa project: Map of the distribution of the 35 partners all around Europe (left), Logo and
scheme of the sub-projects and their inter-relationships (right).

The tasks in the NIL sub-project covered all the NIL issues, ranging from the most basic studies of the
polymer behaviour, to the development and fabrication of complex devices devoted to optics or
biology, covering also the fabrication of stamps, optimizing the resolution and exploring new materials
or 3D shapes, and benchmarking.

Taking advantage of the huge number of laboratories involved, one of the goals of the project was to
standardize the NIL process and recipes, and do a “cooking book” for NIL, gathering the know-how
and expertise of the researchers involved. For this, some important tasks consisted on benchmarking
the process, both for micro and nano structures.

As a summary of the developments achieved during the 4 years of the project, and as a proof of the
valuable work done towards standarization of nanotechnology (not only NIL), a handbook consisting
on a library of the processes utilized and developed by the project members, was recently published
(Figure 21) [53]. This book is also a good example of the intense activity of the research labs within
the emerging nanopatterning methods study and development. As an example (related to NIL), several

' NaPa —Emmerging Nanopatterning Methods. 6™ European Sixth Framework Programme. NMP4-CT-2003-500120.
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different imprinting recipes, processes and variants, already optimized and commonly used by the
members are gathered here.

Figure 22. NaPa Library of processes, edited by
H. Schift. This book gathers the different types of
processes developed and used by the members of
the project. [53]

Library of Processes
Nanopattemning and Applications
Firg! Eciion with fesulty of i MaPs-projoct, Mach 5008

Editor: M Schi
Publisher: | Ahopeitn, Naf*a Censorium

During this thesis, an important part of the work related to the basics of nanoimprint (optimization and
rheology) was done in relation to the sub-project devoted to the thermal-NIL process study. More
specifically, our main tasks within NaPa were the study of the internal stress and related strain induced
in the polymeric structures during the cooling step [54]. Some contributions for benchmarking tasks
were also done. Their objective was comparing the results and the homogeneity at wafer-scale for
imprints done with different equipments in the micro [55] and nanoscale [56], as will be described in
Chapter 3.

1.4-2. NILSIS: Micro/Nano Devices fabricated by NIL

Part of the work related to the use of NIL technology for the fabrication of structures and/or devices
(more specifically interdigitated nanoelectrodes) was developed in the frame of the national project
NILSIS¥ (Micro/Nanodevices fabricated using emerging lithographic techniques), that aims to
establish NIL as a common nanofabrication method in the Spanish research and industrial community.
These activities are coordinated with other two partners, as will be described along the thesis: Gaiker
and Tekniker.

The robustness and viability of NIL-based fabrication is shown by developing 4 different applications,
which prototypes are shown in:

1) Linear encoders with accuracy and resolution on the nanometer range
ii) Biochips for protein recognition, with high density and functionality
ii1) Nanoelectromechanical device based on Silicon nanowires

iv) Interdigitated Electrode Arrays, with nanometric resolution and high sensibility.

Y NILSIS - Micro/Nano Dispositivos Fabricados Mediante Técnicas Litogrdficas Emergentes- MCYT - TEC2006-13910-
C03-01/MIC (2006 — 2009).
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Figure 23. Images of the demonstrators and prototypes proposed within the NILSIS project:
encoders, silicon nanowire-based MEMS/NEMS, protein chips and interdigitated arrays of
nanoelectrodes.

In parallel with the development of micro and nano systems and devices with a valuable industrial
interest and biomedical and pharmaceutical applications, technological issues were also addressed, for
the development of general NIL technology, or applied to the specific fabrication of the devices
(Figure 24). During this thesis, we also participated in the fabrication of molds, and in the selective
deposition of nanoparticles for ordered growth of silicon nanowires.

Technological Process relate to NIL (common)

Mold fabrication for NIL Nanolmprint Process
EBL Lithography Polimer depositons
Lift-off and etching (dry and Polimer Imprint
wet) Residual laver removal

Technological processes driven by applications (specific)

Figure 24. NILSIS: development of technologic issues within the different tasks, and towards the

Encoder Si nanowires IDEs
Transferring the Nanoparticles Three-layer metal
features and lift-off selective lift-off combined
on pyrex, and deposition. Si with extende areas
plasma etching on nanowires growth with high
Silicon by CVD. resolution. .

fabrication of demonstrators with interest in industry and/or biosensing.




1.4-3. NanoBioMed: Nanotechnologies in Biomedical applications

This project aims to set a research team in the emerging field of nanoscience and nanotechnology
towards biomedical applications (NANOBIOMED®). The project is based on the develop of micro a
nanofabrication processes based on Top-down techniques and the fabrication of nanomaterials with
different functionalities (Bottom-up approach) with the ultimate objective to achieve significant
applications in biomedicine. Here, the developed nanotechnologies are applied to advanced therapies
as the local drug delivery, and the improvement of the early diagnosis “in-vivo” by the enhance of the
magnetic resonance imaging (MRI) contrast by targeting of the contrast agent and also “in-vitro” by
the design and fabrication of biosensors and multi-sensor platforms (lab-on-chip) for early diagnosis of
diseases at the point of care.

Within this project, we had the opportunity of collaborate with groups with large expertise in
biosensing, so, after the fabrication of the biosensors (interdigitated nanoelectrodes) different types of
characterization and applications of biomedical interest were developed, such as nanoparticle
quantification and DNA hybridization detection.

SCIENTIFIC CONSOLIDER TEAM
NANOTECHNOLOGIES IN BIOMEDICINE
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Figure 25. NanoBioMed: scheme of the different research lines, where nanoparticles play one of
the most important roles: synthesis, functionalization, detection and quantification, and use for
diagnostic, drug delivery or treatment of diseases.

¥ Consolider NanoBioMed - Nanotecnologias en Biomedicina - PROYECTO CONSOLIDER-INGENIO 2010. CSD00C-
06-04615 (2006 — 2010)
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Chapter 2

Stamp Fabrication

The capability of fast fabrication of stamps with different feature sizes,
depths, designs and geometries is of crucial importance for the study and
optimization of the NIL technology. Different approaches for the fabrication
of stamps were addressed during the starting-up and optimization of the NIL
process at CNM, first, to study the polymer rheology and process, and,
finally, to develop functional devices.

The geometric design, the lithographic technique used together with the
etching process, as well as the antisticking coating are the main issues that
were addressed in this work concerning stamp preparation.
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2.1.- NANOPATTERING FOR STAMP FABRICATION

Stamp design and fabrication is one of the key issues in NIL technology, as the quality of the final
structures will strongly depend on it. The imprinting process parameters will be influenced by its
geometry: size, gap between protrusions, presence of compensation structures, roughness and slope of
the sidewalls, homogeneity of the depth, etc.

During this thesis work, electron beam lithography (EBL) was mainly used for most of the featured
stamps. In addition, as an original work, we demonstrated that lithography with the atomic force
microscopy is a powerful method as well.

2.1-1. Electron Beam Lithography
2.1-1:a.- Patterning with an electron beam

The most extended procedure to fabricate silicon stamps is by defining the structures in a polymer, and
to use this polymer (or a thin film of some other material underneath it, like SiO,) as a mask for a
reactive ion etching (RIE), to carve the structures into the substrate. Attending to their geometry,
extension and resolution, the process chosen to write the pattern in the polymer can be a conventional
optical lithography (OL) for micrometric structures, or electron beam lithography (EBL) for sub-
micrometric and high resolution patterns (down to ~ 50 nm lateral size). As the wavelength associated
to an electron is much shorter than that of a photon, “writing” with electrons allows overcoming the
diffraction limits arising from the use of light, thus, improving the maximum resolution [1].

For EBL, a thin film of a resist sensitive to the electron radiation is spun onto the substrate (Figure
26(a)), and the pattern is defined by locally exposing the resist to a focused electron beam (Figure
26(b)). Depending on the nature of the resist, the developer dissolves the exposed areas in a positive
resist (Figure 26(c-top)) or the non-exposed ones in a negative resist (Figure 26(c-bottom)). In the
first case, the material is a polymer with high molecular weight, which chains are broken by the
exposition to the electron gun into smaller ones, that are soluble in the developer. In the second case,
the initial material is generally a pre-polymer that polymerizes when exposed to the electrons
radiation, becoming un-soluble in the developer.

e-

Resist a. Positive Resist

Development | N
Local exposure to

Spin-coat of the resist the electron beam b. Negative Resist

Figure 26. Scheme of e-beam lithography: a material, sensitive to the electron radiation is spin coated
onto the substrate. Then, it is exposed to a focused beam of electrons. Finally, depending on the nature
of the resist used, the developer removes the exposed patterns (positive resists) or the non-exposed
areas (negative resist).

Positive resists are most frequently used, but also negative ones were used in this work, as will be
described further in this chapter. Poly(methyl methacrylate) — PMMA, is generally used as e-beam
resist. During this thesis, a 100 nm thick film of PMMA with a molecular weight of 950 k was used for
e-beam writing. The exposure parameters were varied depending on the pattern specifications. The
typical parameters used are listed in Table 1. When the dimensions of the structures were critical, a
previous calibration test to find the optimal dose was done. The exposed areas were developed in
methyl isobutyl ketone (MIBK) diluted in isopropanol (IPA), MIBK:IPA (1:3), during 45 s, cleaned in
IPA and dried with a nitrogen gun. Eventually, other resists (negative) or different molecular weights
were also used.
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Table 1. Typical parameters used to expose PMMA, 100 nm thick.

Voltage Areas Dose Lines Dose Dots dwell time
(nC/em?) (pC/cm) (ms)
10 kV 120 330 0.01-1
20kV 220 700 0.05-1

2.1-1:b.- Pattern transfer

After the lithographic step, the structures are commonly etched into the silicon by means of a dry
reactive ion etching (RIE) or by wet etching. Figure 27 shows two examples of structures fabricated
by dry (a) and wet etching (b).

Figure 27. Examples of silicon structures fabricated by ebeam and RIE (a) or wet etching (b). In the first
case, with a RIE* process vertical sidewalls can be obtained (a). In the second case, the sidewalls
orientation depend on the orientation of the silicon wafer. The image shown in (b) corresponds to a
pattern defined in a (110) wafer, and etched in TMAHY. This solvent leads to anistropic wet etching of

silicon. The slope of the sidewalls depends on the orientation of the mask with respect to the
crystallographic planes.

Apart from EBL, other patterning methods were also used, studied and optimized during the work.

" RIE: C4Fg + SFy plasma for Silicon reactive ion etching.
" TMAH - Tetramethylammonium hydroxide, for anisotropic wet etching of silicon. Processing conditions: 25% at 80°C.
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2.1-2. AFM Local Anodic Oxidation

Atomic force microscope (AFM) local anodic oxidation (LAO) [2] is a very versatile method to define
structures at the nanoscale in the surface of anodizable materials: the application of a positive voltage
to the surface with respect to the tip in an atmosphere with a presence of humidity induces the
oxidation of the surface (Figure 28).

Cantilever and tip Figure 28. Local anodic oxication with AFM. Due to
4— grounded the ambient humidity, a water meniscus is created
between the tip and the sample surface. When the
Water Meniscus substrate is polarized (and the tip virtually grounded),
the ions in the water are accelerated, and react with the
material of the substrate, that is chemically modifyied
(it is oxidized generally).

Substrate > Created oxide
Connected to V

LAO can been applied to define a fairly large range of structures and devices, like single electron
transistors [3], nanomechanical structures [4], quantum electronic devices [5] and molecular templates
[6]. The kinetics and mechanism of the oxidation process on bulk materials like silicon have been
already studied in detail. The ambient humidity forms a water meniscus that enfolds the AFM tip and
the surface. The application of the voltage ionizes the water molecules producing OH" ions that are
accelerated towards the surface where the oxidation reaction occurs [7]. In consequence, extension of
the water meniscus, electrical field magnitude and ionic concentration are the key parameters that
determine the kinetics of the oxidation reaction [8].

Up-to-date, most of the studies have been carried out in bulk materials. When LAO is performed in
samples with a thin layer of material on the surface, the mechanism and kinetics are modified and new
phenomena arises, like increased oxidation rate or electrical charging [9-12].

In this work, a detailed study of the oxidation mechanism in thin films of Si3N4 was carried out. For
this, the consumed material was estimated from AFM topographical images after oxidation and after
removing the created oxide. Afterwards, the current flow during the process was also studied, to get a
deeper insight of the processes taking place. The results were compared to local oxidation of bulk
silicon.

A commercial AFM from Veeco Instruments* was used. LAO was performed by operating the AFM in
contact mode using Pt/Ir coated tips (constant force ~ 0.2 N/m) at the laboratory environmental
conditions (temperature = 21 °C, humidity = 40 %). Imaging was performed by operating the AFM in
dynamic mode using standard AFM non-contact silicon cantilevers. Electrical current measurements
were performed using a trans-impedance amplifier connected to the AFM tip with a gain of 1 pA/V.
The voltage was always applied to the bottom of the sample and the tip was virtually grounded.

For a selective removing of the materials, different etching solutions were used, as shown in Table 2.
TMAH solution (25 %, at 80 °C) was used for silicon etching, Sioetch® [12] for silicon oxide etch, and
H3POy4 (80 %, at 165°C) to remove silicon nitride.

* Nanoscope IV and Dimension 3100, from Veeco Instruments.
¥ Sioetch: MT 06/01 VLSI, Merck KGaA. NH4F (25%) and HF (6%) tamponed solution.



Table 2 — Chemicals used for selective wet etching. The etching velocities and relative selectivities are shown.

Si SiO, SizN,
TMAH Relative etch 575000 20 !
rate
(25% 80°C) Etch velocity 430 nm/min 0.3 nm/min 0.015 nm/min
Sivetch® Relative etch ) ~100 i
rate
Etch velocity - 184 nm/min 1.4 nm/min
H,PO, Relative etch 1 )5 30
rate
(80% 165°C) Etch velocity 0.12 nm/min 0.3 nm/min 4 nm/min

2.1-2:a.- Characterization of the Si; N, films

Thin films with two different thicknesses of silicon nitride were deposited by low pressure chemical
vapour deposition (LPCVD), using a mixture of SiCl,H, and NH3, at 800 °C and 150 mtorr on p-type,
0.1-1.4 Q-cm, (100)-oriented and p-type 24-30 Q-cm (110)-oriented Si wafers. The films were
characterized by ellipsometry to determine the film thickness, and X-Ray PhotoSpectroscopy (XPS).
Ellipsometry measures revealed thicknesses of 4.4 nm and 9.8 nm for the two kind of samples
prepared. XPS measurement (Figure 29) showed that the silicon nitride composition was
stoichiometric (Si3N4) except on the surface of the film, which appeared oxidized. Table 3 summarizes

the percentages of each element for different depths of the film.
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Figure 29. Results of the XPS measurements, performed in a thin film of 4 nm thick of Silicon nitride,
deposited onto a Silicon substrate, with a surface orientation of (110). On the left column, the results
obtained at the surface are shown. On the right one, inside the Silicon nitride film. Each spectrum
corresponds to one of the elements present in the samples: silicon, oxygen and nitrogen (from top to
bottom, respectively).
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Table 3. Percentages of each element presento at the different depths at which the measurements were done.

The last row corresponds to the substrate, and the one befote that, to the interface.

Depth N 1s (%) O 1s (%) Si 2p (%) C1s (%)
surface (z =0) 29.36 21.42 37.35 11.86
1.5 nm 8.17 3.36 88.47 0.00
3 nm 2.18 0.87 96.94 0.00
4.5 nm 0.48 0.63 98.88 0.00
6 nm 0.00 0.00 100 0.00

The roughness of the surface of the Si;Ny4 after the deposition was less than 0.22 nm, as evaluated from
AFM measurements.

For the comparison with LAO of bulk silicon, experiments on clean silicon wafers were also
performed. In this case, the native oxide was not eliminated before doing the LAO experiments.

2.1-2:b.- Local Anodic Oxidation of Si; N,
Figure 30 (left) shows a scheme of the different steps of the LAO experiments.

1. The thin SizsN4 films were deposited by LPCVD, and characterized, as already described
before.

2. Areas of 1 um x 1 pum were scanned with the AFM tip while applying a constant voltage. The
resulting height was determined from AFM images.

3. The created oxide was removed selectively in Sioetch, and the depth measured with AFM
images.

4. Two different processes were performed afterwards:

4a. The pattern could be transferred into the silicon by a wet etching in TMAH, using
the non-patterned silicon nitride as a mask.

4.b The silicon nitride layer could be removed, to analyze the properties of the
underlying substrate.

Figure 30 (right) shows AFM images obtained after each step, that were used to determine the
thickness of the silicon nitride layer that it is oxidized and the quantity of silicon from the substrate
that it is consumed.

With these steps, the result of the LAO process was analyzed by quantifying the height of the oxidized
area by AFM, the extension of the oxide into the silicon nitride layer, the consumption of silicon from
the substrate, and the properties of the remaining silicon nitride when the layer was not completely
oxidized.
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Figure 30. Scheme (left) and AFM images and profiles (right) of the process, showing the different
materials created and consumed. After the deposition of the thin film of Si3N4 by LPCVD (step 1), it was
oxidized with the AFM (step 2). The created oxide was removed in an HF solution (step 3). Then, the
features can be transferred into the substrate, using the non-modified material as a mask (step 4a) or, on
the other hand, the non-modified material can be removed, and, unexpectedly, a hole appeared (step 4b).

First, the dependence of the oxide growth on the applied voltage was obtained (step 1). Figure 31
shows the resulting oxide height as a function of applied voltage for different scanning velocities.
Experiments were performed for both films thicknesses. The dependence of oxide growth on the
applied voltage was linear for low voltages, as it had been reported before [13]. We observed that for
higher voltages it got to a saturation point, from which the dependence of oxide height on voltage
decreased. For the sample with the thinner film, appreciable oxide growth appeared for lower voltages
(4V) than those needed for the 10 nm film (8V). But the saturation point was reached at the same oxide
height in both samples. It is remarkable that the saturation height is the same, indicating that the
saturation is not related with the fact that the silicon nitride layer is completely oxidized. We attribute
this behavior to a space charge effect that decreases the oxidation rate. The transport of oxyanions is
hindered by the space charge build-up. Consequently, not all of the available reactants convert into
oxide, resulting in self-limiting behavior [14].
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By repeating these experiments for different conditions (tip velocity and applied voltage) in all the

steps, the proportion of SiO; created (onto and inside the thin film) and the consumed silicon into the
Si3Ny4 could be plotted. Figure 32 shows the results for the sample of 4 nm thickness as a function of
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SECTION 1 — CONTRIBUTIONS TO NIL TECHNOLOGY DEVELOPMENT

the applied voltage. It can be observed how silicon nitride and substrate silicon are modified
simultaneously for increasing voltages.

=)
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Figure 32. Scheme of the materials created and consumed, as a function of the applied voltage,
constructed from the AFM topographical images after each process step.

The AFM images revealed that after etching the oxidized area with sioetch, the resulting hole was
shallower than the thickness of the film, indicating that some material remained on top of the silicon
surface. It is remarkable that this remaining material was modified with respect to the initial silicon
nitride because it did not sustain the TMAH etching (Figure 33). SEM images revealed that the
unmodified silicon nitride film remains after the etching. It was also remarkable that even in this case,
the underlying silicon in the substrate was consumed, because a depression appeared in the silicon
surface after removing the silicon nitride. Figure 33(a) shows an AFM image of a sample, where small
areas were oxidized at different conditions (voltages and tip velocities), thus, obtaining different
thicknesses of SiO,. After removing the oxide, the sample was immersed in TMAH. The SEM image
of Figure 33(b), obtained afterwards, shows that the areas are etched into the substrate even for the
thinnest oxide. This means that the underlying Si;N4 is not acting as a mask against the TMAH
anymore, what is caused by enrichment in Si, what leads to a poorer selectivity. This is a huge
advantage, as there is no need to oxidize the whole film, which makes the process faster and improves
the resolution.

] 10.0 20.0

Figure 33. (a) AFM image of various areas of 1 x 1 um?, 2 x 2um® and 0.5 x 0.5 pm?” oxidized with the
described process, by varying the applied voltage and the scanning velocity. (b) SEM image of the same
area, after a Sioetch etching (6 seconds long), and a TMAH etching (30 seconds long). In all the cases,
it can be observed that the oxide growth is correlated to the features transfer into the substrate.

In consequence, different kinds of reactions seemed to be taking place during the LAO process. In
order to gain more insight into the process, the kinetics of the oxidation and the flowing of the
electrical current during the oxidation were studied.



Chapter 2 - Stamp Fabrication

2.1-2:¢c.- Current measurements and LAO mechanism

Monitoring of the electrical current during the oxidation showed that, under these conditions, the
measured current is kept constant when the voltage is constant (i.e, the oxidation was performed at
constant electrochemical current).  This situation allows a better characterization of the
electrochemical current than in previous reported studies, where the current showed spikes due to the
transient when switching on the voltage [15-17].

The electrical current was acquired while scanning the Ipum x 1 um areas. The voltage was kept
constant for 4 of the area, and changed for every quarter until the full area was scanned. As a result,
oxidized squared areas with different height stripes were obtained. Figure 34(a) shows the topographic
image of one of these areas (top view on the left, 3 dimensional view on the right), obtained at a tip
velocity of 15 um/s. Steps can be observed as a consequence of voltage variations; from top to bottom
5.4,7.2,9 and 10.8 volts were applied, resulting in 0.6, 1.2, 1.8 and 2.2 nm oxide height respectively.
Figure 34(b) shows electrical current measured during the oxidation process. For a certain tip velocity,
when voltage is kept constant, the electrical current intensity remains also constant. In the case of
figure 3, the current levels vary from 1.2 to 3 pA.

(a)

0 1.00 2.00
pm

(b)

pm

Figure 34. AFM image of the oxidation results of LAO, obtained changing the applied voltage while
scanning at 15 pum/s. The voltages are 5.4, 7.2, 9 and 10.8 V, and the measured oxide heights are 0.6,
1.2, 1.8 and 2.2 nm respectively. (b) The corresponding electrical currents measured simultaneously to
the LAO of pattern in figure 3.a. The current varies from 1.2 to 3 pA.

Figure 35(a) shows the relation between the resulting oxide height and the measured electrical current
for different scanning velocities.
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Figure 35. Oxide height dependence on electrical current (a) and on injected charge (b) for different tip
velocities.

If we divide the current intensity (I) by tip velocity (v), we obtain a measure of the total injected
charge (Q). As we observe that the current I is constant during the oxidation, we can assume that:

O=1I-t (1)
then, the oxidation time, t, can be calculated from v and the dimensions of the oxidized area,

t = scanned _lenght/v (2)

and finally, the total injected charge can be written as:
Qocllv (3)

We obtained that curves corresponding to current measurements taken at different velocities follow
exactly the same trend, as can be seen in Figure 35(b). This is an evidence of the reliability of the
measures and that all the measured electrical current is due to the electrochemical reaction. Compared
to current detection during oxidation in other systems [18] [19], tunnelling current was not present at
low voltages, because of the insulating characteristics of the SiN layer. In consequence, additional
information about the oxidation process could obtained from the analysis of the electrochemical
current detection.

It is remarkable that the curves in Figure 35(b) show a fast increase of height between 1 nm and 2 nm.
To understand this behaviour, we had to attend to the different electrochemical reactions taking place.
The first reaction to consider consists on the conversion of SisN4 to SiOy. This reaction, considering
that most of the created oxide corresponds to SiO, can be described as follows [20]:

Si3N4 + 60H — 38102 + 2N2 + 6¢” (4)

We also observed that substrate silicon was consumed during the LAO process. It could be due to two
reasons: silicon oxidation or silicon incorporation into the SizNy4 film.

Oxidation of silicon could be possible assuming that the accelerated OH were able to go thorough the
film and react with the underlying silicon. Then, the observed hole in Figure 32 (step 4b) should be
due to the eliminated SiO, by the H3;PO4 etching. This reaction has been reported before [7], and it is
described as follows:

Si+ 20H — Si0, +2¢ + H, (5)



Both reactions introduce 2 electrons for each molecule of SiO, produced, but the volume expansion is
different in each case.

The measured hole both in silicon nitride film and in silicon substrate (after Sioetch and H3;PO4
dipping, respectively) can be related to the consumed volume of silicon and silicon nitride to create the
oxide. Figure 36 (a) and (b) show the comparison between the expected current, calculated from the
volume measurements extracted from the data of figure 2 (assuming that consumed silicon is
converted into silicon oxide) and the detected current acquired at a tip velocity of 5 um/s and 10 pm/s,
respectively.
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Figure 36. Expected current is plotted for the individual current components (Si oxidation and SizNy4
transformation to Si0,), as well as their sum, and the measured current, for patterns made at a tip velocity
of 5 um/s in (a) and 10 pm/s (b).

We represent the fraction of the current for silicon and silicon nitride oxidation, as well as its sum. The
measured current and the total expected current coincide until the oxide height reaches 0.85 nm. For
voltages higher than 4 volts, both curves starts to diverge, that corresponds to the voltage when silicon
consumption is already maximum, as can be seen in Figure 32. In consequence, current measurements
do not support the idea that the silicon consumption is due to silicon oxidation.

Chemical etching is another evidence of substrate silicon atoms incorporation into the silicon nitride
film. If the underlying silicon would be oxidized, it wouldn’t be possible to transfer the lines to the
substrate as shown Figure 30 (step 4a) because of the high selectivity of TMAH between silicon and
silicon oxide as it is shown in table 1 in the experimental section. So we can conclude that substrate
silicon is not oxidized.

On the other hand, the second possible reaction involves the incorporation of silicon atoms into the
silicon nitride film. This behaviour has been reported before. Gritsenko et al. [21] measured Si-Si
bonds in the SizN4/thermal SiO, interface, what indicates a Si excess in the silicon nitride. Gwo et al
[20] , also observed this excess of silicon in the silicon nitride layer after LAO. This description fits
our experimental results. The incorporation of silicon into the film would explain the hole shown in
Figure 30 (step 4b). Silicon atoms are incorporated into the silicon nitride film, modifying its
composition from SizNy4 to SixN4 (x>3) and leaving a hole in the substrate. This modification of the
film by an excess of silicon would explain the fact that the bottom modified silicon nitride sustains the
Sioetch but not the TMAH etching.

41



42

2.1-2:d.- Comparison with LAO in bulk silicon

With these studies, it was found that LAO of thin films of Si3N4 was a very robust and reliable process.
These diffusion processes of the silicon atoms from the substrate into the SizN4 film had an important
impact on the processing conditions for further fabrication of stamps: low voltages and fast velocities
could be used, as, for etching into the silicon, there was no need to oxidize the complete film.

In order to prove the clear advantages of performing LAO using a thin film of silicon nitride,
compared to bulk materials, the same procedure was followed on bare silicon wafers. Figure 37 shows
the total oxide thickness (h+d) obtained for bulk silicon and for a 4 nm Si3N4 layer. It is relevant to
observe that LAO of thin silicon nitride films require the use of lower voltages than for LAO of
silicon. This is quite remarkable taking into account that the silicon nitride layer is insulating, and in
consequence the electrical field is lower in the case of oxidation of silicon nitride compared to the
oxidation of silicon surfaces.
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From the relation between the height of the oxidized area (h) and the depth of the hole (d) after a
selective etching of the silicon nitride layer, we can get insight into the composition of the oxide.
Figure 38 shows the result for oxidation of silicon and silicon nitride. We obtain a volume expansion
factor (h+d)/d of 1.8 for the oxidation of silicon nitride, close to the expected value for the thermal
oxidation of silicon nitride (1.64). On the other hand, we obtain an expansion factor for silicon
oxidation of 2.6, much larger than the one corresponding to the thermal oxidation of silicon (2.27).
This indicates that the silicon oxide corresponding to the oxidation of the silicon nitride is closer to the
expected density (thermal oxidation) than the oxide resulting from oxidizing silicon surfaces.

4 T T T T T T T T T
Silicon nitride
5 (h+d)d =18 ”-!'1'. Silicon B | Figure 38. Comparison of the
W'—v (h+d)id =26 consumed silicon or silicon nitride (d:
— v / 1 depth of the hole after the etching) as a
£ 5] 9/ > | function of oxide height (h) for
S different tip velocities. Average slopes
< /F'o J'/' 1 are 1.25 for silicon nitride and 0.62 for
"% 1 / X’ nx ::: ; o silicon. The ratio (h+d)/d indicates the
Q o W . 4/' 5 H volume expansion factor. For silicon, a
/ rﬂ;ﬁ =] e 10 # I 2.6 factor is obtained (2.27 is the value
04 S add o for the thermal grown oxide), and 1.8
b 15 n

for silicon nitride (1.64 for thermal
e grown oxide).

Height (nm)




Once again, to obtain more information about the oxidation mechanism the relation between oxide
thickness (which is proportional to the total volume of oxide assuming a constant height on the whole
squared pattern) and total injected charge (electrical current/ tip velocity) was studied. Figure 39 shows
the data obtained from silicon nitride film at different scanning velocities, compared with data
obtained from the oxidation of silicon surfaces). It is remarkable that for small oxide thicknesses (that
corresponds to low voltages) we observe that the oxide height is independent of tip velocity, so that we
can conclude that all the measured current is originated from an electrochemical reaction. For
oxidation of silicon nitride, two regimes can be observed, separated by a jump between 3 and 5 nm of
the oxide thickness. This makes evident that the oxidation process is difference compared to the
oxidation of silicon. We already attributed above the jump to the regime when the oxidation of silicon
nitride is dominant (smaller thickness) to the regime when the incorporation of silicon to the films is
dominating.
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From the above experiments, we can draw an overall view of the main aspects of the LAO of thin
silicon nitride layers. Compared to the oxidation of silicon, it proceeds at lower voltages and the final
density of the oxide is closer than the expected from thermal oxidation. Moreover, the whole thickness
of the thin layer is modified even for low voltages. These observations indicate that the ionic transport
through the silicon nitride layer (which is required for the electrochemical reaction to take place) is
enhanced compared to LAO of silicon. A plausible explanation can be found attending to the role of
space-charge build-up during the oxide growth [7, 22], which is decreased in the case of the oxidation
of silicon nitride, and in consequence, the ionic transport is enhanced and less charge-related defects
are created.

All these observations and results allowed to draw an overall view on the basics and details of this
technique, and showed that is a very appropriate technique for rapid prototyping of nanofeatures.

2.2.- EXAMPLES OF STAMPS FABRICATION

Once the most suitable method for patterning has been chosen, attending to the stamp requirements
(size, resolution, extension of the patterned area, etc), the post process has to be optimized (dry or
wet), to successfully achieve the desired structures.

Next, we show some examples of stamps fabrication, that will be used for different types of
applications. Various patterning techniques and post-processing were chosen to achieve the optimal
compromise between robustness, resolution, reproducibility and troughput.
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2.2-1. Pillars arrays fabricated by e-beam, RIE and oxidation

Dots or pillars of a given diameter are often needed for several applications (as will be described in
chapter 4). The most direct and simple approach is to define the dots by e-beam, and then do lift-off
and/or a RIE, to define the pillars. Figure 40 shows the scheme of this direct fabrication process (a-¢)
as well as a SEM image of a stamp obtained following these steps ().

(b) Metallization (c) Lift-off

(d) RIE (e) Metal removing (f) Example

Figure 40. Scheme of the fabrication of pillars. The mask for the etching of the pillars is defined by
EBL (a), metallization (b), and lift-off (c). Then, a RIE transfers the pattern into the substrate (d). After
removing the remaining metal (e), the stamp is fabricated. (f) shows a SEM image of a pillar array
fabricated following this procedure.

For certain applications, very small dimensions are required. Figure 41 shows SEM of pillars
fabricated following this method, that have a pitch of 200 nm and a diameter of 100 nm.

(a) (b)

Figure 41. SEM images with different magnifications of the stamp containing the pillars.

It can be seen that the shape of the dots with very small diameters (~ 100 nm) is not very rounded nor
smooth. The beam instability may affect their shape and current oscillation may lead to variations in
the diameter. Even further, the sputtering equipment often used for metallization and the RIE recipes
to etch the structures into the substrate were not very well adapted for nanoscale dimensions, leaving
to rough and inhomogeneous patterns.

A different approach, reliable to improve the quality, consists on starting from wider pillars fabricated
following the same procedure, and use them as a master stamp to do several replications (via
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imprinting, and lift.off). Each of this replicas can be oxidized, and the oxide selectively removed in
sioetch. This reduces the diameter of the pillars, so several stamps containing similar features with
different lateral sizes can be easily fabricated. Figure 42 shows SEM images of a master stamp (a) (400
nm diameter) and the replicas, where the lateral dimensions have been reduced down to 200 nm in (b)
and 100 nm in (c).

A drawback of this method is that the pitch cannot be varied.

(a) Master Stamp, (b) Replica 1, (c) Replica 2,
$=400nm 30 min of oxidation 60 min of oxidation
$=250nm $=100nm

Figure 42. Oxidation of silicon pillars. The starting master silicon stamp (top) had pillars of 400 nm
diameter. The obtained replicas were 250 nm diameter, after a wet oxidation of 1h, and 100nm diameter,
after 2 hours oxidation.

2.2-2. Fabrication of triangular shaped lines

As will be described in Chapter 3, triangular-shaped channels with very smooth sidewalls and a well-
know (and preferably fix) angle were needed for rheological measurements. The geometry and
smoothness were very important, so the stamp design and the optimization of the fabrication process
had to be carefully studied. This task was developed in collaboration with MIC™, and some of the steps
needed for the fabrication were done by using their cleanroom facilities.

2.2-2:a.- Anisotropic etching of silicon

Although triangular shape structures could be obtained by dry etching (Figure 43), the geometry and
the slope of the structures were not precisely controlled. Instead, anisotropic wet etching of silicon was
a robust and suitable method for this purpose: the structures result in a well-defined slope.

r(a)

)

Figure 43. Dry etching of Silicon, for various recipes, in order to obtain non-vertical sidewalls.

The etching step was crucial in the fabrication process, and alignment between the crystallographic
planes of the substrate and the mask strongly influences the quality of the obtained structures. In
principle, it is limited by the alignment accuracy between the wafer flat and the silicon crystal
directions when defining the mask by EBL. Suppliers claim that this accuracy is better than 1°. Even
for this slight misalignment, rough sidewalls appeared, as can be seen in the SEM image of Figure 44.

™ MIC, now DTU«Nanotech, Technical University of Denmark. 2800 Kogens Lyngby (Denmark)
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Figure 44. SEM image of triangular shaped
channels, fabricated by anisotropic wet etching of
silicon, where the mask is not aligned with respect
to the crystallographic planes of the silicon
substrate. Rough sidewalls appear as a
consequence.

;j

A detailed study of the silicon wet etching was carried out with the help of models and simulations, in
order to get a deeper insight in the process.

2.2-2:b.- Alignment and simulations

Anisotropic etching simulations were done using a program called “Anisotropic Crystalline Etching
Simulation — ACES™™. It can simulate silicon etching with different front-surface orientations in
different etchants, for wet or dry processing. The etching time and the mask are defined by the user.

Figure 45 shows the simulations of an anisotropic wet etching process of a silicon (100) substrate,
obtained for two different line-shaped masks, as shown in the first image: aligned (left) and 2°
misaligned (right) with respect to the crystallographic planes. For the reactives commonly used for wet
etching (i.e. TMAH and KOH) the etching ratio of the (100) planes is much faster than for the (111)
planes. Thus, the etch in depth “stops” when the (111) planes meet (at t3, in the simulations), what
leads to the typicall triangular shape when using (100) silicon wafers. In the aligned structure, the
process finishes at this point, and the shape does not change for longer etching times, as can be seen in
Figure 45 for t4, t5 and t6*. In the misaligned one, also, the depth does not change from that obtained
at t3. In this case, as a result of the misalignment, “steps” appear in the sidewalls. For longer
processing times, these steps are etched away, and the final line broadens. For t4, t5 and t6, the
evolution of one of the steps has been marked with an arrow. Thus, by enlarging the etching time, very
smooth sidewalls can be obtained even if the mask is not perfectly aligned, as shown in Figure 45 (16).

AN
! N
N
t3 ts ts t

mask t
Figure 45. Simulation of the anisotropic etching of silicon, depending on the etching time, comparing
the result for an aligned and not aligned line, acting as masks. In tl, the lines are not etched to
completion yet, and in the not aligned line “steps” can be observed, corresponding to {111} planes. In
t2, both lines are etched to completion (for longer etching times, depth will not change). For longer
etching times, steps can be observed to advance along the line, following the right crystal direction (t2,
t3, t4), until they achieve the opposite extreme of the line (t5).

=
mm mask; =3 top (100) planes; == bottom (100) planes; = mm (111) planes of Silicon ;

' Developed by the Micro Actuators, Sensors and Systems Group (MASS), at the Center of Compound Semiconductor
Microelectronics, University of Illinois at Urbana-Champaign. http://galaxy.micro.uiuc.edu

* This is not accurate. The etching continues, but the rate for the {111} planes is very slow (0.015 pm/min). Thus, for
normal etching times, the etching of these planes is negligible.
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2.2-2:c.- Pattern design and E-Beam Lithography

To define the lines mask, e-beam was performed using a negative resist (SAL601), to avoid the
inclusion of other fabrication steps to inverse the mask.

The pattern design consisted on arrays of lines, 300 nm wide, with a pitch of 900 nm, covering areas of
100 um x 100 pm.

As shown in the simulated images (Figure 45), long etching give as a result trenches with wider lateral
dimensions than those patterned. This change in the width of the structures is not important for the
final goal of the application, as the slope remains constant. However, the broadening of the lines had to
be taken into account because of a possible overetching if adjacent lines get in contact. For a
misalignment of 1°, a 100 um long line becomes 1.7 pm broader. Dividing the length by a factor of 4,
the broadness is also decreased down to 400 nm (Figure 46). Figure 46 shows the tolerance for the
misalignment angle for these geometrical specifications.

A=L-tan(@)~L-0
Asw=0<2
L

L=25um w=600nm

Figure 46. . Scheme and calculations of the misalignment angle (0) tolerable for 25 pm long (L)
lines, 300 nm wide, separated 600 nm (w). If the broadening, A, equals w, adjacent lines will get
in contact and the pattern will be etched away.

The pattern design was conveniently modified to maintain a total area of 100 x 100 um? and take these
specifications into account, by substituting long continuous lines with 4 shorter lines, 25 um long.

Other aspects of the pattern design had to take into account the long etching step. A frame had to be
added to EBL pattern, acting as “etching stoppers”, at the extremes, avoiding the shortening of the
lines, as it is shown in Figure 47.
Figure 47. Simulation of anisotropic
etching of silicon, comparing a mask made
of lines, and a similar one, but with a
t

frame, for different etching times.
Underetching along the mask is observed.

Mask m Mask;

= top (100) planes, = bottom
(100) planes;

= mm (111) planes of silicon.

This effect was even worse at the corners, as can be seen in the top row of Figure 48, where the mask
design is shown ((a) and (d)), together with SEM images of silicon structures obtained before ((b) and
(e)) and after removing the mask ((c) and (f)). A large line (length > 25 um) was added in the corners
of each square (Figure 48(d)), that effectively avoided the overetching at the corners, as can be seen in

(e) and ().
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Figure 48. Figure 9. Mask drawing ((a) and (d)) and SEM images of the etching results with
the oxide mask ((b) and (e)) and the resulting pattern without it ((c) and (f)) for a mask
without long corners (first row) and with them.

The combination of patterning a negative resist (where only the patterned lines remain covered by the
resist after developing) and longer etching times (than those necessary for etching to completion of the
pattern lines), gives as a result an interesting structure: the triangular shape etched lines lye in the top
of a mesa, several microns high (see Figure 49). This configuration is very attractive for NIL stamps,
as LISA structures [23] are avoided during the imprinting process.

Figure 49. Drawing of the geometry of a pattern
(100 x 100 pm?) of the stamp: small triangular lines
(some hundreds of nanometers wide and depth), on
the top of a high mesa (some microns in height).

2.2-2:d.- Final design, detailed process and fabricated stamps

The final design shown above (first image in the bottom row of Figure 49) was repeated several times,
with a separation between them of 100 um, completing a 20 x 20 array, in the middle of a 4 inch
wafer, as schematized in Figure 50.
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Figure 50. Drawings of the pattern distribution in the centre of a 4 inch wafer (left), scheme of the 20 x
20 array (middle) and design for each EBL pattern (right).
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Few minutes of etching were sufficient for defining the triangular shape of the channels (1 min 30
seconds for a 600 nm wide line). However, the etching time was increased up to 15 minutes, to ensure
the complete etching of the steps that may appear as a consequence of the misalignment. The resist
used for EBL did not sustain such long wet etching, so a thin thermal oxide layer was grown on the
silicon surface, prior spin coating of the negative resist. After the EBL exposure and resist
development, a reactive ion etching (RIE) was needed, to open the windows to the silicon substrate.

The whole final process and SEM images corresponding to each step are shown in Figure 52. The
process recipes and the place of the equipment used are also listed.

Several similar stamps were fabricated. SEM images of the results are shown in Figure 51, where the
typical dimensions have been marked.
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Figure 51. SEM images of different areas of the
resulting stamps: some of the mesas in the center
of the wafer (a), a corner of a pattern (b), and
details of the triangular shape lines (c), (d) and (e),
seen at different magnifications and using different
detectors in the SEM.

These stamps were used to measure the residual stress that is induced in the polymeric structures
during the NIL process. The details of this task will be described in Chapter 3.
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212 nm of thermal oxide, on a 4
inch silicon wafer.
(MIC)

Spin-coat the negative resist: 240
nm of SAL 601.
(MIC)

EBL exposure:
Vace: 100 kV, I: 6 nA,
Dose: 16 pC/em’.

Development of the resist:
8 min. in MF322 developer.
(MIC)
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age ABIKE | | WOE W gewwSmemD0pm T 13817

RIE of SiO,: Alcatel GIR 160
equipment, 400W, 0.05mbar, 25
sccm of CHF;, 16sccm of CFy; 3

minutes.

O, plasma (15 minutes) to
remove residual CHF; and the
remaining resist.
(CNM)

DIP in Sioetch (1 second) to
remove native oxide.

TMAH (25%, 80°C) etching
for 15 minutes.
(CNM)

Sioetch for 2 minutes to
remove the oxide.
(CNM)

Lines width = 600nm
Lines depth = 400nm
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Figure 52. Drawings (left), experimental process (description, parameters and cleanroom where the step
was processed) (middle) and SEM images (right) of the fabrication steps.

= Resist;, wm Exposed resist; = SiO,; waSilicon.



2.2-3. AFM-based fabrication of stamps

As already described above, LAO-based fabrication presents the main advantage of robustness and
simplicity, needing very short time for the fabrication of stamps.

This method is interesting, as a stamp can be rapidly obtained [24]. The patterning may take only some
minutes (depending on the pattern density and extension), and there is no need of resist spin-coating.
Working at ambiend conditions avoids using vacuum chambers, that need conditioning or pumping
steps. Focusing or defining the write-field are also unnecessary. Afterwards, no development is needed
(it is not an additive/subtractive method, but the nature of the substrate is chemically changed) and the
sample can be directly immersed in the appropriate solvents to selectively remove the mask or the un-
patterned area, and to etch the features into the substrate. The wet etching takes few seconds (from 10
to 120 s, depending on the desired depth). For the materials commonly used/obtained within this
process, the used solvents present a very good selectivity, as already shown in Table 2.

Figure 53 shows the complete fabrication process of a stamp by AFM LAO of Si3Ny thin films onto
silicon substrates (a). After the definition of the pattern (b), the oxide is removed (c), and the lines
transferred into the silicon substrate by a wet etching in TMAH (d). 30 seconds result in a depth of 180
nm.
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Figure 53. Fabrication process based on LAO. The silicon nitride thin film is deposited onto a silicon
substrate by LPCVD (a). LAO is performed (b), and the oxide removed with sioetch (c). A TMAH
etching is done, to finally transfer the pattern into the silicon substrate (d).

In order to find a trade-off between resolution and fast writting of the patterns, several lines were
defined following the procedure shown in Figure 53, varying the LAO conditions (tip velocity and
applied voltage). The LAO patterns were transferred to the silicon substrate by dipping the sample 6
seconds in Sioetch and 10 seconds in TMAH. This resulted in an approximate depth of the trenches of
60 nm. As we used Si(100), the slope of the sidewalls was 54°. This can be avoided by using Si(110)
wafers, provided that the pattern is properly oriented. Figure 54 shows SEM images of the lines
obtained after TMAH etching for different prototyping conditions
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Figure 54. SEM images of 300 nm pitch lines patterned at different LAO conditions (applied
voltage and tip velocity), after dipping the sample 6 s in Sioetch and 10 s in TMAH. It can be
observed that for low voltages the lines are not continuous. For fast oxidation velocities, lines are
straight and resolution increases.

For low voltages (~ 5V), discontinuities appear in the lines, even for low tip velocities. The number of
defects is significantly reduced by increasing the voltage in less than one volt, and none is observed for
voltages higher than 7V. It can be also observed that straighter lines are achieved for faster tip
velocities, together with a better resolution.

As an example of the versatility of this fabrication process, suitable for stamps fabrication, we present
the fabrication of stamps that can be used for the realization of sensors based on interdigitated arrays
of nanoelectrodes (details of these devices will be reported in Section 3).

Figure 55 are SEM images of structures patterned with non optimized (a) and optimized (b), (c) LAO
conditions. The patterns of Figure 55 (b) and (c) were obtained by applying a voltage of 6.3 V between
the tip and the sample (scanning velocity: 15 um/s), which was successfully transferred to the silicon
by dipping the sample 6 seconds in Sioetch and 20 seconds in TMAH.
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Figure 55. SEM images of a pattern defined with oxidation conditions non aggressive. As a result, the
lines are not continuous (a). When the conditions are optimized, the lines appear nicer and more
homogeneous, as shown in (b), and in the closer look of (c).
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We used these samples as stamps for nanoimprint lithography. The stamp and the resulting imprint are
shown in the SEM images of Figure 56 (a) and (b) respectively. The height of the lines was measured
with AFM, resulting in an average height of 120 nm, which corresponded to the depth of the lines in
the stamp.

(b)

Figure 56. Stamp fabricated by AFM LAO and wet etching (a) and the resulting imprint in PMMA (b).

2.3.- FUNCTIONALIZATION OF THE STAMPS

One of the peculiarities of NIL compared to other lithographies (photon-beam, electron beam, LAO,
etc) is that it is based on the full direct contact of the stamp with the polymer. This sandwiched-like
method leads to adhesion problems, as the stamp and the substrate are generally made of the same
material (silicon, or silicon oxide). The effective area of the stamp is larger, as it has structures. Thus,
the adhesion of the polymer to the stamp will be stronger, compared to the substrate, which can cause
deformations, cracking of the structures, or even peeling of the polymer film (Figure 57 (a)). Several
solutions have been proposed to overcome this problem, like modified polymers, nonsticking stamp
materials, etc. The most common one is the functionalization of the stamp with an antiadhesive layer,
that effectively avoids the adhesion of the polymer to the stamp (Figure 57 (b)).

| Imp.it | /

in PMMA

Figure 57. Comparison of the results o fan imprint with a non-functionalized stamp (a), and with a
functionalized one (b). In the first case, the resist is mainly stuck to the stamp, as the total surface is
larger compared to the substrate. After functionalization, the resist is structured, and remains onto the
substrate, so the coating effectively avoids stiction problems.

53



54

2.3-1. Antisticking coating

Fluorinated silanes are the most interesting molecules for this application, specially those with long
chains. In concrete, in this work, commercial tri-chloro silanes (F;3-TCS) (Figure 58 (a)), were used.
These molecules have several peculiarities that make them suitable for antisticking functionalization:

During the silanization process, the silicon atoms covalently bond to the substrate, as shown in
the reaction of Figure 58 (b). The chemical nature of the link makes it strong and stable for the
typical temperatures needed for NIL.

These molecules have a strong tendency to form self-assembled monolayers, due to their
asymmetric shape.

The Fluor atoms of the chain confer the antisticking properties, due to their strong
electronegativity, which makes the resulting layers highly hydrophobic.

Silanes with longest chains have better antisticking properties, and form easier the monolayer.

(a) (b) .

F.G
TFR o L Figure 58. (a) Silane molecule
(CF;)s F_cf‘"’ f',cr, (F13-TCS) used to create the
[l H,)s mc?“'-‘ = i':;cra antiadherent  functionalization.
ﬁ: 2 - o y (b) Silanization reaction: the
C1—S8i—Cl silicon atom bonds covalently to
Cll the Silicon atoms of the

substrate. [25].

Even thought, not always a perfect monolayer is formed. Several defects, like molecules not bounded
to the substrate, multi layers, and others appear after the deposition. This problem is solved by doing
some (two or three) dummy imprints, so the contamination particles and weakly bounded molecules
stick to the imprinting polymer, and only the monolayer formed by the covalently bonded silanes
remains onto the stamp surface.

The formation of this monolayer can be done by liquid deposition. But, for stamps with nanometer
features, non-wetting may occur, so it is better done in gas phase. This is schematized in Figure 59
[25]..

(3) (b) Figure 59. Liquid phase
deposition for micro (a) and
nano (b) structures. When the
features are in the nanometric
range, de-wetting effects impede
the homogeneous coverage with

the liquid. [25].

chlorasilane solution chlorosilang solution

W insufficient wetting

A robust method to deposit the F;3-TCS monolayer in gas phase was developed by Beck et al, [25].
The process is performed in an inert atmosphere, to avoid polymerization of the silanes in contact with
humidity, according to the following steps:

a. The stamp is put inside a Petri capsule and it is heated above 250 °C (i.e., above the
vaporization temperature of the silanes) (Figure 60 (a)).

b. A drop of silanes is introduced in the Petri capsule (because of the high temperature, the liquid
evaporates immediately and the silanes fill the whole volume of the capsule.

c. Then, the system is left for 2 hours to react, and the silanes form a monolayer on top of the
surface.
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Figure 60. Scheme of a Petri capsule onto a hot plate (a), as placed inside the chamber. Glove box
with nitrogen atmosphere used during this work (b).

This procedure was used at the begging of this thesis work, performed inside the glove box with N,
shown in Figure 60 (b). This process is slow, and the result is not always as desired (burned particles
may appear on the surface, and other phases are formed, resulting sometimes in non-homogeneous
coating).

2.3-2. Fast functionalization

During this work we developed a simpler and faster method to deposit the F;3-TCS monolayer,
performed at room temperature (RT) and that can also be used for deposition of other type of silanes
[26]. This method takes profit of the high volatility of these chemicals, increased when the pressure is
lowered, allowing a chemical vapour deposition from a liquid droplet of silanes, even at room
temperature.

For this, a droplet of silanes is deposited near the sample, (Figure 61(a)) placed inside a Petri capsule
(inside the glove box shown in Figure 60 (b)). Low pressure (slightly lower than ambient pressure)
facilitates the evaporation of the silanes, that volatilize and react with the silicon surface of the sample
(Figure 61(b)) in the same way that they do when the system is at 250°C and bind to the sample
surface, assembling into a monolayer (Figure 61(c)).

Glass box

Room Temperature
‘ 5 minutes A

>3 — @
. § Silanes
Silanes liquid evaporate

arop (F15TC5) Sanes monolyer onthe

(a) Dropping the liquid inthe ~ (b) Silanization, at RT, few  (c) The monolayer is created
box minutes

Figure 61. Ambient temperature silanization: scheme of the process. A drop of the liquid silanes is
deposited next to the sample, and both placed inside a glass box inside a nitrogen atmosphere chamber
(a). The sample is left for several minutes to react. The silanes are volatile, so evaporate rapidly,
especially when the pressure is lowered. The athmosphere inside the glass box is saturated, and the
monolayer is created onto the sample surface (c).
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Figure 62 shows images showing the contact angle for a water drop onto a silicon surface (a), and after
different silanization times: 1 minute (b) and 5 minutes (c). It was observed that few minutes were
enough to achieve a contact angle of 107° (Figure 62 (c)), which is similar to the contact angle usually
reported for monolayers created by other methods [27], and the final homogeneity of the layer in the
samples surface appeared to be good.

Figure 62. Images of a water droplet on top of an untreated silicon surface (a), on a sample that was
submitted to 1 minutes of silanization at room temperature (b) and after 5 minutes of silanization (c). The
contact angle increases 25°-30°. After 5 minutes, an angle of 107° is achieved.

To check the improvement of the hydrophobicity of the surface after the treatment, force curves were
done with the AFM. Figure 63 show the results obtained in various points of the stamp topography
before (blue lines) and after (red lines) silanization.

The difference recorded for the approaching and separation routes is related to the adhesion of the tip
to the surface by capillarity forces. Thus, its decrease (comparison between red and blue lines) can be
related to the increment in the hidrophobicity of the surface. This probes the successful improvement
in the antisticking properties.

Deflection (nm)

Non-functionalized

Z (nm)

Deflection (nm)

00 Non-functionalized

Figure 63. Force curves in a treated and non-treated stamp, obtained in several different points of the
stamp surface. The blue line curves were obtained before antisticking coating, and the red ones
afterwards.

Finally, the best way of testing the antisticktion coating is by imprinting the stamp. Figure 64 shows
several examples. Even further, most of the imprints shown in this thesis were obtained by using
stamps that were functionalized with this RT method.
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Figure 64. Imprinting examples obtained by using stamps functionalized with the fast method. The
silicon stamps are shown in the top, and the corresponding imprints in PMMA in the
bottom.

No degradation of the coating was observed along the lifetime of the stamps used during this work:
they maintained the antiadhesive properties even after several imprints.

2.3-3. Local silanization

Another advantage of the method for fast functionalization described previously, that enables to
deposit silane monolayers without heating up the sample (apart from being faster than conventional
methods) is that it can be used for local deposition of silanes, using the PMMA as a mask, since no
solvents or high temperatures are needed [28].

Silanes are very interesting, as they are very small molecules that strongly bond to the silicon surfaces,
and that can change the surface properties of the sample. Changing the atoms linked to the carbonated
chain, their properties can be conveniently chosen.

In consequence, we can modify the chemical (or physical) properties of a surface, without altering its
topography. The possibility of local chemical modification of surfaces has attracted the interest of
many research groups in the last years because it allows a selective surface functionalization for a wide
range of applications. Hydrophilic and hydrophobic surfaces, as well as areas reactive to a specific
entity, can be patterned in the same sample. Locally modified surfaces can be applied to define a fairly
large range of structures and devices, covering a wide field of applications, like biomedical, biological
or microelectronic devices (controlled cell growth, DNA biosensors, molecular devices, etc).

Also, as a complementary work to the previous section (1.3.2), local modification with F13-TCS
allows comparing directly the properties of surfaces of bare silicon to those with the silanes
monolayer.

57



58

This versatile, simple, robust and fast method of local functionalization by lithography and vapour-
phase deposition is shown in Figure 65:

a. First, the sample, coated with a 100 nm film of PMMA, is patterned by EBL or NIL.

b. Then, the sample is introduced into the glove box, in a Petri Capsule and kept under nitrogen
atmosphere. A small liquid droplet of silanes is dropped inside the recipient. After few minutes
(the required time depends on the silanes nature), the silanes evaporate, saturating the
atmosphere, and a layer of silane molecules is created onto the non-protected areas of the
sample.

c. The last step is a conventional lift-off process: the sample is rinsed for 5 minutes in acetone at
50°C, and 5 more minutes in RT acetone with ultrasounds agitation, to remove the resist.

1.- EBL on PMMA

3.- Lift-off

Figure 65. Scheme of the selective functionalization process (drawings in the left) and AFM images of
the resulting patterns for an amino-silane deposition (right). First step: EBL patterning of the PMMA and
exposed resist development. Second step: Deposition of silanes [(3-Aminopropyl)TriMethoxySilane] in
gas phase, in a controlled nitrogen atmosphere, at room temperature, for 24 hours. Last step: lift-off to
remove the remaining resist, with a hot acetone (50°C) bath during 5 minutes, and ultrasounds, for 5
minutes. Resulting silane lines have a pitch of 1.5 pm and a height of 7 nm (not a monolayer, due to the
long CVD time).

It should be noticed that, prior to the steps described above, metallic marks were patterned in the
substrate, to localize the silanized areas that are not visible by naked eye nor with an optical
microscope. Part of one of these marks can be observed in the AFM images of Figure 65.

AFM characterization was used to study the local properties of the surfaces. When silanes formed a
self assembled monolayer, topographical images were complemented with lateral force/friction
images, as shown in Figure 66 (top), that corresponds to a fluorinated silane (F;3-TCS) pattern, 250 nm
wide, 1 pm pitch. Topographical images show that the mean height of the lines was 1 nm, and friction
images revealed that in the functionalized areas, friction decreased significantly, as expected, owing to
their highly hydrophobic nature.

Figure 66 (bottom) shows AFM curves of deflection vs. distance (force curves) for both, covered and
non covered areas. The decrease in the adhesion area, once again, meaned an increment of the
hydrophobicity of the surface.
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Figure 66. (a), AFM images of topography in contact mode (left) and lateral friction (right) of a lines
pattern (1 um in pitch) of fluorinated silane, deposited during 5 minutes. Lines height is less than Inm. A
high contrast can be observed in the friction image: silicon surface shows a higher value than the silane-
covered one. (b) AFM Curves of Force/Deflection vs Distance in silicon and in a functionalized area. The
difference in the traces is an evidence of the high hydrophobic nature of the fluorinated silanes. (b)
Deflection vs. z distance curves, performed on bare silicon, and on the functionalized lines. The decrease
in the adhesion area is due to an increment in the hidrophobicity of the surface.

Figure 67 shows examples of nanometer scale patterns defined by 3 different types of silanes: an
amine-silane (a), an acrilate-silane (b), and fluorinated-silane (c). The first type is interesting because
its high reactivity to DNA, the second one because of its high hydrophilicity, and the third one because
of its high hidrophobicity.

Figure 67. Examples of patterned surfaces with different types of silanes: (a) Patterns of (3-
Aminopropyl)TriMethoxySilane, deposited as described above. The average width is 220 nm for the
lines in the left, and 450 nm for the lines in the right. (b) Arrays of lines with different pitch of 3-
(Trimethoxysilyl)PropylMethacrylate: 1um, on the left, 500 nm in the middle, and 1.2 pm on the right.
Average line with is 200 nm and measured height is less than 1 nm, corresponding to a monolayer,
achieved for a CVD time of 24 hours. (¢) Lines of 1pum pitch and 200 nm wide of TridecaFluoruro-
(1,1,2,2)-tetrahydrooctyl-triChlorosilane (F13-TCS). Deposition time is 5 minutes, resulting in a
monolayer of 0.7 nm in height.

These images demonstrate the versatility of this method for the local modification of the chemical
properties of surfaces.
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Chapter 3

Polymer Rheology

In the thermal nanoimprint process, a thermoplastic material is used to
replicate the stamp geometry by heating it up above its glass transition
temperature, T,, (entering the viscous regime) and by forcing it to flow by
applying a pressure. Thus, it is important to know the behaviour of these
materials under these especial conditions, to optimize the imprinting time,
avoid defect formation and improve the quality of the obtained structures.

During this work, we investigated on the stress accumulation in the polymer
structures during the imprinting process, and, more precisely, in the cooling
step.

The results obtained by collaboration of several different groups all around
Europe towards benchmarking of thermal-NIL will be also detailed at the
end of the chapter.
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3.1.- INTRODUCTION

3.1-1.  Mechanical properties of thermoplastics

The general mechanical behaviour of thermoplastics as a function of the temperature is shown in
Figure 68 [2]. The key point is that their properties strongly depend on the temperature: they are rigid
for a certain range of temperatures, but start to flow when they are heated-up above the “glass
transition temperature (T,)”, different for each one. T, is below their melting point (Tf), and it does
not depend on the molecular weight. Meanwhile the melting point does. This is important, as the
mechanical behaviour and the flow of the polymer depend on the viscous regime, that is determined by
these two temperatures (T, and Ty).

The thermoplastic behaviour is explained attending to the internal structure of these polymers. They
are formed by individual long molecules. Monomers are chemically linked to form these long chains,
which length depends on the molecular weight. These chains interact between them by electrostatic
and Van der Waals forces. When T<Tj, the forces that maintain the chains bonded are higher than their
thermal energy. When T>T,, the energy is enough to break these links, and the chains can move one
respect to the others when an external force is applied: the polymer flows. This is the viscous (or
viscoelastic) regime. When flowing, the chains do not stop interacting between them (the links are
broken and re-built continuously), which accounts for the viscosity of the material. When the pressure
is released, the new shape is maintained. Even further, the polymer can be re-melted and the process
repeated as many times as needed, as the process is reversible.
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Figure 68. Mechanical properties of polymers dependent on temperature, molecular weight, and cross-
linking. Schematic for a polymer with a T, around 100 °C. Particularly important for thermal NIL are the
large drops of the storage modulus, G', at two temperatures, T, and Ty At T, the thermomechanical
properties between stamp and polymer become sufficiently different for repeated molding. T;
characterizes a point at which viscosity drops. [2]

3.1-2. Rheology during the imprinting process

During the imprinting process, the polymer is heated above T,, so the chains have enough energy to
move ones respect to the others. When the pressure (P) is applied, the material is forced to flow and it
is deformed with the shape of the stamp.

Nevertheless, as can be observed also in the graph of Figure 68, there are two regimes above T,: the
visco-elastic and the viscous. In the purely viscous regime, G drops sharply, all the polymer chains

" G: (shear) storage modulus: is a measure of the energy stored during a cycle, representing the elastic properties. The
elastic deformation is accompanied by storage of elastic energy within the structure of the material.



flow and renew the links in their current positions. But, for lower temperatures (visco-elastic regime)
not all of them are broken, and some of the movements are due to strain of the chains. This means that,
when the stress is released, part of the shape is recovered.

Thus, the chose of imprinting parameters has to take into account the behaviour of the polymer, so the
temperature (T) has to be high enough to allow flowing of the polymer, but not too high, to avoid
melting, and the imprinting time (t) has to be long enough to prevent the shape recovery (among other
effects).

Therefore, for each case, there are several parameters that have to be studied and optimized. There is
not a standard recipe or procedure, and it varies depending on the equipment, the stamp geometry, the
imprinting polymer, etc.

The geometry of the stamp influences the conditions needed to obtain a good replication in the
polymer, and, in contrast to other nano-fabrication processes, the micro rather than the nanodimensions
play the main role for process optimization. Longer imprinting times are needed for larger amounts of
polymer that have to flow and/or when they have to move larger distances. In thermal NIL, the mold
filling depends on the structures size and on the filling factor. The filling factor is the relation between
the protusions (w) and buried (g) areas width (w/g), as shown in Figure 69. The polymer flow is
governed by viscoelastic properties of the material, which are dependent on the temperature, and by
the strain induced by the application of the force. On the other hand, trade-offs between the parameters
are possible (e.g., lower P can be compensated with a longer t, or a higher T), so, in general, they can
be varied to a large extent.

Figure 69. Definition of the parameters of the
hs stamp geometry: pitch of the patterns in the array

g <> p (p), width of the protrusions (w), buried gap
—> . .
etween them (g), height (hy) and filling factor,
W b hem (g), height (hs) and filling f

Filling factor = wig that is generally defined as w/g.

Apart from the imprinting conditions, the properties of the polymers themselves play an important
role, and can be chosen to optimize the application. And, for each polymer, the properties change as a
function of its molecular weight, so the viscosity (ability to flow) can vary for a fix temperature [5].
Figure 70 shows the dependence of the viscosity on the temperature for various polymers commonly
used for NIL in (a), and a detail of this dependence for three different molecular weights of PMMA
(b). There exists a wide variety of materials [6] that can be used for NIL (such as Poly(methy!
methacrylate) - PMMA or Polystyrene - PS) or even further, that have been specifically designed for
this process [7], taking into account the needs of the application for which the sample is being
developed (such as low Ty, high resistance to RIEs, higher thermal stability, lower viscosity, etc).

The molecular weight (My,) is expressed in g/mol. In the case of the polymers used for NIL, the typical
values for M,, are in the range of 10* to 10° g/mol, in order to achieve a trade-off in the mechanical
properties. Generally, they are named in a shortened, way, expressed in k (e.g., PMMA with a
molecuar weigh of 50* g/mol would be named PMMA 50k).
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Figure 70. (a) Zero shear viscosity' for some standard resists for thermal NIL for different polymers,
taken from different sources: PMMA with Mw of 25 and 75 kg/mol,14 PS with Mw of 58 and 353
kg/mol;PS 58kg/mol and PS 353kg/mol, and the commercial resists mr-I 7000E, 8000, 8000E, and mr-
NIL6000. These curves are presented for the temperature range characterizes above the viscous T,. A
process window for imprint is limited by high viscosity where unwanted viscoelastic effects become
dominant and molding slow. Lower viscosities than 103 Pa s are often not useful because it is often
achieved with too low Mw or too high Timprint. (b) shows a similar plot, related only to PMMA with
different molecular weights (25k, 75k and 350k).

3.1-3.

In this work, PMMA with low molecular weights (35k, 50k) was mainly used. Its glass transition
temperature is T, = 105 °C. Other polymers, such as various commercial mrl, from Microresist
Technology [8] were eventually used, to improve the mechanical stability of the structures or for
benchmarking tasks.

Imprinting parameters

For imprinting PMMA, the temperature was chosen between ~ 60 °C and 80 °C above T, and the
demolding temperature ~15 — 40 °C below T,. Pressures between 20 and 40 bars were commonly
applied. Figure 71 shows a typical graph of the imprinting parameters (P, T) acquired during a
conventional imprinting process in PMMA 50k. The recipe used during this imprint is also shown in
the table, including the total imprinting time (tror) and the demolding temperature (Tp).
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Figure 71. Graph showing the imprinting conditions during the process. Temperature (red lines, left
axes) and pressure (blue and green lines, right axes), are recorded as a function of time.

T Zero shear viscosity: the resistance to flow of a fluid (strictly speaking, the resistance to shearing) is defined as viscosity.
The asymptotic viscosity value at zero shear rate (i.e., the maximum value) is the so-called zero shear viscosity. As the
shear rate increases, the viscosity decreases due to alignments of molecular chains in the direction of flow and molecular
chain disentanglements. The zero shear viscosity is proportional to the 3.4 power of the average molecular weight (M)
(i.e. no = constant * M,,>* for most common polymers). Obviously it is extremely difficult to extrude polymers having very
high molecular weight.



Our main contribution to the rheology of polymers during the NIL process was a detailed study of the
stress built up in the polymeric structures during the cooling step, in the framework of the NaPa
project. The determination and quantification of the residual stress in the structures is important, as it
will affect their final shape and dimensions and the long term stability of the imprinted features.

On the other hand, we were involved in a task, together with other research labs, that studied the
polymer flow below the protruded areas of the stamp (this is, the remaining residual layer) for different
equipments, processes, and stamp sizes.

3.2.- FROZEN-IN STRESS

3.2-1. Introduction, motivation and state of the art

The polymers used for NIL, in general, do not present a pure viscous behaviour for the normal
imprinting parameters, but viscoelastic properties appear. This means that they can flow and change
their shape when a load is applied (viscosity), but, part of the deformation is recovered when the load
is released (elasticity), as already described above. Thus, it is important to know in which range of
temperatures is better to work (according to Figure 68) and to know the typical time constants for each
polymer [9]. Figure 72 shows two examples of shape recovery effects, probably caused by a short
imprinting time, and/or low temperature. Thus, it is well known that, when applying a pressure, an
internal stress is being induced in the polymer. This stress may have an impact in the long term
recovery of the shapes, and stability and reproducibility of the dimensions.

(a) (b)
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Figure 72. AFM images of two examples of deformations in the imprinted structures due to internal
stress, that leads to a shape recovery. (a), micrometric lines, where the buried (pressed) areas show
protrusions, due to internal stress. In (b), a similar effect is shown in a micrometric squared area.

Stress building up during the imprinting process has been considered from various approaches.

Hirai et al. [10] estimated internal stress build-up in a complete imprinting sequence: hot embossing,
cooling-down and stamp releasing (Figure 73). They concluded that the stress was mainly generated
during the cooling step, and that the most affected locations were the bottom corners of the lines
(Figure 73 (a)). As a consequence of the stress accumulation, they also reported on cracking of high
aspect ratio lines (Figure 74(a) and (b)) when demolding at low temperatures, a problem that could be
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solved by releasing the stamp at temperatures close to T,. We have also observed similar cracks for
high aspect ratio structures, as shown in Figure 74(c).

Pressure
I 050"
Siratch l 0
Compression Dk
Polymer
(a) (b) (d)
Initial pressing Pressing step Cooling step Releasing step
step

Figure 73. Simulations of the stress in the polymer for the imprinting steps, modelled by Hirai et al.
[10] in a complete imprinting cycle: initial applied pressure, forcing the polymer to flow (a), pressing
step during the imprinting duration (b), cooling step, taking into account possible differences in the
thermal expansion coeficients for the stamp and substrate (c), and releasing step (d). The main stress
accumulation occurs in the cooling step, in the bottom corners of the lines.

Figure 74. Scheme of a fypical fracture defect in thermal nanoimprint lithography (a), and SEM image of
cracked lines (b), reported by Hirai et al. [10]. Similar defects were observed during this thesis work, as shown
in the AFM image in (c).

Ro et al. [11, 12] evidenced the existence of residual stresses by real-time measurement of anisotropic
relaxation processes of lines imprinted in different polymers, heated back on a hot plate. They
observed that, if the structures were previously relaxed, the shape obtained afterwards was different
compared to non-relaxed structures (Figure 75 (a)).

Bogdanski et al., [13] studied the shape recovery of the flat areas between imprinted lines in the
micron range (Figure 75 (b)), that are similar to those shown in Figure 72. It results from the release of
internal stress accumulated during the process, and can hamper the post-processing, due to the
resulting inhomogeneous height of the residual layer.
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Figure 75. (a): evolution of the profile of imprinted lines when heated on a hot plate: the relaxation
process is different when a previous backing of the samples inside the stamp is done (to relax the internal
stresses), reported by Ro et al [11, 12]. (b) shape recovery defects in micrometric size lines, due to
internal stress acumulation, as reported by Bogdanski et al. [13].

In this work, we focused the rheological studies to characterize the stress built-up in the structures
during the cooling step [14]. A method was developed that allows the direct measurement of residual
stresses based on high resolution atomic force microscopy (AFM) characterization of triangular shaped
polymer lines. The method was demonstrated for imprints in PMMA 50k.

3.2-2. Experimental procedure

The test platform chosen to study the internal stress effects were A-shaped lines imprinted in PMMA
50k, as shown schematically in Figure 76(a), using the triangular shaped stamps described in Chapter
2. The triangular shape of the cross-section allows univocal measurement of the profiles by AFM,
thanks to the minimization of tip convolution. Thus, the sidewalls can be studied, unlike the case of
squared lines. Furthermore, the slope and exact geometry of the stamp are compared to that of the
replicated PMMA structures, so that any difference is effectively related to internal stress effects.

(a) (b)

Figure 76. (a) Drawing of the silicon stamp, containing the triangular shape lines, and the resulting
imprint in PMMA 50k. (b) Scheme of the geometry of the triangles, where the slope and the angles are
fixed by the {111} crystalline planes of (100) oriented silicon.

Typical deformations should be in the range of few nanometers, thus, a precise characterization of the
topography of both, stamp and imprinted pattern was required. AFM, using supersharp tips was the
most suitable tool for this purpose. AFM resolution can be better than 0.1 nm, but is limited by
material softness and surface roughness. PMMA roughness after imprinting was measured to be 0.6
rms. The characteristic dimensions of the fabricated structures were in the order of 500 nm, so a
deformation of 1 nm corresponds to a 0.2%, which sets the minimum stress that can be detected.
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Deformations were expected to appear at the sidewalls (due to compressive or relaxation stress) or,
according to Hirai simulations [10], in the bottom corners, as it is shown in Figure 77.

(a) (b) (©)

Figure 77. Scheme of the deformations expected to appear due frozen-in strain. (a) and (b):
deformations changing the triangles slope due to compressive or relaxations stress, respectively;
(c): topographic deformation in the corners, according to Hirai et al. [10] results.

As already described previously, the V-shaped lines in the stamp were defined by electron beam
lithography and anisotropic wet etching of (100) oriented silicon, as already described in the previous
chapter. This fabrication method presents several advantages for the development of the work: (i) the
geometry and the slope of the lines are fixed and well-known from the crystallographic orientation, as
depicted in Figure 76(b); (ii) after optimization of the method, lines with very smooth sidewalls were
fabricated, enabling the AFM characterization and facilitating interpretation of the results.

3.2-3. FE simulations

This task was developed in the framework of the European project NaPa, so part of the work was done
in collaborations with other institutes, both for experimental development, and for theoretical studies.

Finite Elements (FE) simulations were done in collaboration with David Mendels, from NPL: A
complete study of the full imprint of triangular shaped structures process was done by FE simulations,
using a “spring-back model” [15]. Here, the PMMA was modelled as a hyperelastic-viscoelastic solid
with time-temperature (WLF) superposition, to account for thermal and rate dependence [16]. Figure
78 shows the mesh used for the simulations. The number of points was increased in the areas where
the deformations were expected to appear: sidewalls and corners.
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Figure 78. Finite clement mesh and boundary conditions for the internal stress build-up
determination, and examples for the embossing and releasing steps simulations.

Y NPL — National Physical Laboratory — Teddington Middlesex TW11 OLW (UK)

70



Chapter 3 — Polymer Rheology

The results obtained for the frozen-in stress were thus compared with the experimental ones, and a
model was proposed, that allows a physical interpretation of the filling process and the stress built up.

3.2-4. Results

Figure 79 (top row) shows SEM images of the fabricated stamps: a view of one of the areas (a), a
general view of the lines (b), and a detail in (c), where the triangular shape can be seen. The
smoothness of the sidewalls is noteworthy and apparent. In Figure 79 (bottom row), the resulting
imprints in PMMA 50k can be seen. These structures are extremely smooth as well, as confirmed by
AFM characterization.

Stamp
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Figure 79. SEM images of the silicon stamp (top row), and an imprint in PMMA (bottom row), where a
general view of one of the areas is presented (left), the lines (middle), and a detail (right), where the
triangular shape can be observed. The smoothness of the sidewalls is remarkable.

Imprints in PMMA

The triangles were imprinted several times at different imprinting conditions, and subsequently
characterized by AFM using super-sharp tips. The expected deformations to be measured were in the
order of 1 nm or below. Surface roughness was around 0.5 nm thanks to the optimized fabrication
process as it has been described above. In order to reduce the noise induced by the AFM image
acquisition itself (thermal noise of the cantilever and external vibrations) most of the data were
obtained while disabling the slow scan axis, and then averaged over 256 scans

In order to facilitate the localization of the minute deformations, the derivative of the profiles was
calculated. Figure 80 shows a drawing of the profiles and the corresponding derivatives for a perfect
triangle (dark blue), and for two different types of relaxed shapes (yellow and red) (the deviations have
been magnified for visual aid). The differences on the derivative shapes are clear, and facilitate the
data interpretation, as the differences in the profiles are minute.

71



(2) A (b) 54.7°

Height

o
aAneAlIeQ

-54.7%

Horizontal Position Horizontal Position

Figure 80. Schemes of the profiles and the corresponding derivatives for different types of strains (a),
and their corresponding derivatives (b), from where the slope angle can be calculated (left axes in (b)).
The deformations have been exagerated, for visual aid.

Figure 81 (a) shows a typical profile of a strained structure and its derivative (dotted line in the graph).
Three zones of interest appear: the bottom corners appear protruded (A), the slope changes (B), and the
peak of the triangle is rounded and its height is smaller than the theoretical one (C).

To get a deeper understanding of the polymer flowing and stress build-up, the finite elements (FE)
simulations were compared to the results [15]. A typical result is shown in Figure 81 (b). Note that the
representation of the displacements in Figure 81 has been enhanced in a factor of 15 for visual aid.
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Figure 81. Experimental results of AFM characterizations (a) and FE simulations (b) of a strained profile.
For easier visualization, the derivative of the experimental profile has been calculated (dashed line in (a)), so
three mainly strained areas appear: bottom corners (A), the middle of the sidewall, where a change in the
slope trend appears (B), and the top peak of the triangle, that is rounded and which height is lower than the
theoretical one (C).

This model allows to directly relate the observed residual deformation to internal stress build up due to
two competing contributions:

(1) The flow of the polymer forced to fill the cavities, which tends to produce a convex
shape.

(11) A concave shape, due to the cool-down through the glass transition of the polymer while
maintaining the pressure, and the difference in the thermal expansion coefficients, that
leads to a compressive pressure in the polymer.

Simulations varying the parameters related to the stamp-polymer adhesion (high and low adhesion)
showed that although important for the dynamics of the stamp release, it did not change the final shape
of the polymer after release.
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3.2-5. Systematic study

A systematic experimental study was carried out, varying all the imprinting parameters in the ranges
that are listed in Table 4: imprinting time, pressure and temperature; cooling conditions (cooling rate
and demolding temperature); imprinting equipment, demolding procedure (manual vs. automatic), and
initial polymer thickness. It is remarkable that three different equipments were used and compared.

Table 4. List of the parameters that have been varied in the systematic study, and their range of values.

Parameter Values
Imprinting Machines Jenoptik, Obducat, EVG
Cooling ratio (CR) 18°C/min, 2°C/min, 1°C/min
Demolding Temperature (TD) 120°C, 100°C, 70°C and 40°C
Demolding Automatic and Manual
Temperature (T1) From 100°C to 190°C
Imprinting time (ti) From 1 to 10 min
Imprinting Pressure (P1) From 10 to 60 bars
PMMA layer thickness 500 nm, 700 nm, 5 pm, 3 mm.

The first conclusion drawn from all the obtained data is that the residual deformations are minute.
Essentially, no dependence on the imprinting conditions (temperature, time and pressure) was
observed. However, a trend was obtained depending on the cooling conditions. The predominance of
the cooling conditions on the level of stress built up was not unexpected: while the polymer is in its
viscous regime (T>Ty), being the imprinting time longer than the typical relaxation times for PMMA
[17], that in the order of few seconds, the imprinting stress is supposed to relax almost completely.
Only the unrelaxed portion, due to non-linear viscoelastic phenomena, is frozen during cool-down and
can be measured, together with the stresses accumulated during the cooling step, after releasing the
stamp.

This result agrees with the conclusions obtained by modelization by Hirai et al., as already mentioned,
and reported in [10], where it was shown that the stress is mainly built up during the cooling step.

To get a deeper insight in the effect of the cooling step on the structures, some samples were imprinted
in the same conditions (180 °C, 40 bar, 5 min), changing only the demolding temperature, and then
heated up on a hot plate for 4 hours at 100°C (this is, 5 °C below T,), to accelerate the relaxation
processes.

Figure 82 shows the resulting AFM profiles (a) and the spatial derivatives (b) of the samples after
post-baking on the hot plate. The sample demolded at high temperature (100°C) shows that the initial
strains (like shown in Figure 81) are relaxed, and that the slope maintains a constant value, similar to
the theoretical one (54.7°); i.e., an isotropic relaxation has occurred. For the other two samples, the
trend is different, and an anisotropic relaxation is obtained. These results agree with those reported in
[11], where it was shown that the residual stress leads to an anisotropic recovery of the shape.
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Figure 82. Profiles (a) and derivatives (b) obtained for three different samples, imprinted in the same
conditions, but changing only the demolding temperature (TD) after 4 hours in a hot plate at 100°C.
Note that the relaxation is more anisotropic for low values of TD.

Demolding at high temperatures is the main recommendation following the present measurements, in
order to reduce the residual stress and improve the long term stability of the structures. In all cases, the
residual deformations due to stress build up appear to be minute, compared to the typical dimensions
of the features, across the range of parameters studied. However, the high stress concentrations in the
bottom corners may lead to pattern cracking when scaling down dimensions, particularly if the stressed
area inside the structure is longer than half the width of the structure.

It is worth noting that the temperature for releasing the stamp should be below Tg. Fatal defects related
to air escaping from the polymer while it is still in the viscous regime have been observed in some of
the equipments, because the vacuum inside the chamber is not enough to avoid air trapping during the
imprinting process.

3.2-6. Influence of Tp on the quality of different size lines

To study how much the imprinting temperature can be raised, -which is a very convenient to reduce
the total imprinting time- and to study how much this stress affects to other kind of structures, a stamp
consisting on squared-shape lines with different aspect ratio (from 2 to 0.1) was fabricated. Then,
different imprints were done in PMMA 50 k, changing only the demolding temperature: 40°C, 70°C,
100°C and 120°C.

SEM images of the imprinted lines corresponding to Tp = 40 °C can be seen in Figure 83. No damage
was observed in any of the wider lines (w > 200 nm), but the smaller ones appear pulled-off for Tp =
40°C. The narrowest lines (w = 100 nm) are pulled-off from the base, and for w = 150 nm, the crack
appears in the lower part of the lines, but does not remove material from the base.

These cracks do not appear for Tp = 70°C, which means that the stress accumulation in the base
corners is not so high to cause the cracks.

Figure 83. Lines with different aspect ratios (from
0.1 to 2) imprinted in PMMA 50k, at 180° and 40
b during 5 minutes, and varying the demolding
temperature: 40°C (a) and 70°C (b).

Tp=40°C
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When demolding at higher temperatures, close to T, the defects appearing were different. Figure 84
shows two areas corresponding to a sample demolded at 100°C. Here, some of the areas presented nice
imprinted lines (Figure 84, left), but some others showed fatal defects (Figure 84, right), probably due
to the dettraping of air.

Figure 84. Two areas in a
sample imprinted in PMMA
50k, at 180° and 40 bars during
5 minutes, demolded at 100°C.
The area shown in the left is
nicely replicated, unlike the area
shown in the right. We attribute
these defects to the air escaping
from the polymer, while it is
still in its viscous regime.

When the demolding temperature is risen up to 120 °C, which is above the T of the polymer, none of
the areas was successfully imprinted, and the magnitude and number of these fatal defects related to air
detrapping drastically increases, as it is shown in Figure 85 (a).

Figure 85. (a): defects in a
sample imprinted in PMMA
50k, at 180° and 40 bars during
5 minutes, demolded at 120°C.
None of the areas is
successfully replicated in the
polymer. Similar defects are
shown in (b), corresponding to
: the triangular shaped lines,

' imprinted at similar conditions,
Tp=120°C with no vacuum in the chamber.

We think that these defects can be related to the presence of air dissolved in the polymer, because
we have observed that if the vacuum was increased inside the chamber, the number of defects was
significantly reduced. These structures did never occur in the imprints done with the EVG equipment
from MIC, that always pumps the imprinting chamber. In contrast, for the Obducat equipment at
CNM, they occurred when demolding at high temperatures. And their number varied in the imprints
obtained in Tekniker, as the Jenoptik equipment allowed to make optionally vacuum in the chamber.

When the air is compressed inside the cavities of the stamp, it can be dissolved in the polymer, that is
above T,. When cooling the polymer, the solubility gets lower, and if it is too fast or the polymer is
still in the viscous regime, the air forms bubbles, leading to these kind of defects. Another example is
shown in Figure 85 (b), corresponding to a more general view of the polymeric triangular-shaped lines,
demolded above T, where the traces of the air can be observed.

Thus, the demolding temperature should be risen up to 20 or 30°C below T,, to reduce the stress
accumulation in the polymer structure (so the long-term stability is improved), but not higher, to
avoid air de-trapping deffects, that may result in fatal defects in the imprinted structures, when the
vacuum system of the imprinting equipment is not very good.
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3.3.- RESIDUAL LAYER MEASUREMENT AND BENCHMARKING WITHIN NAPA

The polymer squeezed below the protrusions, that flows to fill the cavities, depends not only to the
stamp design, but also on the applied pressure and its homogeneity at wafer scale. Thus, the study of
the residual layer, its concordance with the calculated value, and its distribution in all along the sample
can give an idea of the quality of the processing, related to the equipment, compilance layer and
imprinting parameters used.

The wafer scale homogeneity of the residual layer is a key parameter for NIL, as it limits the pattern
transfer fidelity. Tasks towards benchmarking and comparison of processes and equipments were
done, taking advantage of the large number of partners working in the NaPa project and the diversity
of equipments and recipes used for NIL,

As the rheology, recipes and results are different for micro and nanometric features, two different
benchmarking tasks were proposed by the project coordinators: one, for micrometric size structures,
leaded by MIC, and another for nanometric structures, leaded by CEA-LETI-MINATEC.

3.3-1. Micrometric size structures

In the first benchmarking task, leaded by MIC (A. Kristensen), the wafer scale residual layer
homogeneity was assessed for different 4-inch wafer-scale NIL setups, available in the NaPa
consortium, for imprints of large areas of micrometric size structures [18]. The silicon stamps and
substrates to be imprinted were all fabricated in the same laboratory (at MIC). The imprint results were
compared afterwards, only deviating between them due to the different NIL setups. 7 partners (having
7 different equipments) were involved in this task: Tyndall, CNRS/LETI, PSI, TEKNIKER, TASC,
CNM and MIC. The research centres and the NIL equipments used are listed in Table 5.

Table 5 — List of the institutes involved in the benchmarking tasks, the country where they are
placed, and the NIL equipment used for the experiments.

Institute Country NIL Equipment

Tyndall (Ireland) Jenoptik HEX03 hot embosser
CNMS/LETI (France) EVG

PSI (Switzerland) SPECAL - Hydraulic Press
TEKNIKER (Spain) Jenoptik Hex03

TASC (Italy) Weber Hydrolic Press

CNM (Spain) Obducat

MIC (Denmark) EVG

The silicon stamp consisted on micrometric size lines (25 um wide, 125 pm pitch, 1 mm long, 300 nm
high), in arrays of 1 mm x 1 mm, placed in the top of a mesa, as shown in the scheme (a) and in the
SEM images ((b), (d) and (d)) of Figure 86.
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Figure 86. Stamp for residual layer benchmarking: scheme (a) and SEM images of one of the
arrays (b), and two details of the lines ((c) and (d)), where the mesa can be observed.

Two different types of imprinting were planned: with full-cavity-filling, and with non-complete-
cavity-filling.

The volume of PMMA before (V) and after (Vy) imprint (equations (7) and (8) , and schemes in
Figure 87 (a) and (b) respectively) owes to volume conservation laws (10), so, for the geometry of this
stamp (w = 25um; g = 100 um; hy= 300 nm), the minimum thickness of PMMA (that corresponding to
minimum residual layer, i.e., hg = 0) should be hy= 240 nm (10).

(a) b) P
E r 3

Figure 87. Scheme to illustrate the volume conservation before (left) and during imprinting (right).

Vy=h,(w+g) (7) V,=hyw+g(hg +h,) (8)
g h,

Vo=V, (10) - k= =240 nm )
w+g

So, for complete cavity filling, the substrates were coated with a 320 nm thick PMMA film, and, for
incomplete cavity filling, with 210 nm.

Each partner could choose the imprinting conditions. At CNM, the imprints were obtained at 180 °C
and 40 bar, and demolded at 60 °C. The imprinting time was varied from 220 s to 600 s.
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Figure 88 shows optical images of the stamp (a) and of three different imprints: with complete cavity
filling (b), and non complete cavity filling ((c) and (d)). The last two images were obtained in similar
conditions, just changing the imprinting time (from 220 s in (c¢) up to 600 s in (d)), so the polymer was
able to flow, and did not to stay stuck to the sidewalls of the protrusions. Even though, some self-
assembled structures can be still observed in (d).

-._'T""T\'" [ "_fﬁ

(a) Stamp (b) Complete cavity (¢) Incomplete cavity (d) Incomplete cavity
filling filling (t; = 220 s) filling (t; = 220 s)
Figure 88. Optical image of one of the arrays of the stamp (a), and imprints obtained at CNM, for different

conditions: complete cavity filling (b), and incomplete cavity filling (c) and (d). The imprinting time was
enlarged from (c) to (d). The corresponding profiles have been schematized below each image.

The measuring technique implied measuring the PMMA height under the protrusions with respect to
some reference points, and was done by A.K. et al at MIC [18]. The reference points were made
mechanically by removing the PMMA with a scalpel, to get in contact with the underlying silicon
substrate. Two reference points were scratched on each side of each protrusion array using a
profilometer (Dektak 8 stylus profiler), so a total of 191 points were measured in each sample. Whit
this, a residual layer map was obtained, like the ones shown in Figure 89, corresponding to two of the
imprints obtained at CNM with the Obducat equipment. The black dots in the figure indicate the

measuring points. The mean residual layer, hg, and the corresponding standard deviation, onr, were
calculated from the residual layer maps.
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Figure 89. Residual layer thickness. The residual layer was measured at 191 different point
distributed all over the wafer. The black dots indicate the measuring points. The images
corresponds to the imprints obtained for complete (a) and incomplete (b) cavity filling. The colour
scalebar ranges from 0 (dark blue) to 100 nm (dark red). Courtesy of A.K. [18]



The characterizations were repeated for all the 14 different imprints obtained with the 7 different
equipments. When these residual layer values were plot, interesting results were obtained. The residual
layer is plotted in Figure 90 as a function of imprint temperature, T, and imprint pressure, P, both for
complete and incomplete filling conditions. The black dashed lines in Figure 90 indicate the theoretical
residual layer under complete filling conditions calculated by combining (7), (8) and (10), that
corresponded to the volume conservation laws:

h = hO(W+g)_ghs

0 f r W+g ( )

Due to variations in the measured initial PMMA layer, hy, and the stamp protrusion height, hg, the
theoretical residual layer thickness lied between the upper (93.8 nm) and lower (71 nm) dashed black
line. The value in between is the mean (82.4 nm).
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Figure 90. Complete cavity filling conditions. Residual layer (h,) as a Tyndall
. . . . . CNRS/LETI
function of the imprint pressure at complete filling conditions (a), and as
O PsSI

a function of the imprint temperature (b). The bars in the plots have a
length of two times the standard deviation belonging to the individual Tekniker
residual layers. The black dashed lines indicate the theoretical hr for O TASC
complete filling conditions. The upper line is the upper limit, the middle CNM

is mean value and the lower is the lower limit. Courtesy of A. K. [18] O MiC
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For complete filling, h; was found to be independent of both imprint temperature and pressure, and the
theoretical and experimentally measured residual layer thickness agreed, for the used imprint times.
Only two imprints deviate from this characteristic. As seen from the plots, the only parameter at which
these imprints differ from the others is the imprint temperature. This deviation can probably be
explained from the viscosity of the PMMA and the geometry of the stamp. The stamp protrusions are
placed on top of mesas elevated from the wafer level. And, on the other hand, the viscosity is strongly
depending on temperature (increasing temperature — decreasing viscosity). For low molecular weight
PMMA, at temperatures above 200 °C the polymer melts, so the viscosity drastically drops. Thus, the
PMMA flows in-between the mesas. Thus, the polymer thickness in the protrusions is not the initial hy,
but thinner. So, at this point the complete filling description collapse, and the incomplete takes over.
The two situations are plotted in Figure 91. The size of the residual layers obtained for the deviating
imprints, and the residual layers of the imprints under incomplete filling, with the same imprint
parameters, are similar. This indicates that the conclusion is valid.
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Complete cavity filling Melting and collapse

Figure 91. Both drawings shows one
of the protrusion array imprinted. The
left image corresponds to an imprint
under complete filling conditions, and
the right image is also complete
filling, but with imprint temperature
above 190°C - 200°C, at which the

complete filling conditions collapse,
m as the polymer melts so the total
thickness is reduced. Courtesy of A.
K. [18]

The best homogeneity corresponds to the smallest standard deviation, that is 4 nm, obtained with an
imprint temperature of 180°C - 190°C and imprint pressure of 20 - 40 bars.

The residual layer thickness measured for the imprints obtained with incomplete cavity filling
conditions are shown in Figure 92 as a function of the imprinting temperature. It can be seen that the
residual layer thickness decreases with increasing temperature.

Incomplete cavity filling
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'g 10120 bar / values decrease with increasing temperature, as
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The theoretical description of the PMMA flow is given by the Stefan equation:
1 1 2P

= +
h(t) ? ho ? 770 W2

! (12)

Here, h(t) is the residual layer thickness as function of time, and 1 is the zero shear viscosity, which is
decreasing logarithmic with temperature, and w is the width of the protrusions. The Stefan equation
predicts that the residual layer thickness will decrease with increasing temperature, and is in agreement
with the observation, plotted in Figure 90 (d).

In this case, the smallest residual layer obtained was 9 nm, for an imprint temperature of 210 °C and
imprint pressure of 50 bars. The smallest obtained standard deviation is 3 nm, with an imprint
temperature of 190 °C and imprint pressure of 20 bars.

This work leads to the conclusion that all the NIL machines used through the project perform
homogeneous imprinting, with standard deviation in the order of 3 nm to 8 nm. The standard
deviation does not seem to change very much, whether the imprint is preformed under incomplete or
complete filling conditions. Thus, the wafer-scale homogeneity seems to be more related to the
equipment itself than to the imprinting conditions.
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3.3-2. Nanostructures benchmarking

A similar task was proposed for nanometric size structures [19]. In this case, the task was leaded by
CEA-LETI-Minatec and LTM-CNRS?" (C. Gourgon) where the stamps were fabricated and the residual
layer thickness measured. The method chosen for measuring the residual layer thickness was
scatterometry, so non destructive characterizations could be performed.

The partners (and so, the equipments) involved were the same as in the previous task. Only one
thickness of PMMA (100 nm) was used for imprinting, and some different types of resists were used
for imprinting (PMMA and various mrI).

Once again, to ensure maximum reproducibility, the molds were fabricated in a single batch at CEA-
LETI, and one of these molds sent to each laboratory. They were fabricated by electron-beam/deep UV
lithography. The patterns were gratings consisting of dense lines with various sizes such as 100/100
and 50/50 nm, defined in several areas with different surfaces: 1 mm?, 400 x 400 umz, and 60 x 60
um’. The area outside from that patterned with the features under study was filled with 350 nm wide
dots, defined by deep UV lithography in order to homogenize the pressure distribution. The pattern
height was ~ 110 nm, as can be seen in Figure 93.

Figure 93. SEM micrograph of 50 nm dense lines
on the Si mold used for the benchmarking at the
nanoscale [19].

X38BK 188nm

Even though, during the development of the study, several problems were encountered, as imprinting
large areas of lines 50 nm wide, 100 nm pitch was not as trivial as expected. Only a couple of partners
could successfully imprint the 50 nm wide lines.

During the analysis of the defected structures obtained for the lines array by almost all the partners,
some important observations were drawn, that can apply for the optimization of the NIL process when
imprinting sub-100 nm size structures, covering large areas.

(1) A very good antisticking coating is very important. The antisticking coating was done
together with the stamp fabrication, with a commercial tool, and in liquid phase. One of the
partners (PSI™) that could manage to replicate the lines, performed its own treatment, in gas
phase.

(1))  Pressure plays an important role. The lines printed at 40 bars were completely pulled off.
This was not due to sticking problems, as the appearance of the cracks would have been
different. As an example, Figure 94 shows two of the structures imprinted at CNM. In (a),
high pressure (40 bars) was used, and in (b), it was reduced to contact pressure (10 bars). In
some other labs, for reduced pressures down to 15 or 10 bars, the lines were well printed, in
larger areas. Furthermore, even at 1.5 bars it was shown that the mold cavities were filled.
The behaviour obtained at 40 bars is attributed to a mold bending [20] during the printing
step or to an excessive stress at the bottom of the patterns [10].

Y CNRS-LTM and CEA-LETI-Minatec- F-38054, Grenoble Cedex 9 (France)
™ Paul Scherrer Institute (PSI) Villigen 5232 (Switzerland).
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(iii)  The chemical composition of the polymer is also important. Sticking effects to the mold
and deformation of the lines due to the high pressure depended on the polymer nature, since

the results were better when using the mr-117010E polymer. This difference is still under
investigation.

at 10 bars (b). In the first case, the defects may be related to high applied pressure. In the second,
as the appearance is different, the defects could be due to sticking problems.

With some of the imprints made by the partners that could manage to get nice lines, scaterometry
showed that the residual layer thickness was in good agreement with the calculated by the material
conservation law (11), as shown in Figure 95. Unfortunately, the number of partners and imprints was
not enough to get a tendency or a statistic like that obtained for the micrometric size structures.
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At CNM, we obtained cracked lines, like the ones shown in Figure 94. A dependence on the pressure
was also observed, as already mentioned and shown above. The quality was improved as a function of
the imprinting parameters, and some of the areas seemed nice. But we didn’t obtain a complete area
nicely imprinted. Some of the defects may be due to stamp bending, and/or related to the applied
pressure. Nevertheless, we attribute the cracks to sticking problems or stamp design, as also some of
the areas containing patterns with larger lateral sizes appeared often defectuous.

This benchmarking demonstrates that the printing of nanostructures needs special rules and
precautions.
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Chapter 4

Explorative fields for NIL applications

Besides the study of the polymer rheology to minimize the internal stress
accumulation and the residual layers benchmarking, an important goal of
this work was the use of NIL technology to fabricate devices, designed and
devoted for different applications and projects. In the next sections of this
thesis memory (Section 2 and Section 3), two applications will be described
in depth, starting from the design of the devices, describing the fabrication
process and ending with their characterizations. Nevertheless, we have also
collaborated in other projects where nanostructures were needed, and NIL
was the most suitable fabrication process. In this chapter we will have a
general overview of some of these projects, to give an idea of the versatility
of NIL, and the different fields of possible applications.
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4.1.- FABRICATION OF STO NANOPILLARS

The first application was developed in collaboration with N. Mestres and T. Puig, from ICMARB’,
within a National Project CANNAMUS', focused in the assisted growth of complex oxides with
templates.

Magnetic oxide perovskites are particularly interesting materials, especially in the superconductive
field, due to the wide range of electronic and magnetic properties available within the same crystal
structure. However, the fabrication of structures from epitaxial perovskites with lateral dimensions of
less than few hundreds of nanometers, (the relevant scale for future electronic and spintronic
applications), remains a challenge [1]. Problems inherent to the top-down fabrication route include the
low etching rate of the materials, damage to the crystal structure from ion milling, and redeposition of
amorphous material on the substrate [2].

4.1-1. Fabrication process

An assisted bottom-up method, based in nanoimprint lithography, was considered to achieve the
fabrication of arrays of nanodots of the magnetic perovskite Lag7Sro3sMnOs (LSMO) over large areas
(diameter and pitch below 1 um) [3] that are supposed to maintain the crystallinity of the substrate, its
epitaxial structure and ferromagnetic properties after the fabrication process. An imprinted polymer
template was used to assist the chemical solution synthesis. Since magnetic perovskites can also be
combined epitaxially with ferroelectrics and high temperature superconductors, this technique opened
the possibility of fabricating novel nanoscale multifunctional heterostructures.

A scheme of the whole fabrication process is depicted in Figure 96:

a. The stamp, containing the dot array is designed (diameter, pitch, aspect ratio) and fabricated
by EBL and RIE; a 200 nm thick layer of PMMA is spun onto a SrTiOs (STO) substrate. Then,
the stamp is imprinted at 180°C and 40 bars, during 20 minutes. The imprinting time needs to
be enlarged, compared to the time set when a silicon substrate is used for the same stamp, as
the thermalization of the system is slower when using such an insulating substrate.

b. After removing the residual layer with an oxygen plasma* for 4 minutes, chemical precursor
solutions (prepared from lanthanum, strontium and manganese nitrates in water, mixed with
ethylene glycol) are used to fill the PMMA holes by capillarity.

c. Then, the samples are heated up to high temperatures (800-1000 °C, 5 hours) for oxide
formation and phase crystallization.

d. During the high temperature treatment the PMMA template is eliminated by combustion, and
the as-synthesized nanodots are grown onto the STO substrate.

" ICMAB — Instituto de Ciencia de Materiales de Barcelona (ICMAB, CSIC). Campus de la UAB. 08193 — Bellaterra
(Spain)

" CANNAMUS - Crecimiento asistido por nanoplantillas de nanoestructuras multifuncionales a partir de soluciones
quimicas — Intramurales CSIC (2005-2007).

* Residual layer removal with an oxygen plasma: Oxford Plasmalab 80+: 10 sccm, 20 W, 75 mtorr. Etching rate: 40 nm/s.
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(a) (b) (c) (d)
NIL in PMMA onto Chemical precursor Oven, 800° 5h Crystallized oxide
SrTiO; substrate solutions array

Figure 96. Description of the fabrication process. (a) the array of dots of the silicon stamp is imprinted
in layer of PMMA, spun onto a SrTiO3 (STO) substrate. (b) chemical precursor solutions (lanthanum,
strontium and manganese nitrates in water, mixed with ethylene glycol), that fill the PMMA holes. (c)
the sample is heated in an oven. PMMA is burned during the process, and the oxide crystallizes. (d),
resulting perovskite nanodots arrays.

4.1-2. Results

Figure 97 shows images of the results of the process. Figure 97 (a) corresponds to a stamp, made in
silicon, consisting of 1um pitch dots, 200 nm high. After imprinting and removing the residual layer,
the holes showed a diameter of 400 nm, as can be seen in Figure 97 (b). The non-rounded shape of the
imprinted holes (compared to that of the stamp) is probably due to thermalization effects, related to the
different thermal expansion coefficients of the silicon stamp and the STO substrate. Figure 97 (c)
shows the perovskite pillar array, 400 nm diameter, resulting from the synthesis process, that
demonstrates that Lag 7Sty 3MnO3 nanodots arrays could be successfully grown on lattice matched STO
substrates by chemical solution deposition using PMMA templates fabricated by NIL. Figure 97 (d)
corresponds to a similar sample, processed with a different PMMA template height.

(a) (b)

Figure 97. (a) AFM image of a silicon stamp, with the array of dots, 1 um pitch. (b) resulting imprint in
PMMA onto the SrTiOj; substrate. (¢) and (d) Lay ;Sro3MnQOj array, for different PMMA template height.

Further experiments are currently being performed, in order to optimize the process conditions: pillars
aspect ratio, and synthesis time and temperature.

Figure 98 shows a silicon stamp (a) and the resulting imprint in PMMA (b) of an array of dots, with a
diameter of 100 nm, and a pitch of 200 nm that is being used to reduce the pitch and diameter of the

87



88

SECTION 1 — CONTRIBUTIONS TO NIL TECHNOLOGY DEVELOPMENT

pillars. The possibility of oxidation of the pillars of the stamp as described in previous chapters is also
being explored as a possibility to reduce the lateral dimensions.

®)

Figure 98. (a) Silicon stamp, with smaller dimensions (100 nm diameter, 200 nm pitch). (b) imprinted
PMMA holes onto the STO substrate.

This work leaves an open line for research, as several aspects remain un-optimized. Apart from the
shrinkage of the lateral dimensions of the pillars, the aspect ratio of the imprinted holes needs to be
increased. The growth process based on a liquid precursor leads to a reduction in the final vertical
dimensions, so, to obtain pillars with a certain height, the depth of the holes in the matrix should be
increased. The results obtained up to now consist on nano-clusters, probably not connected between
them, that do not cover the whole imprinted area, as can be seen in Figure 97 (¢) and (d), as a
consequence of the low aspect ratio of the used stamp. The increase in the aspect ratio of the pillars
would allow having more liquid material available for the growth of epitaxial pillars.

This constitutes a very interesting application of nanoimprint lithography, as it is very difficult to
nano-structure insulating substrates, especially in the case of complex oxides, where the
crystallographic net should not be affected by the fabrication process. It’s remarkable also the novelty
of the work, as there are very few NIL applications related to the superconductive materials field.

4.2.- LARGE SCALE AREAS FOR PROTEIN PATTERNING

Another application of NIL is based on the possibility of direct nanostructuration of functional
polymers. This work has been done in collaboration with S. Merino and A. Retolaza, from Tekniker
and A. Cruz, from Gaiker' in the frame of a national project, NILSIS, that aims to explode the
advantages of NIL technology to fabricate devices in different fields, such us biology,
electrochemistry, metrology and/or sensors.

Selective localization of active proteins on patterns or specific places is important for the
development of biosensors, bioMEMS, tissue engineering, and basic proteomic research.
Nanopatterning by NIL of a polymer that has functional properties is a flexible technique for
selectively patterning bioactive proteins with nanoscale resolution. This, together with fluoropolymer
surface passivation allows exploiting the specificity of certain recognition events. Taking advantage of
NIL-based nanofabrication, high throughput reproducible nanoscale protein patterns with high
selectivity and retained biofunctionality can be obtained.

Many applications of patterned biomolecules can be enhanced by improving the resolution of the
protein features. Smaller feature sizes enable, for example, the fabrication of high density protein

¥ Gaiker. Parque Tecnoldgico — Zamudio 48170, Vizcaya (Spain).



arrays for biosensors or proteomic screening, or facilitate studies of cellular interactions with small
precisely located clusters of extracellular matrix proteins.

In this work, we were in charge of the fabrication of stamps with nanometric features, Tekniker of
imprints, process development and optimization and characterization, and Gaiker of the
functionalization protocol.

4.2-1. Fabrication process

NIL has been used in previous works for protein patterning combining high resolution and high
density of proteins [4-6]. Hoff et al [4] developed a technique based on NIL and fluoropolymer surface
passivation (to avoid protein adsorption) and an aminosilane passivation to form a covalent layer with
biotin, exploiting later the specificity of the biotin/streptavidin linkage (Figure 99 (a)). Falconnet et al.
[5] developed a technique for protein patterning combining NIL and molecular assembly patterning by
lift-off (Figure 99 (b)). Park et al [6] used NIL and aminosilane deposition followed by lift-off of the
sacrificial printable polymer to get streptavidin patterning at the nanoscale (Figure 99 (c)). However all
these three processes require the use of a sacrificial printable polymer and vapour deposition of
aminosilane, which leads to a complex process.
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Figure 99. Process approaches reported in previous works for protein pattern. In (a), a method proposed by
Hoff et al. [4] is shown, that is based in local functionalization with different types of silanes, selective for
specific binding. In (b), the methods reported by Park et al. [6] are schematized. In both of them, the pattern
is created by NIL, and the protein pattern by deposition and lift-off (b) or a layer, that is already deposited
below the PMMA, selectively etched after NIL (c).

In this work, we overcame a new approach [7]. A new bio-functionalized copolymer™ developed at
CIDETEC' was used as a printable material, following the procedure shown in Figure 100. It has a
great affinity to streptavidin protein, so it can be used to immobilize any biotinylated protein and an
enzymatic immunoassay. As an example, it was proposed to detect the presence of the
immunoglobulin G (IgG) protein on a rabbit serum sample.

" Functionalized co-polymer: 80% benzyl methacrylate and 20% succinimydil methacrylate
" CIDETEC - Parque Tecnolégico de San Sebastian. 20009 - San Sebatian (Spain)

89



90

Functionalized
/ polymer

(a) Nanoimprint of the functionalized polymer

(b) Removing the residual layer
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Figure 100. Process flow for protein patterning. The functionalized co-polymer is structured by NIL (a),
and the residual layer removed with an oxygen plasma (b). In the un-covered areas, a fluorosilane is
deposited (c), to minimize the non-specific adhesion of the proteins. The proteins are selectively adhered
to the functionalized polymer, due to the biotin-streptavidin affinity.

4.2-2. Stamp design and fabrication

Two different types of silicon stamps were fabricated. The first consisted on microscale patterns,
with five different gratings (ranging from 3.3 um to 11.3 pum periods and equal line width and space),
that were fabricated in Tekniker, by UV-Lithography and RIE (SF¢/C4Fs plasma) to reach 270 nm in
depth.

The second type consisted on nanometric features, fabricated by e-beam lithography at CNM. As the
lines would have to be observed with a fluorescent microscope, the lines were patterned with long
spacing between them, and covering large areas. Squared arrays of 200 nm wide lines, spaced 20 pm, 1
mm long, were defined by stitching of smaller fields (200 um x 200 pm) by using a SEM with
lithographic capabilities. The GDS design is shown in Figure 101 (a). Such small lines, with such a
large distance between them, patterned in a 4 inch wafer, are very difficult to locate. Thus, some
marks, such as crosses in the corners and additional arrays of lines, wider and closer (to scatter the
light) were added in order to facilitate the location of the arrays. Figure 101 (b) shows one of the
patterned areas in a 4 inch silicon wafer, defined in PMMA after e-beam exposure and development.
Here, the stitching fields can be seen. The reactive ion etching resulted again in features 270 nm deep.
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Figure 101. GDS design (a) and optical image (dark field) of the pattern in PMMA (b). An area
covering lmm x 1mm was patterned with lines 100 nm wide, 20 um pitch, by stitching of small fields.
The structures around this area serve to locate the area of interest, as it cannot be easily seen by naked
eye. This structure was repeated several times in the wafer.

4.2-3. Results

The stamps were imprinted on silicon substrates coated with a 270 nm thick film of the functionalized
polymer at 160 °C (glass transition temperature of 86 °C) and the residual layer was etched by an O,
plasma. To avoid the adsorption of proteins on the silicon areas, fluorinated silanes were deposited.
These substrates were soaked in a solution of streptavidin (small concentrations of BSA* protein were
added to avoid non-specific binding) containing the enzyme HRP* and streptavidin marked with a
fluorescent label™ for ELISA type tests and fluorescence detection respectively. Figure 102 shows
fluorescence images of the streptavidin protein patterning on the micro (a) and nanoscale (b),
compared to the low fluorescence signal of the background.

Figure 102. Fluorescence images of patterned samples for a streptavidin concentration of 20 pg/ml
containing 0,05 pg/ml of BSA protein. Grating with 10 um period and equal lines and spaces (a), and
200 nm width lines (b).

“ BSA - bovine serum albumin.
Y HRP - horseradish peroxidase
** Fluorescent label: Alexa Fluor 488
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With the aim of showing the biological functionality of the streptavidin protein once it is bound to the
later a rabbit serum sample and finally a secondary antibody specific for IgG (Goat anti-rabbit IgG)
conjugated to a colour development enzyme (HRP).

Figure 103 shows the colour development measured as absorbance at 450 nm in the sandwich-ELISA
test for the complete system as well as the negative controls showing the specificity of the
immunoassay for IgG detection and the biological functionality of streptavidin bounded to the
polymer. Different dilutions of serum were prepared aiming to establish a correlation between I1gG
concentration and light absorbance (ELISA type tests) and fluorescence signal (fluorescent detection).

1 — Streptavidin + BSA protein
2 - BSA protein
3 — Blank (no polymer) + BSA
4 - F43-TCS + streptavidin + BSA protein
5 - F13-TCS + BSA protein

Q0uBqIOSqY

Figure 103. Absorbance of light at 450 nm for the immunoassay proposed for the IgG detection as the
whole of the sequence (Goat pAb to rabbit IgG+ rabbit serum plasma+ Goat anti-rabbit IgG-HRP) is
cultivated on the polymer with: (1) streptavidin and BSA protein, (2) BSA protein, (4) F13-
TCS+streptavidin + BSA protein, (5) F13-TCS+ BSA protein. (3) Absorbance of light at 450 nm for the
same immunoassay cultivated on Silicon + BSA protein (without polymer). Streptavidin concentration 20
pg/ml and BSA concentration 0, 05 pg/ml for all the enzymatic reactions.

This work shows the potential of this simple process, which can be used with different immunoassays
for the detection of the presence of other proteins from the detection of a threshold showing its
presence in a biological sample.

In order to check the advantages of reducing the dimensions down to the nanoscale, additional tests are
currently being developed. For this, stamps with lines of different widths and pitch are being
fabricated. The design is similar to that shown in Figure 102, but the number of lines is varied, so the
total amount of polymer that is structured is the same for all the dimensions. An optical image of the
overall patterned area of the wafer is shown in Figure 104. Here, the insets show a zoom of the lines
under study. The ones of the upper patter are wider, meanwhile those in the bottom are narrower.
Thus, the total patterned area with lines is the same in all of them.

1" PAB - polyclonal antibody



Figure 104. Optical (dark field) image of the new
stamp. The areas having different number of lines,
with different widths, but maintaining the total
structured area can be seen. The two insets show
optical images of the lines in two different areas.

One of the aims of this work is to compare the optical results obtained for the ELISA tests for all the
chips, in order to see if the adhesion and selectivity is improved for smaller dimensions, and/or to find
an optimal width/pitch ratio.

This explorative field is still under study, as it has many possibilities for applications. The basics are
also being studied, by using new chemicals and the new stamps.

4.3.- FABRICATION OF SURFACES WITH CHEMICAL CONTRAST

The last application that will be described in this chapter was developed in the framework of the NaPa
project, in collaboration with A. Meister, from CSEM*:  as a mix-and-match task, to combine the
MEMS and NIL sub-projects. Surfaces with chemical contrast were fabricated by NIL. The purpose of
the samples is to be used to control, study (and reduce) the lateral dimensions of droplets of a liquid
locally deposited onto them. For this, a tool, that was developed at CSEM within the NaPa project
would be used (NanoDispensing - NADIS [8]).

Two different kinds of samples were fabricated.

The first ones consisted on holes made in a PMMA film, which thickness was reduced after NIL with
an oxygen plasma, so the final topographical contrast was very small. This allows studying the
difference between the chemical nature of PMMA and the silicon substrate, as the topographical
contrast can be neglected (Figure 105 (a)).

In the second one, the surfaces (Si or Si0;) were locally silanized, using the imprinted PMMA features
as a mask. As described in previously in chapter 2, the silanes form a monolayer (height ~ 1 nm), that
is highly hydrophobic (fluorinated silanes). After removal of the remaining PMMA, the contrast
between silanized and bare substrate can also be studied (Figure 105 (b))

HE CSEM - Centre Suisse d'Electronique et de Microtechnique SA - CH-2002 Neuchatel (switzerland)
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(a) PMMA film with holes (b) Surface covered by silanes

(3nm thick), with holes
(<2nm depth)j open to the substrate

Tri-cloro

i), i fiuorosiiane iayer sili
SiO, Silicon substrate (F13.TCS) ilicon

Figure 105. Schemes of the two types of samples having surface chemical contrast fabricated by NIL.
Si02 holes, defined in a matrix of very thin PMMA (a), and silicon holes, in an hydrophobic matrix
(fluorosilanes) (b).

One of the problems of dealing with this kind of samples is that the final patterns could not be seen
with an optical microscope, which made further post-processing or location of the NADIS tip arduous.
In order to facilitate the location of the modified areas, micrometric metal structures were first defined
in both types of samples, by EBL or NIL, metallization (~ 20 nm of aluminium) and lift-off.

4.3-1. SiOz holes in a PMMA matrix

4.3-1:a.- Fabrication process

A scheme of the steps of the fabrication process to define holes in a very thin PMMA film onto a
SiO; substrate by NIL is shown in Figure 106:

a. Aluminum marks were first defined onto the silica substrate by NIL, metallization and lift-off.

b. Then, a 200 nm thick film of PMMA 35k was spun onto the sample and imprinted using a

C.

silicon stamp with pillars (100 nm high, 300 nm diameter, 1 pm pitch), at 180 °C and 40 bars,
during 10 minutes. The stamp used had very large areas patterned with pillars (larger than the
area of the substrate itself), so no alignment was needed prior to NIL, in order to coincide the
imprinted structures inside (or close to) the metal marks.

In order to minimize the topographical contrast, the samples were treated in an anisotropic
oxygen plasma for 5 minutes. Controlling the etching time only a very thin layer of PMMA
(below 10 nm) was left, with holes open to the SiO; substrate.

N\
Silicon wafer

(a) (b) (©)

Figure 106. Sketch of the process to create a structured very thin PMMA layer with holes. Aluminum
aligning marks are patterned onto the SiO,/Si substrate (a). Then, it is covered with PMMA, and
patterned by NIL (b). An oxygen plasma is finally done, to reduce the thickness of the layer down to few
nanometers (c).
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4.3-1:b.- Results

Figure 107 (a) shows optical images of a sample before the oxygen plasma. Here, the aluminium
marks can be seen, inside which, by zooming up, the patterned dots can be observed (b).

Figure 107 (c) shows an AFM image of the patterned dots in PMMA, after the oxygen plasma. The
remaining thickness of PMMA was ~ 2 nm, as evaluated from the AFM image. This thickness is low
enough, so for the NADIS dispensing and control of the droplets, the chemical contrast will be
dominant over the topographical one.

(a) | (b) (c)

Figure 107. Optical images of a patterned area (a). The chip is covered with holes imprinted in a PMMA
film, and only those that lye inside the aligning marks were studied. AFM image holes PMMA layer (b).
The residual PMMA layer inside the holes after nanoimprint was removed using oxygen plasma. The
thickness of the remaining PMMA layer outside the holes is below 2 nm, as measured from the
topographical AFM image (c).

Different samples were fabricated, varying the SiO; thickness of the substrate (from 35 nm to 1.5 um),
in order to check its influence on the chemical contrast. No difference was found during the AFM
characterizations.

4.3-2. Silicon holes in a Fluorinated surface
4.3-2:a.- Fabrication

In Figure 108 the fabrication process to fabricate the second type of samples is shown. Here,
hydrophilic holes (silicon) were opened in a highly hydrophobic matrix (silicon substrate treated
with a fluorinated silane).

a. First of all, aluminium marks were fabricated by NIL, metallization and lift-off. A stamp was
specifically fabricated, with the crosses in a well-known positions respect to the edges.

b. A 100 nm thick film of PMMA 35k was spun onto the sample and imprinted with a silicon
stamp at 180 °C and 40 bars during 2 minutes (Figure 108(b)). This stamp was also designed
specifically for this application. It contains matrixes of holes with different diameter and pitch,
agreed to ensure an optimal deposition of the liquid and a good separation of the droplets when
doing the local dispensing (NADIS).

c. An oxygen plasma was performed to remove the residual layer, so only the PMMA pillars were
left onto the surface.

d. Then, the sample was put inside a Petri capsule into a nitrogen chamber during 5 minutes at
room temperature, with a drop of fluorosilanes (F;3-TCS), so the silanes are bounded to the
silicon surface, but not where the PMMA pillars are (process described in Chapter 2).

e. The sample was finally cleaned, and the PMMA removed in acetone with ultrasound agitation
for 5 minutes, leaving the holes open to the untreated silicon in a hydrophobic surface.
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Manual alignment

(a) Aligning Marks (b) PMMA and NIL (c) Residual layer removal

(d) Silanization (e) Mask (PMMA) stripping

Figure 108. Scheme of the fabrication process to define silicon holes open in an hydrophobic surface
(fluorinated silicon) by nanoimprint lithography. NIL is performed with manual aligning, with respect to
a previous design, needed to define the aluminium marks (a and b). The residual layer is removed (c) to
leave only pillars covered, that act as a mask for a silanization process (d). After removing the remaining
PMMA, the surface with chemical contrast is defined.

4.3-2:b.- Alignment issues

As it has already been commented during the description of the fabrication process, two
complementary stamps were designed and fabricated for this application. The first one contained
several micrometric crosses, devoted to define the aluminium marks in a given position respect to the
edges or corners of the chip. The second stamp consisted on several matrixes of holes with different
pitch and diameter, which positions were chosen so, by aligning the edges of the first substrate (with
the aluminium crosses) and the edges of this second stamp, the PMMA columns would lie inside (or
close to) the marks. Figure 109 shows images of the results. In (a), the area with the aligning crosses
are shown, and in the dark field optical image in (b), the imprinted dots in PMMA can be seen. As
expected from this manual aligning method, the accuracy is in the order of tens of microns, which is
good enough for the final goal of these samples

(a)

Figure 109. Optical images of pillar
arrays with different diameters and
pitch, fabricated inside a matrix of
aluminium marks (a), by manual
alignment. In the dark field image (b),
the position of the dots with respect to
the marks can be seen.
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. Another example to prove the reliability of the manual alignment method is shown in Figure 110.
This corresponds to a SEM image of another pattern fabricated following the same procedure, where
an aligning accuracy =~ 20 um was achieved for areas of 100 x 100 um?®.

Figure 110. SEM images of silanized lines onto a
silicon surface, fabricated by two NIL steps with
manual alignment.

4.3-2:c.- Results

Figure 111 shows contact mode AFM images of some of the patterned areas: a matrix of dots, 2 um
pitch in Figure 111 (a), 5 um pitch in (b), and 10 pm pitch in (c). The images in the top row are
topographical images of the sample, and those in the bottom row, the corresponding friction mode
maps. The depth of the holes was below 3nm. The chemical contrast between the fluorinated and non-
fluorinated surfaces is evidenced from the friction images, revealing a clear difference in the nature of
the surface inside and outside the holes.

(1] 30.0 pm 0 30.0 pm

0 30,0 p=
Data type Friction Data type Frict
z range 0.2500 v z range 0.3000 v

Figure 111. Contact mode AFM images (topography in the left and friction in the right) showing three
matrixes of chemically patterned arrays of hydrophilic dots on a hydrophobic matrix, with different
diameters and pitch (2 um pitch in (a), 5 um in (b) and 10 pum in (c)).
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Also in this type of samples, the topographical contrast can be neglected, compared to the chemical
one.

4.3-3. Future: NADIS deposition

The goal of these samples with surfaces having local chemical contrast is to enhance the resolution that
can be achieved by local deposition of liquid (NADIS). This tool consists on an AFM, properly
modified to deposit liquid droplets: the tip is hollow, and has an aperture in the apex, and the cantilever
is hollow as well. The cantilever is connected to a deposit, for liquid supplier [8].

The samples fabricated during this work would allow in future works to study the effect of the
chemical/topographical contrast on the dimensions of the droplets deposited by NADIS for different
liquids, as it is depicted in Figure 112.

Figure 112. Scheme of the deposition of liquid onto
the fabricated surfaces with chemical contrast with the
NADIS tool. The diameter of the holes would
determine the diameter of the drops.

The results of NADIS deposition in the structures is still under study, and leave a research deal open,
for future works.
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Section 2

Plasmon confinement in V-grooves
fabricated by NIL

“‘Metals are not just shinny to visible light...they have
fascinating new properties, arising from the combined motion of
their surface electrons and the electric field of the light."

E. Moreno

Universidad de Zaragoza, 2008

The backbone of the world's communication system is a network of optical
fibres that carry information in the form of light pulses. Large volumes of
data can be transmitted very efficiently down these fibres but bottlenecks in
the system occur when the light pulses are converted into electrical signals
at various "junction boxes" that ensure information reaches its correct
destination. The telecommunications industry, among others, is therefore
extremely interested in microphotonic circuits that can manipulate light
pulses directly and therefore increase data rates.






Plasmon confinement and propagation is sub-A structures

Metals, apart from being reflective for visible light, have an
optical characteristic that is not so well known: at certain
conditions, light can travel bounded to metal surfaces without
moving away from them. This is a very particular property,
as light usually travels along the three dimensions of the
space and it is very difficult to confine. Actually, these waves
bounded to a surface are more complex than free light, as not
only electromagnetic fields are involved, but also electron
oscillations on the metal surface. These waves are the so-
called surface plasmons or surface plasmon-polaritons.

One of the most interesting properties of surface-plasmons is
that they can be coupled and confined into channels, so light
can be squeezed and propagate in structures with sub-A
lateral dimensions.

In this section, the basic notions needed to understand the
optical properties of metals, and hence, plasmons, surface
plasmons and confined modes will be first detailed, in
Chapter 5. Then, the design and process flow to fabricate
integrated devices based on gold V-grooves by means of NIL
will be explained in Chapter 6. The corresponding optical
characterization, both in the near and far fields will be
reported in Chapter 7, to probe light confinement and
propagation into the imprinted V-grooves. Finally, the results
obtained when filling the V-grooves with fluorescent beads
will be also detailed in this chapter.

This part of the work was done in close collaboration with
DTU-Nanotech, during a stay of four months long. Other
laboratories with large expertise in the plasmonics and
photonics fields were also involved in the optical
characterization of the samples.

The image in the right corresponds to a near
optical field image (SNOM), obtained by
launching light (19 = 1500 nm) into one of the
imprinted V-groove based plasmonic devices.
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Chapter 5

Plasmons,
Surface Plasmon-Polaritons and
Channel Plasmon-Polaritons

In this chapter, after presenting a general introduction to plasmons, surface
plasmons-polaritons and channel plasmon-polaritons, the parameters that
describe the propagation of these quasi-particles on different surfaces and
geometries will be explained, and, more precisely, those concerned to
confinement and propagation in V-grooves will be detailed.
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5.1.- PLASMONS. DRUDE’S MODEL.

In physics, a plasmon is the quasi-particle resulting from the quantization of the oscillations of
plasma. In this work, we will use this term referred to the oscillations of the plasma formed by the
electrons in the conductive band of a metal.

Plasmons are explained in the classical picture using the Drude’s model: the metal is treated as a three
dimensional crystal of positively charged ions, and a delocalized electron gas is moving in the periodic
potential of this ion grid.

The optical properties of metals are complex, as the electron motion (and hence, the optical constants)
depends on the frequency of the applied field. In Drude’s model the relative permittivity is given by

(13),

2

)
e (w)=1-——— (13)
n(@) o’ —iTw

where o, is the plasma frequency” of the electrons in the given metal (frequency at which the charge
density oscillates if the electrons are slightly displaced with respect to the ions as the Coulomb
force pulls back as a restoring force) and I' is the scattering rate or frequency of collision’, used to
account for dissipation through scattering of the electron motion [1].

For the most commonly studied metals (gold and silver) these constants have the following values:

Gold Silver
0p=9.056 eV/h op,=79eV/h
'=0.027eV/h ['=0.06eV/h

The dielectric constant (13) can be split in real (15) and imaginary (16) parts:

2 ®°T

! . " a)
g (@) =¢c"+ie" (14) > do)=1-—"5 (15 =", (16
o +T W’ +

o

The real part (¢’) is negative, and the imaginary part (¢”) is small and positive, accounting for
absorption and scattering losses in the metal. Figure 113 shows the representation of the real (a) and
the imaginary (b) parts of the dielectric constant for gold and silver in the ultraviolet-infrared range.

" Plasma Frequency: a,pz =n.e* /mg,, Where n, is the density of electrons, e is the electron charge, m the electron mass and

& the dielectric constant of vacuum.
" Frequency of collision: T = (2zct)™, where c is the velocity of light, and the electron lifetime.
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Figure 113. Real (a) and imaginary (b) parts of the dielectric constants of gold (—) and silver (—), as a
function of the wavelength A,.

Plasmons play a large role in the optical properties of metals. For light of frequency below the plasma
frequency the electrons precisely follow the incident field and the dielectric constant is negative. Thus,
the wave is reflected with a 180° phase shift. Light of frequency above the plasma frequency is
transmitted because the electrons cannot respond fast enough to screen it. In most of the metals the
plasma frequency lies in the ultraviolet part of the spectrum, so, for visible wavelengths they behave as
mirrors. Some metals, such as copper and gold, have electronic interband transitions in the visible
range, whereby specific light energies are absorbed, yielding to their distinct colours. In
semiconductors, the valence electron plasma frequency is usually in the deep ultraviolet, so that is why
they are reflective too.

5.2.- SURFACE PLASMONS
5.2-1. Introduction to SPPs

A surface plasmon is an evanescent wave resulting from the quantization of the oscillation of the
electrons in the conduction band on a metal surface, excited by an external force. The term surface
plasmon-polariton (SPP) is used to describe optically induced oscillations [2]. SPPs are bounded to
and propagate along a dielectric/metal interface (i.e., they occur at the interface of a vacuum or
material with a positive dielectric constant with that of a negative dielectric constant, usually a metal).
The SPPs field components decay exponentially into both neighbouring media, as it is shown in the
scheme of Figure 114 [3].

hv
ZNid<<a
Dielectric /\ /\ /\ /\
Metal : _‘:—-I}-i-b_\:j}-l-t}_ )

Figure 114. Scheme of surface plasmon-polaritons. The incident (optical) field induces an oscillation in
the charge density on the metal surface, resulting in an evanescent wave, called surface plasmon-
polariton. These waves have the amplitude of the field components exponentially decaying into both
medias.
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The topic of surface plasmon—polaritons has a history going back more than fifty years [4], albeit at the
beginning they were considered as a drawback for the use of metals as optical components, because
the energy was “lost” via SPPs excitation. Recently, they have retrieved the interest. One of the main
reasons is that there are now a variety of routine nanoscale fabrication technologies that allow suitable
sized structures to be made and explored as a way of harnessing SPPs. Surface plasmon—polaritons are
being developed for their use in bio-molecule sensors [5], they can help us to characterize the optical
properties of complex structures such as liquid crystals [6], and they are seen as a promising route in
the development of subwavelength optics [7].

5.2-2. Propagation of SPPs. General parameters.

The parameters that describe a surface-plasmon-polariton can be deduced from the dispersion
relationship between the frequency and the in-plane wavevector. This dispersion relation can be found
by looking for surface mode solutions of Maxwell’s equations under appropriate boundary conditions.
The details of the calculation can be found in [8] and the obtained expression is given by (17). Here,
the dielectric constant of the metal, €., is complex, and given by Drude’s model as described above,
and g4 18 the dielectric constant of the dielectric media.

=2 | Lafn 17)
c \ &y +8m

kSPP

From this expression, the physical parameters necessary to understand and study SPPs propagation can
be calculated for a given Ag. Three of these are schematized in Figure 115: wavelength of the
oscillation (Aspp), penetration depth into the dielectric (64) and into the metal (3,,). A fourth
parameter that is also important is the propagation length (3spp). Next, their analytic expressions will
be presented and the properties deduced from them commented.

~—  ~ A <1 B E,

Figure 115. Scheme of some general parameters that describe a SPPs: wavelength (Aspp), penetration
depth into the dielectric (84), penetration depth into the metal (5,,).[3].

One of the consequences arising from the hybrid nature of SPPs (photon/electron coupling) is that the
wavelength of the resulting oscillation (Agpp) is shorter than that of the incident electromagnetic field
(Mo). It depends on the properties of the interface, i.e. on the dielectric constants of the two medias (18),
accounting for how fast electrons move.

=2, | Fa (18)
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Figure 116 (a) shows the variation of the normalized surface plasmon-polariton wavelength (Aspp
relative to free space wavelength, A¢) for the UV-IR range for gold and silver abut vacuum (i.e. fix &4,
varying &y). The line corresponding to the free space wavelength has been also plotted. The most
important point is that Agpp is similar to but always less than Ag. When the overlying dielectric is not air
but some other medium, then the SPP wavelength is reduced in proportion to the refractive index.
Figure 116 (b) shows the normalized wavelength for SPPs propagating in gold abut two different
dielectrics: air, 4= 1, and a dielectric media with g4 = 2.2. The election of this value is not arbitrary,
and corresponds to a material (made by a combination of latex and air) that was used and studied
during the development of this work, that will be described in Chapter 7.
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Figure 116. Normalized wavelength of the surface plasmon polaritons, Agpp, as a function of the incident
wavelength A. In (a), a gold/air interface (—) and a silver/air interface (—) are compared to the free
space propagation (—). In (b), the effect of increasing the dielectric constant of the media abut a gold
surface (—) is shown.

As it has been mentioned above, SPPs arise from the combined motion of electrons and the optical
field in the dielectric. An evanescent wave results from this interaction, having the amplitude of the
fields decaying exponentially (19) with the distance to the excitation point in the horizontal plane.

I=1,e7"%) (19)

Thus, a very important parameter to describe SPPs is the propagation length (dspp), that also depends
on g and &n,. The propagation length is defined as the distance that the SPP propagates before loosing
1/e of its energy, and is given by (20) [3]. The imaginary part of &, appears in the denominator,
indicating that the attenuation comes from dissipation of energy by the electron gas of the metal.

(') (e +& o
5y = 1y En) ( g j 0)
g e,

Figure 117 (a) shows the dependence of the propagation length on the incident wavelength for gold
and silver/air interfaces. As could be deduced from the higher values of &¢” (higher I') in silver, the
propagation length for a given Ay is shorter than that in a gold surface. When the air at the gold
interface is substituted for a material with a higher dielectric constant, the propagation length is
significantly reduced, as it is shown in Figure 117 (b), again for a dielectric constant 4= 2.2.
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Figure 117. Propagation length of the surface plasmon polaritons, dspp, as a function of the incident
wavelength A. In (a), a gold/air interface (—) and a silver/air interface (—) are compared. In (b), the
effect of increasing the dielectric constant of the media abut a gold surface is shown for a material with a
dielectric constant of 2.2 (—).

Another two important parameters that characterize SPPs bound to a metal/dielectric interface is the
penetration depth of the fields into both medias, that are given by (21) and (22) for the dielectric (d4)
and the metal (8.,) respectively. Their dependence on Ay is plotted in Figure 118.
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The penetration depth into the dielectric increases with the wavelength (becomes more similar to
free light), as can be seen in Figure 118(a), and, consequently, the SPP is less confined to the surface.
This parameter is important, as it gives us a measure of the length scale over which the SPP is sensitive
to the presence of changes in the refractive index at the interface, which is important for the use of
SPP-based (bio)sensors. Although the sensitivity of the SPPs to changes in the dielectric medium falls
off exponentially, the distance over which the fall off takes place is large on a molecular scale. 84 in air
for gold and silver abut air are very similar, and is reduced when the dielectric constant of the cladding
is increased (the confinement to the surface increases in this case).
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Figure 118. Penetration depths of the surface plasmon polaritons into the dielectric media, 84 (a) and
into the metal, §,, (b). Various different interfaces have been considered: gold/air (—), silver/air (—),
gold/ €4=2.2 (—) and silver/eq=2.2 (—).

On the other hand, the penetration depth of the field into the metal is in the range of few tens of nm
(20-30 nm, depending on the metal), and almost independent on Ay. When the dielectric constant, &g, is
increased (Figure 118(b), red and blue lines), the SPP is more confined into the metal for high
frequencies (electrons do not respond fast enough to screen the electric field), but it reaches the same



constant value for low frequencies. For metals with high conductivity, the attenuation coefficient is
large, meaning that the field penetrates only a short distance. This distance is called the skin depth (dp)
(23), and the values for gold and silver are 21.8 nm and 25 nm respectively.

A, Gold: 21.8 nm

= . (23)
2 Silver: 25 nm

5.3.- CHANNEL PLASMON POLARITONS

Channel plasmon-polaritons (CPPs) [9] are SPPs that are bounded to a micro/nano structure.

For two close metal surfaces, the SPPs associated to each one can become coupled. When the surfaces
are close enough together the fields associated with the SPPs overlap and interact: a coupled mode is
produced.

The dispersion relation for metal channels with an arbitrary shape (not necessarily straight) was
analytically calculated and numerically solved by Novikov et al. [9]. The description of these coupled
waves 1s not trivial and becomes very arduous thorough the analytical expressions, that are very
complex and require advanced calculation methods to be solved and/or plotted.

The effective-index method (EIM) [10, 11] is a simulation method that allows quantitative and
qualitative analysis of CPPs channelling, propagation and field distribution in different types of
structures in a more visual way. The EIM has been extensively used to simulate and to analyze
numerically the light propagation in a large variety of structures [12, 13]. This method converts the
original three-dimension channel waveguide into effective two-dimension planar waveguides. Each
part of the effective waveguide is described with an effective refraction index, numerically calculated
by the software as a function of the number of layers, their thickness and dielectric constant.

5.3-1. Slits

Figure 119, reproduced from [14], shows the effective index (N.g) for a CPP guided in-between the air
gap between two metal surfaces, as a function of their separation, w. For sufficiently close surfaces,
Negr significantly increases, meaning a higher confinement of the light in the channel. Meanwhile, the
propagation length decreases as a consequence of the confinement.
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Figure 119. SPP coupled mode effective index and its propagation length as a function of slit width, w,
for gold (at the light wavelength A= 1.55 pum) and silver (A)= 0.633 pum). The inset shows the slit
configuration and coupled SPP magnetic field orientation along with the example of the field distribution
across a 1 pm-wide gold slit (Ay= 1.55 pum). [14]
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SECTION 2 - PLASMON CONFINEMENT IN V-GROOVES FABRICATED BY NIL

5.3-2. V-grooves: confinement and propagation
5.3-2:a.- Description

The devices developed and studied in the experimental work of this thesis were V-groove based
plasmon waveguides. The geometry of these structures is shown in the schemes of Figure 120(a) and
(b), in 2 and 3 dimensions. The most representative geometrical parameters are marked: width (w),
depth (d), apex angle (0) and length (L).

For the study of CPPs bounded to a V-shaped channel the idea for the EIM calculations is the same as
before: one should analyze the SPP guiding in the air gap between two metal surfaces, but being the
gap width variable with the depth.

(a) (b)

Figure 120. Profile of the V-grooves in 2D (a) and 3D (b). The geometrical parameters have been
marked: groove width (w), depth (d), apex angle (8) and length (L).

Figure 121 shows N and the propagation length as a function of the groove depth for two different
apex angles (16° and 25°) as reported by Bozhevolnyi et al. in [14]. The effective index experienced by
the CPP decreases with increasing the distance from the tip of the groove (i.e., with increasing gap
width), which results in a waveguiding structure.
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Figure 121. The effective indexes of CPP modes and their propagation lengths as a function of groove
depth d for different groove angles 6 .The inset shows the groove configuration and dominant orientation
of CPP electric field [14, 15].



5.3-2:b.- Modes

The dispersion relation for CPPs from where the expressions for the electric and magnetic fields (E
and H) inside the grooves can be obtained has an infinite number of branches. This means that there
are several modes that may be sustained for a certain groove (not necessarily with straight sidewalls, as
reported by Novikov et al. [9]). Figure 122 shows the electric field distribution inside a Gaussian-
shaped channel?, excited at different A,.
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Figure 122. Plot of the squared modulus of the second component of the electric field in a channel
defined by a Gaussian profile, for different excitation wavelengths, where A; <2, <Az <24. [9]

5.3-2:c.- Experimental variables

The characteristics and properties of CPPs confinement and propagation depend mainly on three
issues: incident wavelength (Ag), geometrical parameters (w, d, 0), and interface properties (metal and
dielectric materials forming the interface).

As it has already been shown, the EIM is a powerful method to study the characteristics accounting for
confinement and propagation of CPPs in V-grooves. Further, relevant results found in the literature
related to these experimental variables will be described, that will be interesting and useful for the
experimental results obtained during this thesis.

Incident wavelength

The modal shape of CPPs in gold V-grooves with a fix geometry (600 nm wide, 1.2 um deep, 25° of
apex angle) was modelled by Moreno et al. and reported in [16] for different Ay. Figure 123 (a), (b) and

t Gaussian-shaped channel: y(x) = — A%
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(c) show the averaged electric field distribution of the fundamental mode excited at three different
wavelengths: 0.6 um, 1 pm and 1.4 pum respectively. As Ay increases, the field is pushed out of the
groove and, after a certain threshold value, it can no longer be confined by the structure and is radiated
out in the form of a SPP along the horizontal metal surface. It is important to realize that, before being
squeezed out of the groove as SPPs, modes propagating in the wedges (wedge plasmon polaritons,
WPP [17]) are excited.

Figure 123. Modal shape (time averaged electric field) of the CPP fundamental mode for increasing
wavelength Aq. (a) 4=0.6 um, (b) Ay=1 pm, (c) A;=1.4 pm (close to cutoff). The colours represent the
intensity of the fields: from yellow (maximum) to dark blue (minimum). [16]

Figure 124 (a) shows the propagation length of different plasmon-polariton modes as a function of L.
Non-coupled (surface) modes (SPPs) propagate longer distances than coupled ones (WPPs and SPPs).
WPPs (Figure 124 (b)) are less confined than CPPs (Figure 124 (c)), thus, having a larger typicall
propagation length.
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Figure 124. (a) Propagation length versus wavelength for various modes. SPP mode on a flat surface
(—); CPP fundamental mode for a groove of height 1.172 um (—); CPP(e0) fundamental mode for an
infinitely deep groove (—); WPP(e0) mode for an infinitely deep wedge (—). (b) and (c), time averaged
electric field of a WPP in a wedge, and for the fundamental mode on an infinitely deep V-groove
respectively. The colours represent the intensity of the fields: from yellow (maximum) to dark blue
(minimum). [16]

From the point of view of design and fabrication of devices, it has to be kept in mind that CPPs excited
at visible wavelengths will be more sensitive to the characteristics of the groove tip (roundness,
defects) than those excited at larger wavelengths (IR), that travel at higher distance from the bottom.

Geometrical parameters

The size-dependent parameters (w, d, 0) have to be carefully studied, as their right combination for a
given range of Ay will determine whether the structure support CPPs or not. Also, the structural
parameters can be changed and optimized with the fabrication process in order to find a trade-off
between confinement and sufficiently low propagation losses. Even more, multimode waveguiding can
be efficiently avoided.



Apex angle, 0.

The effective index experienced by the plasmons in the groove decreases with increasing distance from
the bottom of the groove. The light experiences successive reflections, what leads to the confinement
and propagation phenomena. If the groove angle 0 is too small, then the change in Ne is not high
enough, and the CPPs won’t be reflected back and no propagation will take place. This lower critical
angle, 0., is given by (24):

2&
[ p——
2= (24)

m

This critical angle strongly depends on the materials forming the interface: it is proportional to the
dielectric constant of the cladding, &4, and increases when decreasing the real part of &,. This means
that it also depends on the incident wavelength, as it is plotted in Figure 125 for three combinations
(silver/air, gold/air and gold/dielectric with g4=2.2).
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Figure 125. Lower critical angle as a
function of the incident wavelength, , for
V-grooves made in different interfaces:
gold/air (—), gold/eg=2.2 (—) and
silver/air (—).
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There is also an upper critical groove angle, 6.;, above which the confinement is not possible. The
values of this upper critical angle are significantly different for the different CPP modes: 0. decreases
with increasing the order. This means that the number of higher modes increases with decreasing 6. At
the upper critical groove angle, the wave number of the respective CPP mode becomes equal to the
wave number of surface plasmons on the sides of the groove. Therefore, if 6 > 6, the respective CPP
mode leaks into surface plasmons on the side of the groove, and thus it stops being a structural
eigenmode.

No analytical equation for the upper critical angle has been obtained so far. This cut-off angle can be
visualized also in a simple model: if the sides of the grooves are far enough, the plasmons bounded to
each side will not interact or couple. Thus, the angle is expected to depend on the penetration depth in
the dielectric (i.e., on the incident wavelength and properties of the metal/dielectric interface).

The apex angle also affects the confinement of the mode in the groove, and, in consequence, to the
corresponding propagation length. Figure 126 shows the effective index and propagation lengths for
grooves with three different angles: 30°, 25° and 16°. It is seen that the CPP effective index increases
while the propagation length decreases with the decrease of the groove angle. This is due to the better
mode confinement (note that the index Nesr determines the confinement because the penetration depth,
dpen, 1n air is given by (25).

p

A 0.
d e, =E(N§ff - (25)
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Therefore, a larger Neg corresponds to a smaller penetration and a better field confinement in depth. In
this respect, CPP guiding is better for narrower grooves, but it is achieved at the expense of larger
damping (shorter propagation length).

5 495 200 g Figure 126. Effective indexes
- 46 180 = of fundamental CPP modes at
£ 160 = A=1.55 um and their
4 08 ! g propa.gation lengths as a
s i = functllon of the groove depth, d,
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% Wi I % configuration and dominant
§ . 14 S = SPP index la0 8‘ orientation of the CPP electric
1.00 N ﬂ—*l 10 Qo field. The plane SPP effective
05 10 15 20 25 30 35 40 45 index is also indicated. [10]
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Groove depth, d.

The conditions for the existence of CPPs related to the depth of the groove, d, are less strict than those
for 0. There is only one restriction concerning the minimum value so the groove can hold at least the
fundamental mode. For this is, d has to be comparable to the penetration depth of the fundamental
mode. Even further, the optimal configuration is when both values are in a similar range, as that avoids
higher order modes, which may result in additional losses.

As it has already been mentioned above, several modes can be supported by infinitely deep grooves.
Multi-mode guiding constitutes an impediment for the performance of effective plasmonic
waveguides, as the propagation losses increase, the modes may interact one with the others, and for
practical applications (such as information guiding) this becomes a handicap.

As it has been shown in the literature, single-mode waveguiding can be performed by choosing the
right depth for the V-grooves [18].

An infinitely deep groove can support several CPP modes.

cpp() 1°

Figure 127. Time averaged
electric field distribution for an
infinitely deep groove for the
fundamental mode (left) and
2nd mode (right). The colours
represent the intensity of the
fields: from yellow (maximum)
to dark blue (minimum). [16]

Groove width, w.

For obvious reasons, for a given angle and depth, the width of the grove is fixed. Narrower grooves
(smaller cross-section) are better for the confinement of the modes, as the lateral confinement just
depends on the width of the air gap where the CPP is propagating. As always, at the expense of larger
damping.
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Interface properties

Very recently, Vernon et al. [19] have used numerical simulations to determine the impact of filling
the V-grooves with a dielectric material different from air (gg>1).

The effect of increasing g4 inside the groove results in a higher confinement of the CPP modes to the
V-groove, with all the consequences mentioned before. This effect is illustrated in Figure 128, where
the amplitude of the electric field (a) and the localization region (b) are plotted for various &4 and apex
angles.
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Figure 128. The dependencies of the magnitude of the electric field amplitude in the fundamental CPP
modes in the middle of the groove on distance from the tip for a silver groove with 6=45°, A=632.8 nm
and three different values of the dielectric permittivity (1, 1.44 and 2.25). All the three curves are

normalized to the maximum of the field in the mode. (b) Dependencies of the localization region L
along the depth of the fundamental CPP mode in the V groove for different apex angles: 8 =45° (+), 0
=40° (0),and 6 =30° (®). [19]

One of the most relevant consequences that affects the fabrication process is an increase in the
dimensions of the grooves, due to a higher confinement of the mode for increasing &4, thus allowing
more flexibility for choosing the apex angle. Figure 129 (a) and (b) [19] show the dependence of the
lower (0.2) and upper (6.) critical angles on the dielectric permittivity of the material in the groove (&q)
for gold and silver, showing in both cases, an increase in the angles value. For example, for air, 15° <0
< 60°, and for a dielectric with g4= 2.2, 30° <6 < 70°.
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Figure 129. Dependence of the lower (a) and upper (b) critical angles on the dielectric permittivity in
the grooves. The structural parameters are the same as for Figure 128. [19]

The better confinement of the mode results in a shorter propagation length, as can be seen in the plot of
Figure 130 [19].
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Figure 130. Dependence of the
propagation length for the
fundamental CPP mode on the
dielectric ~ permittivity  for
different groove angles: 6=30° (
®), 6=35°(x), 6=40° (0 ), and
0 =45°(+).[19]
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5.3-2:d.- Attenuation

The evanescence of SPPs and CPPs is due to the hybrid nature of the oscillations: coupling between
light and electrons leads to a fast decaying of the intensity of the fields along the surface due to energy
dissipation (as heat) in the metal due to electrons damping. Multimode propagation can also lead to
additional losses, due to the fields coupling and interaction.

These two sources of losses were modelled by Gramotnev et al. in [18]. Figure 131 (a) shows a scheme
the studied structure: a silver V-groove, with an apex angle of 30°.

Figure 131(b, ¢, d) show the distribution of the magnitude of the instantaneous electric field along the
propagation axes, resulting from the excitation of CPP modes at Ao = 633nm for three different cases.
In the first one (Figure 131(b)), an infinitly deep groove was considered. A clear periodic modulation
of the field distribution occurs in the groove due to interference beats between two modes. Figure
131(c) shows how this interference can be avoided by considering a finite depth of the groove, lower
than the penetration depth of the field in the dielectric, so the second CPP mode is eliminated. An ideal
metal (e,,"’=0) (non dissipating) was considered again in this case. No attenuation is observed in the
figure. When introducing dissipation, the exponential decay of the intensity along the groove is clearly
seen (Figure 131(d)).
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Figure 131. (a) Metal V-groove of finite depth, h, abut vacuum (gg=1). (b) Distribution of the
magnitude of the instantaneous electric field in an infinitely deep (h= +o0) groove in silver, with a free
charge density p~—7.68 C/m and damping frequency I'=1.4 Hz. (c) Same as in (b), but with a finite
depth of the groove (h =316.4 nm) and I' = 0 (no dissipation in the metal). (d) Same as in (b) and (c),
but with h=316.4 nm and I" =1.4 Hz. [18]

Filling the V-groove with a dielectric -different from air or vacuum- (i.e., increasing &q) results in
additional propagation losses, according to the results reported in [19] and to the experimental
observations during this thesis [ref articulo bolas]. This is usually explained attending to the increase in
the penetration depth into the metal, (22), what leads to a faster attenuation of the fields intensity. On
the other hand, an imperfect (real) dielectric material interacts with the electromagnetic fields that
propagate inside it. Thus, it results in energy losses due to the absorption and/or scattering by the
atoms/molecules of the material.



5.4.- REFERENCES

(1]

2]

13

[4]

5]

[6]

171

8]

191

[10]

[11]

[12]

[13]

[14]

[15]

Ordal, M.A., L.L. Long, R.J. Bell, S.E. Bell, R.R. Bell, et al.,
Optical properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared and far infrared.
Applied Optics, 1983. 22(7): p. 1099-1119.

Raether, H.,
Surface Plasmons, ed. Springer. 1988, Berlin.

Barnes, W.L.,
Surface plasmon-polariton length scales: a route to sub-wavelength optics.
Journal of Optics a-Pure and Applied Optics, 2006. 8(4): p. S87-S93.

Ritchie, R.H.,
Plasma Losses by Fast Electrons in Thin Films.
Physical Review, 1957. 1(5): p. 874-881.

Homola, J.,
Present and future of surface plasmon resonance biosensors.
Analytical and Bioanalytical Chemistry, 2003. 377(3): p. 528-539.

Welford, K.,
Surface-Plasmon Polaritons and Their Uses.
Optical and Quantum Electronics, 1991. 23(1): p. 1-27.

Barnes, W.L., A. Dereux and T.W. Ebbesen,
Surface plasmon subwavelength optics.
Nature, 2003. 424(6950): p. 824-830.

Lakowicz, J.R.,
Radliative decay engineering 5. metal-enhanced fluorescence and plasmon emission.
Analytical Biochemistry, 2005. 337(2): p. 171-194.

Novikov, I.V. and A.A. Maradudin,
Channel polaritons.
Physical Review B, 2002. 66(3).

Bozhevolnyi, S.I., V.S. Volkov, E. Devaux, J.Y. Laluet and T.W. Ebbesen,
Channelling surface plasmons.
Applied Physics a-Materials Science & Processing, 2007. 89(2): p. 225-231.

Bozhevolnyi, S.I.,
Effective-index modeling of channel plasmon polaritons.
Optics Express, 2006. 14(20): p. 9467-9476.

Kogelnik, H.,
Guided-wave Optoelectronics,
in Theory of dielectric waveguides, Springer-Verlag, Editor. 1988, Tamir, T: Berlin. p. 69-74.

Lim, T K.,
Effective index method for generalised waveguide dispersion characteristics analysis of optical channel
waveguides, in Electronics letters. 1991. p. 917-918.

Bozhevolnyi, S.I., V.S. Volkov, E. Devaux and T.W. Ebbesen,
Channel plasmon-polariton guiding by subwavelength metal grooves.
Physical Review Letters, 2005. 95(4).

Bozhevolnyi, S.I., V.S. Volkov, T. Sondergaard, A. Boltasseva, P.I. Borel, and M. Kristensen,

Near-field imaging of light propagation in photonic crystal waveguides: Explicit role of Bloch harmonics.
Physical Review B, 2002. 66(23).

121



122

[16]

[17]

(18]

[19]

Moreno, E., F.J. Garcia-Vidal, S.G. Rodrigo, L. Martin-Moreno and S.I. Bozhevolnyi,
Channel plasmon-polaritons: modal shape, dispersion, and losses.
Optics Letters, 2006. 31(23): p. 3447-3449.

Boltasseva, A., V.S. Volkov, R.B. Nielsen, E. Moreno, S.G. Rodrigo, and S.I. Bozhevolnyi,
Triangular metal wedges for subwavelength plasmon-polariton guiding at telecom wavelengths.
Optics Express, 2008. 16(8): p. 5252-5260.

Gramotnev, D.K. and D.F.P. Pile,
Single-mode subwavelength waveguide with channel plasmon-polaritons in triangular grooves on a metal surface.
Applied Physics Letters, 2004. 85(26): p. 6323-6325.

Vernon, K.C., D.K. Gramotnev and D.F.P. Pile,
Channel plasmon-polariton modes in V grooves filled with dielectric.
Journal of Applied Physics, 2008. 103(3).



Chapter 6

Fabrication of V-groove plasmonic
waveguide devices by NIL

The increasing interest of the use CPPs to confine light in micro/nanometric
structures lead in the last years to a large activity regarding theoretical
studies and modellization, as has been described and summarized in the
previous chapter. In 2006 the group leaded by S. Bohzevolnyi published
two landmark papers [1, 2], demonstrating experimentally that it was
possible to confine and guide light in sub-wavelength metallic V-grooves.
Albeit the relevance of these results, the samples used were just prototypes
for a proof-of-concept, and couldn’t be exploited for further applications,
due to the time consuming and poor reliability of the fabrication process.

In this chapter, the experimental results obtained by this group on CPPs
confinement propagation in metal V-grooves will be summarized. Next, a
novel method for the fabrication of integrated devices for plasmon
confinement, based on nanoimprint lithography, will be presented. Its main
advantage is that is a reliable and low cost approach for the massive
fabrication of integrated devices based on gold V-grooves.
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6.1.- PREVIOUS EXPERIMENTAL RESULTS

Up to date, the most relevant experimental characterizations to probe the possibility of squeezing light
in sub-A structures and to study the CPPs propagation and confinement issues in metallic V-grooves
have been performed by S. Bohzevolnyi et al. [1-3].

They utilized home made samples, fabricated by direct milling of the metal by using a focused ion
beam (FIB) [1]. Figure 132 (a) and (b) show SEM images of two of the grooves milled in a gold layer,
that have two different apex angles: 16° and 25° respectively. It can be observed that this fabrication
method leads to rough sidewalls. As it can also be seen in the images, after milling the groove, a large
area had to be carved as well in one of the ends, so the light could be launched into the grooves for the
optical characterizations.

(a) .' (b) t

KJ, o, |l . i

Figure 132. Two grooves fabricated by direct milling of the metal (gold) by FIB, as reported in [1]. Two
different apex angles were obtained: 15° (a) and 30° (b).

Different wave-guiding devices with sub-A lateral dimensions were fabricated and light confinement
and propagation was demonstrated by near optical field characterizations (SNOM). The results
reported for different optical components, such as Y splitters and Mach-Zehnder interferometers, are
shown in Figure 133 [2]. It is noticeable that the light bend in very small distances, without noticeable
loss of intensity, which is a very important result.

3 um

3um

Figure 133. Plasmonic Y-splitter and Mach-Zehnder interferometer. SEM (a) and AFM (b),
topographical images and its corresponding near-field optical (A= 1600 nm) SNOM images of the Y-
splitter; inset in (a), SEM image showing typical groove profile. (d), (¢) and (f), same as (a—c) but for the
Mach-Zehnder interferometer. Reproduced from [2].



They measured the confinement and propagation parameters in straight V-grooves. Figure 134 (a)
shows the SNOM image corresponding to the CPPs inside a groove (light propagates from left to
right). The graphs in Figure 134 (b) correspond to a transversal profile (bottom coordinates) and to the
averaged optical intensity along the groove (top coordinates). In the first, the full width at half
maximum (FWHM) of the optical intensity was measured, which gave the confinement of the mode.
This was 1.13 pm, and remained almost constant for the range of wavelengths used in the work (1425-
1620 nm). A propagation length of 90 um was obtained from the exponential fit of the optical
intensity along the groove. They found that it was varying between 90 and 250 um depending on the
wavelength used and on the coupling arrangement.
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Figure 134. Near-field optical image (36 x 9 um?) of a V-groove with an apex angle of 30°, excited at
A= 1.44 um. The CPP propagation is from left to right. (b) Cross sections of the topographical (stars)
and nearfield optical (filled and open circles), averaged from (a). The exponential dependence fitted by
the least-square method to the signal dependence along the propagation direction is also shown. [1]

These results confirmed the possibility of squeezing light inside channels with sub-A lateral
dimensions. The chosen structures (metallic V-grooves) exhibited superior features compared to other
configurations, such as slits, metal gaps [4], or nanoparticle-chains [5]. V-grooves have shown a strong
subwavelength localization of the CPP modes, relatively low losses even thorough sharp bends, low
sensitivity to surface roughness or defects and broadband transmission.

6.2.- DESIGN OF THE DEVICES

Direct individual milling of each groove leaded to poor reliability and throughput. The goal of the
work described in this chapter is to fabricate integrated devices based on V-groove waveguides by
means of nanoimprint lithography (NIL) [6], overcoming the difficulties of the fabrication methods
used in the previous works, and that can be used in forthcoming applications. A NIL-based technology
allows strongly improving the simplicity and robustness of the process. Also, the smoothness of the
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sidewalls is better. And, as it is a parallel method, multiple designs and geometries can be included in
one single wafer, processing several devices (~200) at the time.

First, a detailed design of the devices will be presented.

The good performance of the devices for CPP confinement was proven by various characterization
techniques [7], as will be described in Chapter 7. Even further, fluorescent nanoparticles deposited
inside the grooves showed CPPs propagation with no need of near field microscopes, being also the
first step for the possible use of these devices as (bio)sensors.

Figure 135 shows a drawing of one of the structures. Each device consisted of one V-groove integrated
with two deep channels, where input and output fibers could be placed for optical characterizations.
The channels had a width of 200 um and were 300 um deep. These dimensions were chosen so the
optical fibers (which typical diameter is 150 pum) fit laterally into the channel. The core of the optical
fiber lied approximately in front of the V-groove, which, even if it didn’t result in a self-aligned
configuration, facilitated the coupling of the light into the waveguide. The channels were deep enough
to allow vertical displacements of the fibers, in order to be able to light up the groove at different
depths.

Device OUTPUT FIBER

.

V-Groove

Laser
INPUT FIBER

Figure 135. Schematic drawing of a single device, containing the V-groove where the channel plasmon
polaritons are confined and guided, and two deep channels, where the input and output fibers fit, to
facilitate the coupling of the light into the waveguide.

In this work, the apex angle of the grooves was wider than that of the grooves reported in the literature
[1, 2], which implied an increase in the propagation length. According to the calculations in [§8], a
larger angle (50° in our case, compared to 30° in the previous works) results in a weaker coupling of
the light to the groove, thus, reducing the losses, and leading to a longer propagation length, closer to
the one of SPPs propagating on a non-patterned surface, as has been described in the theory in the
previous chapter.

Multiple waveguides with the V-grooves length varying from 100 um to 500 um were designed and
fabricated. The V-groove (top)width was varied from 2 um to 12 pm. As the angle of the V-groove is
fixed by the fabrication technology in 70.6 °, the depth was determined by the width. Thus, it goes
from 1.4 um up to 8.5 pm.

The grooves were fabricated in gold, which is more stable than silver, allows robust fabrication
process and shows better adhesion properties to the materials used as substrates. SPP penetration depth
in gold is around some tens of nm (~21 nm for IR-UV range, as described in the previous chapter), so
a thicker layer of the metal (200 nm) was preferred in order to avoid coupling between the SPPs on
upper and lower gold/dielectric interfaces.



6.3.-

NIL-BASED FABRICATION PROCESS

The fabrication process was started and developed at the Technical University of Denmark. It took the
advantages of a NIL-based fabrication process, such as simplicity, high throughput, and reliability. It
also allowed multilevel fabrication: the deep channels and the V-grooves could be imprinted
simultaneously.

The process flow is shown in the schemes of Figure 136:

a. A silicon stamp is first fabricated with the desired structures.

b. The stamp is imprinted in a PMMA sheet (5 mm thick), at 180 °C and 20 kN, for 10 minutes
using an EVG 520HE parallel press nanoimprint tool.

A 200 nm thick layer of gold is deposited onto the PMMA structures by e-beam evaporation.

d. A viscous transparent pre-polymer (Ormocomp*) is cast onto the sample and left several
minutes to completely fill all the channels by viscous flow. Then, it is cured using UV light (2
minutes, at 350 W) so it polymerizes and becomes hard.

e. The PMMA is afterwards dissolved in acetone for several hours, leading to the final structures.
The curing step and PMMA striping was optimized (pre and post backing, N, cleaning) so the
adhesion of the gold to the cured Ormocomp was improved with respect to the PMMA.

f. The resulting geometry of the final structures (f) is the same as those of the silicon stamp (a),

but replicated in gold onto Ormocomp. The CPPs propagation takes place at the gold/air
interface and the Ormocer plays the role of supporting the thin gold layer. A transparent
substrate was preferred, as opens the possibility of launching the light from below the sample,
using it as a prism.
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a. Silicon Stamp b. Nanoimprint c. Gold deposition

Gold

Cured
Ormocom

d. Ormocomp Cast and curing e. Dissolving PMMA f. Final samples

Figure 136. Scheme of the fabrication process: (a) silicon stamp, containing the v-grooves. (b)
nanoimprint process, to transfer the features to PMMA. (¢) a 200 nm thick film of gold was deposited on
the PMMA structures. (d) casting of a UV curable polymer (Ormocomp) on the structures, and UV
curing. (d) PMMA was then dissolved in acetone. (f) scheme of the final structures, showing the same
geometry of the initial stamp, but made in gold on top of Ormocomp.

" Ormocomp (ORMOCER"s), hybrid photocurable polymer, from MicroResist Technology, GmbH, Berlin.
www.microresist.de
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There are some reasons for performing a double-replication process and not to deposit gold directly on
the imprinted structures. One is that the process to fabricate stamps with triangular grooves was very
well known and optimized, as has been already described in Chapter 2. The fabrication of triangular
protrusions is not so easy and reliable, though. The second reason is related to loose of sharpness
during the metallization step. Figure 137 (a) shows a scheme of a metallization performed directly in a
sharp triangular channel: the anisotropic deposition leads to a rounded shape. Even thought, if the
metal is deposited in a protruded triangle, that will be removed further, the sharpness and smoothness
of the groove is maintained, as depicted in Figure 137 (b).

(a) (b)

Rounded —,

- side
(" ~_Rounded
\‘—"\A tin
Completing the -
Figure 137. Comparison of the fabrication L 4
i rocess
roundness/sharpness of the tip for a p Sharp tip/

process based on direct metallization of
imprinted structures (a) and after two
replications in different materials as
proposed in our fabrication method (b).

6.3-1. Stamp

The silicon stamps were fabricated in 4 inch silicon (100) wafers. The stamp played a critical role, not
only because it determined the resolution of the patterns and the overall quality of the structures, but
also to enable a wafer scale processing.

6.3-1:a.- Stamp design

An example of the distribution of the devices is depicted in Figure 138 (a): 36 chips were defined in
each wafer, each chip containing 5 grooves with different lengths (100 um, 200 pm, 300 pm, 400 pm
and 500 um). Twelve of the chips had 5 um wide grooves, other twelve 7 um wide grooves, and the
other twelve 12 um wide grooves.
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Figure 138. Scheme of the distribution of the devices in a 4 inch wafer. 36 chips, containing 5 v-
grooves each one, were included in each wafer. Several widths and lengths were designed and fabricated
simultaneously in each processed wafer.



Chapter 6 — Fabrication of V-groove plasmonic waveguides by NIL

6.3-1:b.- Stamp fabrication
The stamp fabrication process is outlined in Figure 139.

I. V-shaped grooves. The grooves were fabricated by anisotropic wet etching of silicon in KOH,
using a silicon oxide layer as a mask, which was previously patterned by standard
photolithography (steps a, b, c and d in Figure 139).

II. Deep channels. A second photolithography step was performed to define the channels just next
to the grooves, and the resist was used as a mask for a deep reactive ion etching to transfer the
pattern into the silicon. After resist stripping and antisticking coating with F13-TCS, the stamp
was ready to be used for nanoimprint lithography (steps e, f, g and h of Figure 139).

Once the stamp was fabricated, multiple wafers could be processed to obtain the devices without the
need of any additional optical lithography process.

It is important to remark that the v-grooves were defined by anisotropic wet etching of silicon, what
results in very smooth sidewalls. Several etching tests were done in order to improve the smoothness
of the sidewalls, as has been described in chapter 2 to fabricate triangular grooves. We checked that,
after imprinting, the resulting polymeric features were also extremely smooth.

a. Si/SiO2 substrate  b. Photolithography c. Wet etching d. Oxide removal
e. Photoresist f. Photolithography g.RIE h. Resist strip

Figure 139. Scheme of the fabrication process: the v-grooves are fabricated first, by anisotropic wet
etching in KOH, using SiO, as a mask, previously patterned by photolithography. The deep channels are
fabricated by Deep RIE, using a second photolithography step to define the mask.

V-grooves in the stamp were fabricated in different sizes and lengths in a 4 inch silicon wafer,
following the distribution of Figure 138. Figure 140 (a) shows an example of one of the devices in the
stamp, where both, the groove and the channels, can be observed. Figure 140 (b) corresponds to a
detail of one v-groove.
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(a) . . (b) 7 um wide :

300 um deep

—

200 pum wide

Figure 140. SEM images of the stamp: (a), general view of one of the devices, where the v-groove and the
deep channels can be observed. (b), a detail of the v-groove, showing the smooth sidewalls that can be
fabricated with wet etching in KOH.

In order to obtain smooth sidewalls, the lines in the mask should be parallel to a <100>
crystallographic direction of the substrate, as was already shown in the studies of chapter 2. Here, as
previously done, to avoid the inclusion of additional steps to achieve a precise alignment, the etching
time was enlarged, so that any roughness that appears in the sidewalls due to misaligning effects
was etched away, leading to flat sidewalls, as can be observed in Figure 140 (b). The resulting increase
in the width of the grooves was not relevant for the final aim of this work.

6.3-1:c.- Oxidation

Anisotropic wet etching of silicon determinates that the groove angle is ~70°, which is just in the limit
where plasmons can be confined in v-grooves. To improve the sharpness of the grooves, an additional
wet oxidation step could be included at the end of the stamp fabrication process. In order to find the
optimal conditions to achieve a shape where the angle in the bottom is as small as possible, simulations
were performed using SILVACO'. Temperature, time, and groove size were varied. The best
conditions were found to be 6 hours at 1150 °C, for a 5 um wide groove.

Figure 141 shows the simulation (top row) and a cross section SEM image of the grooves (bottom
row) before (a and d) and after wet oxidation at 1150 °C during 6 h, for two different sizes: 12 um
wide groove (b and e) and 5 pm wide (c and f). In the last case the angle is effectively reduced from
70° to 50°.

Y Part of ATHENA simulation package, Silvaco International, www.silvaco.com
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Figure 141. Results of simulations (top row) and SEM images of the results (bottom row) of wet
oxidation of the silicon v-grooves at 1150 °C during 6 h. (a,d), non-oxidized silicon groove; (b,e), 12 um
wide oxidized groove; and (c,f), 5 um wide groove. Agreement between simulation and oxidized sample
is shown. The shape of the 5 um wide grooves is the most interesting for plasmon confinement. The angle
in the bottom of the groove is improved from 70° to 50°.

6.3-2. Samples
Three major difficulties had to be solved before achieving a successful fabrication of the devices.

First, the stamps were very fragile due to the presence of the channels, so they often broke during the
nanoimprint process. To make them more robust, they were anodically bounded to another silicon
wafer.

Second, the imprinting process itself had to be optimized, as the area of channels that needs to be filled
is very large. Thus, a PMMA thick sheet (Imm) was used, instead of a layer spin-coated onto a
substrate. And the imprinting time was enlarged, compared to a normal process, up to 20 min, so the
replication of the big structures was ensured.

Third, gold deposition in a PMMA sheet was not homogeneous at 4 inch scale, and bubbles, wrinkles
or cracks appeared in the gold layer. To reduce these effects, the PMMA sheets were dehydrated in an
oven at 80 °C for 10 hours before the nanoimprint process. To minimize local thermal effects during
evaporation, a silicon wafer was attached to the back of the sheets during the process.

Finally, successful fabrication of the devices was achieved, as can be seen from the SEM images of
Figure 142. Figure 142 (a) corresponds to a general view of a structure of one of the chips, where the
channels and the groove can be observed. Figure 142 (b and c) shows a detail of the grooves. Some
delamination of the gold is observed outside the grooves, however inside the grooves we found that the
gold layer was very uniform, smooth and continuous, ensuring a good optical performance.

Figure 142 (d) shows a groove imprinted with a stamp subjected to the additional oxidation step at
1150 °C during 6 h. The angle of the v-groove was clearly reduced as can be observed by comparing
the images of Figure 142 (c) and Figure 142 (d).
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Figure 142. SEM images of the fabricated samples (gold onto Ormocer): (a), general view of a device,
and (b), a detail of a single v-groove, that is 100 um long, and 7 um wide. (c) shows a zoomed area of
the V-groove, where the smoothness inside the channel can be observed. SEM image of the final gold
structure fabricated using an oxidized stamp. It can be seen that this groove is narrower in the bottom,
what improves the plasmon confinement.

After dissolving the PMMA, the wafer is cut in individual chips (Figure 143 (a)) of lcm?
approximately. Each chip contains 5 V-grooves (Figure 143 (b)), with a fix angle and width and
varying length.

Figure 143. Photography of one of the chips, cut from the wafer (a). Each chip contains 5 v-grooves (b)
with a fix width and 5 different lengths.
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6.3-3. Fabrication process improvement

After the development of this first fabrication flow, the process was changed and improved, making it
more robust at the expense of simplicity.

One of the main challenges of the first fabrication process was the demolding. The RIE process used to
define the deep channels in the stamp, lead often to rough sidewalls and/or to non-straight angles
(zipper-shape trenches). As it has already been mentioned above, wafers used to fabricate the stamps
were 500 um thick. Thus, below the channels (300 um deep) only 200 um of silicon remained. This,
together with the typical stiction problems of NIL, made the demolding process hazardous (for the
stamp) and tricky. Anodic bounding of a wafer below the stamp improved its life-time, but after few
imprints, it broke anyway.

Thus, the stamp geometry was re-designed, so it only had the V-grooves (with sharpened angle, by
oxidation, as described before). The new configuration of the stamp made the imprinting step much
simpler and faster (there was no need to fill the big channels anymore). The whole fabrication process
(Figure 144) was slightly changed, as outlined below:

a. The stamp with only V-grooves is imprinted in a thin layer of PMMA.
b. The gold layer is then evaporated covering the PMMA.
The Ormocomp is poured onto the structures.

d. The Ormocomp is locally cured by UV exposure by using a mask, where the device geometry
(“H” shape) has previously been designed.

e. The non-exposed material is dissolved in Ormodev, a especial developer for this Ormocers.

f. The PMMA is removed in an acetone bath, acting as a sacrificial layer. This releases the
samples from the silicon substrate.

g. The gold layer remains adhered to the cured Ormocomp, and that part that was onto the non-
cured material breaks during the ultrasound stripping bath.

h. Finally, the gold layer is left only onto the hard cured Ormocomp substrate, as can be seen in
the scheme of the final device in Figure 144.

The fabricated structures showed good replication of stamp features, as can be seen in the SEM images
of Figure 146. The quality of the gold surface was generally good (Figure 146 (a) and (b)) with a
roughness of around 2 nm as determined by atomic force microscopy (AFM) measurements, and few
defects or dust particles were present after proper cleaning of the samples. However the gold edges at
the V-grooves extremes were slightly ragged due to breaks from ultrasound agitation (Figure 146 (b)).,
which may influence the in-coupling of the light and losses, leading to variation between grooves
under similar conditions.
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a. NIL b. Metallization (gold) c¢. Ormocomp cast

d. UV curing and development e. Non-cured development f. PMMA Stripping
g. Cleaning in ultra-sound h. Final sample (upside down) Final samples
agitation

Figure 144. Improved process flow. The stamp geometry was simplified (only the v-grooves are
imprinted) (a). The gold is deposited onto the structures (b) and the Ormocomp casted onto the sample (c).
Then, it is locally cured by using a mask, where the device geometry has already been defined (d). After
developing the un-cured Ormocomp (e), and stripping the PMMA (f), the samples are released, the non-
adhered thin layer of gold breaks (g) and the structures are finally fabricated in gold onto Ormocomp (h).

Figure 145 shows two photographs of the samples. After developing the Ormocomp and stripping the
PMMA, all the devices patterned in the wafer are released (Figure 145 (a)), so they can be manipulated
individually (Figure 145 (b)).

ln‘!

Figure 145. Photographs of the samples. Multiple device fabrication was achieve with the NIL-based
methods, so, after removing the substrates, the individual chips were released (a). The samples were
small (b), but could be easily handled, thanks to the lapels of the sides.
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In this new design, the resulting samples were different from those presented in the previous section,
as can be seen in Figure 146 (c). Each individual chip has 29 V-grooves, which length varies from 100
um to 400 pm. Figure 146 (d) shows the distribution of V-grooves, which length increases from left to
right. The big areas in both sides of the area are useful to handle the samples.

Figure 146. SEM images of the structure. (a) and (b) shows details of the grooves, where the smooth
sidewalls and the profile with the sharpened angle can be observed, respectively. A tilted view of the
device is shown in (c), and all the grooves with different lengths fabricated in each device in (d).

The images of Figure 142 - Figure 143 and Figure 146 - Figure 145 prove the robustness and reliability
of both processes to fabricate devices consisting on gold V-grooves, with free extremes, so they can be
easily reached with input lasers or optical fibers. In the next chapter, the performance of the
waveguides to confine light will be shown, and the main characteristics of CPPs propagation will be
measured.
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Chapter 7

Optical characterization of V-groove
plasmonic waveguides fabricated by NIL

CPPs propagation and characteristic parameters (propagation length, depth
cut-off, etc) in the V-grooves fabricated by NIL were studied by various
optical techniques.

Far field images show the modal shapes and light distribution inside the
grooves in a qualitative way. SNOM characterizations confirm the CPPs
confinement, and serve for a quantitative analysis of the propagation
parameters. Filling the V-grooves with fluorescent nanoparticles allow to
visualize the near field with an optical microscope, and makes the first step
for the use of these devices for sensing..
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7.1.- NEAR FIELD CHARACTERIZATION

7.1-1. Scanning Near Optical Field Microscopy (SNOM)

Scanning Near Field Optical Microscope (SNOM) is a form of scanning probe microscopy (SPM) that
breaks the far field resolution limit by detecting the optical near field. The probe (that is a sharpened
optical fiber, often coated with a metal) is placed very close (<< A) to the sample surface (Figure
147(a)). By surface mapping (Figure 147(b)), the near optical field propagation with spatial, spectral
and temporal [1] resolution can be studied. With this technique, the resolution of the image is limited
by the size of the fiber aperture and not by the wavelength of the light. A shear-force feed-back system
is generally used to maintain the fiber-surface distance, and to plot the surface topography. It can be
used in several configurations (not only scanning mode) to perform different types of measurements,
spectroscopic analysis [2], or even local excitation [3].

(E;)NOM . Metallic cover (b) Scanner_.---¥ Signal
Optical
fiber
o, Near Optical Field
Dielectric
= SPPs or
Metal CPPs

Figure 147. Scheme of the Scanning Near Field Optical Microscope (SNOM). A sharpened optical fiber
(usually coated with a metal) is used as a probe, and, by placing it very close to the sample surface (<<
A) the near optical field can be collected (a). The tip can be scanned all along the sample surface, for
local mapping of the optical intensity (b). The tip-sample surface is kept constant by using a feed-back
method (often, shear-force). The signal is analyzed with the suitable electronic equipments.

7.1-1:a.- In-coupling of the light

Surface or Channel plasmon-polaritons on a metal/dielectric interface cannot be excited directly by
light beams since B > k, where k is the wave vector of light on the dielectric side of the interface.
Therefore, the projection along the interface of the momentum

ky=ksin0 (26)

of photons impinging under an angle 0 to the surface normal is always smaller than the SPP
propagation constant 3, even at grazing incidence, prohibiting phase-matching [4]. The wavevector
matching at the interface is not possible. The wave cannot penetrate the metal and is reflected.

There are mainly three different configurations (Figure 148) to confer the necessary momentum on the
incident photons: by using a prism (a), a grating (b), or the edge of the structure (“end-fire”) (c).



(a) Prism (b) Grating (c) End fire

Figure 148. In-coupling configurations. SPPs and/or CPPs cannot be directly excited just by lighting up
the metal surface, as there is a momentum miss-matching. To “give” the incident light the necessary k, a
prism with a higher refractive index can be used (a) or a grating (b). Also, by focusing the beam in the
edge of the structures (c), the matching can be achieved.

Prism. In the first configuration, as schematized in Figure 148(a), the plasmons can be excited by
launching the light through a high refractive index prism. The prism shortens the wavelength of light
incident on the metal film (Figure 148(a)).

Grating. The second case is similar to the prism, but in this one, the momentum is obtained by
exciting the plasmons thorough a grating (Figure 148(b)).

End-fire configuration. A free-space optical beam is focused on the end-facet of the desired
waveguide. Rather than relying on phase-matching, this scheme operates via matching the spatial field
distribution of the waveguide as much as possible by adjusting the beam width. This configuration
allows the excitation of truly bound modes that do not radiate into the substrate (Figure 148(c)).

In this work, end-fire excitation was mainly used. For some of the characterizations, we also used the
Ormocomp substrate as a prism for the in-coupling of the light into the V-grooves, as it has a refractive
index n=1.518.

7.1-2. Results on the Near Field Characterizations

Two different equipments, placed in two different institutes, were used for the near field
measurements.

One belongs to the group leaded by Professor S. Bozhevolnyi, and was placed in Aalborg University”.
This group has global expertise in SNOM characterizations in plasmonic waveguides, and has studied
in detail CPPs propagation in V-grooves and channels. The equipment and set-up utilized were the
same as those that they used in the previous works to study CPPs propagation in milled V-grooves [5,
6].

The second equipment used was placed at ICFO', and the characterizations were done in collaboration
with Professor Niek van Hulst and Dr. Dominique Heinis. This group has also a wide knowledge about
SNOM characterizations and have home-made equipment, which had an interferometric branch,
making it a unique tool.

The quality of the topographical and near field images obtained in Aalborg was very good, which
allowed measuring quantitatively the confinement and propagation characteristics of the CPPs in the
imprinted V-grooves. By using the same system as in the previous works, the obtained values could be
compared to those obtained for the propagation of CPPs in the milled grooves. Complementary data
were obtained at ICFO, as the interferometric branch allowed obtaining phase maps of the light
coupled and propagating in the samples surfaces, that are the first report on these kind of
characterizations.

" Department of Physics and Nanotechnology, Aalborg University, DK-9220 Aalborg @st (Denmark)
+Nano Photonics Group. Institut de Ciencies Fotoniques (ICFO) -08860 Castelldefels —Barcelona (Spain)
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7.1-2:a.- Propagation and confinement

The first batch of SNOM images were obtained in Aalborg, using an uncoated fiber tip, and in the end-
fire coupling configuration. Light with a tunnable A in the range 1425-1550 nm, TE-polarized, was
used to excite the CPPs in end-fire configuration. It was launched into the groove by positioning a
tapered-lensed polarization maintaining single-mode fiber (Figure 149 (a)). The adjustment of the in-
coupling fiber was accomplished by visualization of the scattered light along the surface with a
conventional optical microscope. The track of the propagating radiation was clearly distinguishable for
distances up to 300 um from the in-coupling point at the groove edge (Figure 149 (b)). After alignment
and signal maximization, the whole fiber-sample arrangement was moved under the SNOM head. The
optical intensity distribution near the surface of the groove was mapped being the fast scan direction
perpendicular to the groove at a constant distance of a few nanometers, maintained by shear-force
feedback. The optical signal collected by the fiber was detected with a femtowatt InGaAs photo
receiver.

Figure 149. Optical microscope images of (a) the coupling arrangement (the tapered fiber is seen at the
left and the illuminated groove at the right) and (b) the track of radiation propagating (A = 1525 nm)
along 3.8-um-wide and 400-um-long V-groove. (c, ¢) topographical and (d, f) near-field optical images
obtained in the V-grooves at Ay = 1525 nm in (d) (the CPP propagates rightwards), and Ay = 1500 nm
in (f) (the CPP propagates upwards). Published in [7].

SNOM images were recorded at different wavelengths together with the corresponding topographical
images. Figure 149 (d) and (f) show the near-field images obtained at Ay=1525 nm, and Figure 149 (c)
and (e) the corresponding topography, for a groove with an apex angle ~50°, a width of 3.8 um, and 4
pm deep. They demonstrate efficient and well-confined CPP propagation. The non-uniform structure
of the groove edge (see Figure 149 (c,d)) is due to scanning instability when scanning large areas. It is
reduced when reducing the area (e.g. Figure 149 (e-f)).

The confinement of the mode was given by the average full-width-at-half-maximum (FWHM) of the
optical intensity profile, perpendicular to the propagation direction (Figure 150, bottom edge). For the
used wavelength range (1425—-1550 nm), the FWHM was almost constant, and equal to 1.33 £+ 0.1 pm.



The propagation length was determined from SNOM images (Figure 150, upper edges). It varied
between ~ 90 and 140 pm, increasing gradually with A and slightly depending on the coupling
arrangement.
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Figure 150. Cross sections of the topographical (stars) and near-field optical (filled and open circles)
images of Figure 149 (d, e and f, respectively) averaged along the propagation direction or perpendicular
to it. The exponential fit along the propagation direction is also shown.

It was also found from the SNOM images that the CPP mode distribution (in lateral cross-section) was
not varying noticeably for different adjustments of the in-coupling fiber with respect to the position of
the investigated V-groove (being very close to a Gaussian distribution shape). This can be attributed to
single-mode waveguiding, at least, over the used wavelength range and the studied geometries.

Note also that the experimental observations reported above are consistent with the main properties of
CPP modes (as well as with the experimental findings on CPP guiding reported previously [5, 6, 8, 9]).
Thus, considering the dimensions of the studied V-groove (width ~ 3.8 um, depth ~ 4 pm, apex angle
~50°), it was expected that the fundamental CPP mode was weakly confined (in lateral cross-section).
This means that its propagation length should be closer to 150 um than to 90 pm (or even longer) at
the used wavelengths [5].

7.1-2:b.- Interferometric images

The second batch of near field measurements was performed in collaboration with Professor Niek van
Hulst, at ICFO*. Here, a home-made SNOM with an interferometric branch was used [10], which is a
unique capability. Samples fabricated following the first process described in the previous chapter
were used.

Figure 151 (a) shows a scheme of the experimental set-up. The light was launched into the grooves at
one of the ends. An aluminium coated fiber tip with an aperture of ~ 90 nm was used to scan the
surface and pick-up the near optical field. The fiber probe was kept at a constant distance (~10 nm) of
the surface by a feedback mechanism (shear force).

Characterizations with this SNOM were particularly interesting, as it allowed interferometric
measurements. To retrieve direct information on light propagation and interaction with the surface, the
collected light was mixed with a reference beam in a heterodyne® interferometric arrangement. This
way, the interference between the two branches was obtained yielding to amplitude and phase mapping
of the local field (Figure 151 (b) and (c), respectively).

* Nano Photonics Group. Institut de Ciencies Fotoniques (ICFO) - 08860 Castelldefels (Barcelona), Spain.
¥ Heterodyne detection: non-linear mixing with radiation of a reference frequency.
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Figure 151. (a) Configuration of the SNOM used at ICFO. The incident fs pulse is divided in two
parts. One part is coupled into the guiding V-groove with an end-fire configuration to launch the
SPP. The other part is shifted in frequency and forms the reference branch. The two signals are
coupled together and the resulting interference signal detected by a photodiode and demodulated by
a Lock-In Amplifier, reveals both amplitude (b) and phase (c) of the light inside the structures. [11]

Figure 152 shows an example of the topographical image: top view in (a), 3D view in (b). The
corresponding optical intensity is shown in (c), obtained for one of the samples, 4 um wide, 2.8 pm
deep, with an apex angle of 70° by exciting the V-groove with a red laser. By overlapping both
profiles (Figure 152(d)), it can be seen that the optical intensity was confined mainly inside the V-
groove. The grooves width and depth were in the micron range, what made difficult the shear-force
feedback system to follow fast and precisely the topography inside the groove. This was one of the
major difficulties encountered for characterization.
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Figure 152. Results of the SNOM characterizations: (a) and (b) correspond to the topography of the V-
groove, obtained by the shear-force signal. (c) corresponds to the optical amplitude, that propagates inside
the groove, as can be deduced by comparing the profiles of the topography and the(ép’sical intensities (d).
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The second challenge encountered was controlling the in-coupling of the light into the grooves. Two
different arrangements were used for the in-coupling of the light: by end-fire configuration and
through a prism (Figure 153) placed below the sample.

For the second experimental set up, an index matching oil was used to fill the possible discontinuities
or air gaps between the bottom of the sample and the prism surface, as shown in the drawing of Figure
153. By focusing the laser beam below the sample, plasmon-polaritons in the Ormocomp/gold
interface would be excited, and these, would excite the CPPs in the opposite side of the metal layer (in
the gold/air interface). The problem in this case was that the gold layer was too thick, hindering the
excitation of the CPPs on the gold/air interface (the samples were specifically designed to prevent this
effects, as described in the previous chapter).

SNOM tip

Sample
(Gold/Ormocomp) . .
Index- Figure 153. In-coupling of the light thorough a

@Y matching prism. An index-matching oil is used in-between
Tr oil the sample and the prism surface.

Prism

Nevertheless, the samples used were those obtained with the first process flow and the punctual defects
or small cracks in the gold layer were enough to allow the excitation of the CPPs inside the V-grooves
at the gold-air interface.

Figure 154 shows the phase maps images, with the profiles of the shear force (blue) and the optical
intensity (red) for a sample, 8 um wide, 5.7 pm deep. Two different wavelengths were used: 633nm (a)
and 580nm (b). For shorter wavelengths, it seems that more than one mode appears to propagate and
interfere inside the V-groove.

Cross section i
(a) 1 m x 14 um (b) 14 um x 14 um Cross se“mon
| Shear force © /Shear force
< ) signal -/ signal
= Optical 5 }__ 7 Optical
= amplitude - | = amplitude
1 Fyiit ..
Y3 » ..‘-.f; finf .
Phase map at 633 nm ‘ Phase map at 580 nm .
Ao =633 nm Ao = 580 nm

Figure 154. Phase SNOM images obtained for two different wavelengths in the same V-groove: 633nm
in (a) and 580nm in (b). The shear force signal and the optical amplitude are also shown for each one.

By tunning the wavelength of the incident light and by measuring the phase propagation in the
different regions of the sample (flat surface, wedges, and inside the V-groove), the dispersion relation
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can be obtained. Figure 155 (a) and (b) shows the preliminary results of the dispersion relation for
SPPs and CPPs. In (b), a representation of what could be called the “effective index” (Ao/A) 1s plotted
as a function of the incident wavelength. The line corresponding to air (A¢/A=1) is, as expected, below
those obtained from the dispersion curve obtained in the flat gold surface outside the V-groove, and
inside the V-groove. This last one is slightly higher, which means a higher confinement of the light
compared to light couplet to the flat surface.
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Figure 155. Dispersion relation (a) for light travelling at free-space (black line), bounded to the flat
surface outside the channel (green line) and inside the V-groove (red line). In (b), Ay/A has been plotted
as a function of Ay, what could be a measure of the effective index for the light coupled in the different
situations: free surface, flat surface and V-groove.

Again, SNOM characterizations demonstrated that the near optical field was bounded to the V-
grooves. It exhibited propagation characteristics different from the SPPs, leading to the conclusion that
CPP modes were effectively confined and propagated along the V-grooves.

7.2.- FARFIELD

Far field studies are much simpler than SNOM characterizations, as a conventional optical bench is
enough. Qualitative complementary information to the near field images can be obtained.

7.2-1. Experimental Set up

The experimental set up used to obtain far field images was located at COM™ (DTU). It is shown in
the scheme in Figure 156 and in the photographs of Figure 157 (a). The light (coming from different
sources, e.g. an infrared laser, or a broad band source) is polarized and launched into a polarization-
maintaining fiber. The sample is mounted into a holder below an optical microscope, that facilitated
the coupling of the light into the V-grooves (Figure 157 (b) and (c)). To observe the front output
images, an objective is placed at the other side of the sample, to focus the images to a camera,
connected to a computer to records them. The input fiber, the sample and the objective are all mounted
onto independent stages with micromanipulators, so they can be moved and focused individually.

™ COM - now DTU-Fotonik. 2800 Kogens Lyngby (Denmark).
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Figure 156. Experimental set-up
for the acquisition of far field
images. The light is obtained from
the source, polarized, and
launched into a polarization
maintaining fiber. The incoupling
into the sample is performed with
the help of an optical microscope.
The section of the V-groove (front
output signal) is focused with an
optical objective to a camera, that
is connected to a computer, to
record the far field images.

Objective

Eroad-band PM Sample
road-ban )
cource Polarizer +PC 4 Al | —

elawen

Figure 157. Photos of the set up. General view of the
whole optical bench (a). Detail of the optical fiber, with
the input light, the sample and the objective focused to
the camera (b). Top-view image of the alignment of the
fiber with the grooves, thorough the microscope (c).
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7.2-2. Front Far field images

Figure 158 (right column) shows front far field images, as recorded with the camera. Drawings of the
different experimental configurations are shown in the left column of the figure, to facilitate the
visualization and the description of the set-ups.

Figure 158 (a) corresponds to the light coming out directly from the fiber at air (i.e., with no sample
in the stage). Its approximate diameter was 5 pm.

Figure 158 (b) and (c) show the scattering of the light by a flat surface. The top area corresponds to
air, the bottom to the Ormocomp substrate, and the flat part in the middle of the images, to the gold
layer. In the small inset, the sample surface has been outlined with a dashed yellow line. These images
were obtained by placing the fiber in-between two grooves (schematic drawing on the left). In this
case, when the polarization of the incident light was changed, no difference was observed between the
images: (b) for TM and (c) for TE polarization.

Figure 158 (d) and (e) shows the output images when the light was launched into a V-groove. In this
case, the interaction of the light with the structures is more complex. SPPs and CPPs do not radiate
free light expontaneously, in the same way that they cannot be excited just by focusing the photon-
beam to the metal surface (there is a momentum miss-matching, as has already been described
previously). Nevertheless, at the edge of the V-grooves they can become radiative (same case as the
end-fire for the in-coupling configuration). Thus, in the experimental set-up that we used, the
propagation distance (dcpp) and the length of the groove played an important role. If the CPP mode
propagated long enough so the fields arrived to the other side of the groove, then the far field images
picked up the radiated free-light. Figure 158 (d) shows an example: a bright spot appears inside the
groove. If the groove was too long compared to the corresponding dcpp, the mode vanished completely
along the groove, so it appeared as a dark area in the images. In the case that they did not sustain CPPs
confinement (under certain conditions), then there was no difference in the far field signal between the
air onto the flat surface and the air in the groove, as shown in Figure 158 (e): no confinement can be
observed. The small insets in the figures (d) and (e) show the same images, with the V-groove profile
marked with a yellow dashed line, to facilitate the interpretation.



1. Spot of light from the fiber

2. Flat surface

3. Inside a V-groove

Figure 158. Front Far field images: drawings of the experimental configurations (left) and front far field
images (right). (a), corresponds to the output of the fiber (no sample). (b) and (c) corresponds to the
illumination of a flat surface, for two different polarizations. (d) and (e) corresponds to the light
launched into a V-groove, for two cases: when a CPP mode is excited and when it is not in (d) and (e)
respectively. The insets show the same images, with the surface or the groove profile marked with a
yellow dashed line.
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The excitation (or not) of CPPs in the groove could be also sustained by the dependence (or not) on
the polarization of the incident light.

Figure 159 shows the excitation of different modes depending on the polarization for a groove 6 pm
wide, with an apex angle of 50°. For a monochromatic IR laser (Ao = 1.5 um), well confined CPPs were
excited with TE polarization (Figure 159(a)). For the perpendicular polarization (TM), the light was
squeezed out of the groove, and travelled near the wedges, as WPP modes (Figure 159(b)). The
propagation distance of WPPs, dwpp, is longer than dcpp, as the confinement in the wedges is weaker,
as was illustrated in Chapter 5. Thus, for sufficiently long grooves, the CPPs were not observed
anymore, and only WPPs appeared in the far field images. This “critical” length was ~ 180 um, which
is in good concordance with the propagation length, dcpp, calculated from the SNOM images (Scpp
=140 um).

(b)

Figure 159. Dependence of the modes excitation on the polarization. For TE polarization (a), CPPs are
excited and propagate inside the V-grooves. For TM polarization (b) the modes are squeezed out and
WPP are excited. The insets show the same images, with the groove profile marked with a yellow dashed
line.

For a visible broadband source, the propagation appeared to be mainly in the wedges. The WPP
modes could be observed even for the longest grooves (~ 350 um long). Figure 160 shows how, by
varying the polarization, the WPPs coupled to the left and the right wedges were excited.

TE TE +45° TE - 45° TE +90°

Sample 4 (beads) - Groove 24 (detailed) -> Broadband source (d1)

Figure 160. Polarization dependence for the WPPs. As the polarization of the light is twisted, the light is
bounded to one or to the other wedge of the V-groove.
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No propagation of bounded modes (CPPs or WPPs) was observed for the smallest grooves (~ 2 um
deep) or for the largest ones (~ 8 um deep) for IR wavelengths. In the grooves with a larger apex angle
(70°) only the WPPs appeared to be excited.

Thus, front far field images were useful to make an estimation of the optimal conditions for CPP
confinement and propagation (geometry, Ay, polarization), and to observe the modes and their shapes
appearing under different excitation conditions.

The modal shapes are important, with a view to the possible applications of the devices. For their use
in bio-sensing, and/or as micro-fluidic channels based devices, the propagation inside the V-grooves is
much more interesting than WPPs excitation. In the first case, the bio-elements placed inside the
grooves change CPPs propagation properties, and the differences in the excitation/absorption could be
measured. In the last case, further considerations should be taken into account, as the refractive index
inside the V-groove, due to the liquid filling, would change with respect to air.

7.3.- FLUORESCENT BEADS

We used fluorescent beads to see whether the excitation of fluorescent nanoparticles with confined
near field was possible, and to characterize the propagation in V-grooves filled with a dielectric
material different from air. For this purpose, two different approaches were considered: (i) filling the
grooves with very small beads with a diameter ¢ = 100 nm (¢ << Ag), and (ii) with micrometric size
beads (¢ =1 — 3 pum).

By filling the grooves with a fluorescent material, the propagation can be studied with a conventional
optical microscope, as it converts the near field into far field. This is the first experimental report on
filled V-grooves, as SNOM measurements are complex or even not possible if the groove is not empty.
On the other hand, micrometric size beads can be individually illuminated and observed, what opens a
way to use these devices for sensing or biosensing.

7.3-1. Nanometric size beads: propagation in a gold/dielectric V-groove

Fluorescent polystyrene nanometric size (¢ = 100 nm) beads™ were deposited inside the V-grooves.
For this, the liquid with the suspended nanoparticles was dropped onto the surface (Figure 161 (a)).
Then, the droplet was directionally dried, and the beads filled the V-grooves by capillarity, as can be
seen in the schemes of Figure 161 and in the SEM images of Figure 162 (b).

(@ ®)

Directional
drying

Figure 161. (a) Deposition scheme. A drop of the suspension containing the nanoparticles is deposited
onto the surface, and directionally dried, so the beads fill the grooves by capillarity. (b) Drawing of the
result: for high concentrations of the solution, the beads completely fill the V-grooves.

it Polystyrene spheres (n=1.55), 100nm diameter. Excitation maxima: 542 nm (green). Emission maxima: 612 nm (red).
From Duke Scientific.
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Fluorescence images (overall illumination), like those shown in Figure 162 (a) and Figure 163 (b)
revealed a uniform distribution of the beads along some of the grooves.

Some particles remained onto the surface of the sample, outside the grooves, as can be also observed
in the images. This did not affect the experiments, as the studies were performed by local excitation,
and the propagation of the channel modes took place inside the V-grooves.

(b)

100 nm beads

o

Figure 162. (a), Fluorescence image (over-all illumination) of a sample, where most of the V-grooves
are filled with the red nanometric fluorescent beads. (b) High magnification SEM image where the
nanometric beads filling the groove can be observed.

(b)

Figure 163. SEM (a) and fluorescence (overall illumination).(b) images of a groove, filled with beads.
The homogeneous distribution of the beads can be deduced from both images.

As the diameter of the beads was smaller than the optical wavelengths used (Ay >>¢), for our practical
purposes it could be considered that the grooves were filled with a continuous dielectric media. To
calculate the volume occupied by the nanoparticles, we considered a squared volume full-filled with
spheres. This simple calculation leaded to an 80% of the volume occupied by latex nanospheres. Thus,
the media experienced by the light inside the filled channels could be treated as a continuum,
approximated as a ponderated mix of air (20 %) and polystyrene (80%). The dielectric constant
resulting to describe this hybrid material is g4= 2.2.

After filling the V-grooves, the excitation of CPPs was done by locally illuminating one end of the V-
grooves, with the fiber tilted with respect to the sample (to minimize the direct lightening of the beads)
as it is shown in the drawings of Figure 164(a). The fop view images were obtained with a camera
coupled to a conventional optical microscope using adequate filters, so only the red (fluorescent) light
was recorded.
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Figure 164. (a) schematic view of the experimental set-up: green light is launched in one end, with the
sample tilted respect to the fiber. The beads convert the near field of the excited CPPs to far field, by
luminescence. The beads form a compact structure, so the material can be described by ed= 2.2. (b), far
field image of CPPs propagating a V-groove filled with beads. (c), optical intensity profile and
exponential fit of (b), from where a propagation length of 32 pm is calculated.

Figure 164(b) shows the fluorescence image of a V-groove illuminated with a green laser (Ao = 532
nm) on the left side (light propagates rightwards). The graph in Figure 164(c) corresponds to the
optical intensity profile along the V-groove averaged from (b), and its exponential fit. A propagation
length dcpp = 32 pm is obtained.

[=1,-e "% —]=6700-¢ " (27)

The dependence on the polarization was studied using a broadband source in the visible range (Figure
165). A strong dependence was observed, and the maximum confinement occurred for TE polarization,
as can be seen in Figure 165 (d). Unexpectedly, a propagation length of dcpp = 33 pm was measured
also for this white source, by fitting the optical intensities.
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Figure 165. Dependence on the polarization. Ambient illumination image (a), where the fiber, the
groove and the light spot can be seen. (b), (c), (d) and (e) correspond to the same area, with local
illumination (light outcoming only from the optical fiber), for different polarizations, as schematized on
the drawings of the right.

A significant decrease of dspp When increasing €4 was expected and already predicted as a consequence
of a stronger confinement in [12], where the properties of CPPs in a V-groove filled with a dielectric
were modelled. But, during the analysis of the results obtained during this work, there were two
observations that points to a complex mechanism of CPP propagation in this system.

The first one is that the dcpp observed for the CPPs excited with the green laser was longer than the
calculated for surface plasmon polaritons excited in similar conditions: green laser (A = 532 nm),
gold/beads interface (e4= 2.2, and e,= 23 - 2i) [13], that is dspp =23 pm (green line in Figure 166 (a)).

V(e +e, )"
Ospp = Ao " [ ; d] (28)
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The second one is that the propagation length was the same for the visible broadband source and for
the green laser, which is counterintuitive, as the propagation length strongly depends on the incident
Ao.

The light re-emitted by the beads has a wavelength of 612 nm, what is below the minimum needed to
directly excite other beads, but that can create new CPPs in the V-grooves. Surface Plasmon Polaritons
(SPPs) excited at conditions identical to those in our experiments (red light, gold/beads interface) have
a theoretical wavelength of Agpp = 417 nm, that can be absorbed by the spheres, and that propagate
along a theoretical distance of dspp =38 pm (red line in Figure 166 (a)).



Aspp = A (29)

This value is not in disagreement with the experimental observations, and explains the fact that the
propagation length is similar for different sources. Thus, the fluorescent beads are acting as a
frequency converser for the CPPs propagating in the grooves. Hakala et. al. [14] have very recently
reported a high conversion ratio of SPPs by organic molecules on a silver surface. Figure 166 (b)
shows a scheme that summarizes our vision of the mechanism of propagation of CPPs in V-grooves
filled with nanometric latex red beads: The green laser excites CPPs. These CPPs excite the
fluorescent beads, that radiate red light. This red light is also exciting CPPs, that propagate along the
V-groove, with a propagation length ~ dspp =30 pm, as determined from far field characterizations.
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Figure 166. (a) Propagation lengths for SPPs, as already described in chapter 5, for a gold/gs=2.2
interface, where those corresponding to red and green excitations have been outlined. (b) Porpagation
mechanism: the green laser excites CPPs. These, excite the beads, that radiate red light. This red light
excites new CPPs, that can also excite the fluorescent beads. The radiated light can also be seen with a

conventional optical microscope.

7.3-2. Micrometric size beads: individual visualization

Micrometer size beads (1-3 um diameter, red fluorescence) were also deposited inside the grooves,
following the same procedure as described above. When deposited in low concentrations, they could

be individually observed.
The use of micrometric size beads for individual visualization, and not of nanometric ones, attends to
two main reasons:

1. The microscope used in this work has only two optical objectives, corresponding to big
magnifications (2x, 5x), as it is commonly used to visualize wide working areas. So, one
individual fluorescent bead, 100nm diameter, would hardly be observed. But, if needed, more
objectives that allow higher magnifications could be installed.

2. The second reason is the nanoparticles deposition. Diluted solutions of the liquid containing the
micrometric beads allow obtaining low concentrations, and individual placing, as shown in the
images. This is more difficult for the nanometric spheres, as they tend to agglomerate.
Nevertheless, if needed, the deposition conditions could be optimized, so the beads would be
deposited far enough one to the others, for individual excitation and visualization.

Figure 167 shows a fluorescence (overall illumination) of the beads deposited in one of the samples
(a), a SEM image of them (b), and an optical image (ambient illumination) of the beads lying in the
bottom of the groove (c), where their red colour is observed.
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Figure 167. Fluorescent image (overall illumination) (a), SEM image (b) and optical image (c) of the
micrometric beads (1pum diameter) lying in the bottom of the V-groove.

Figure 168 shows an image with ambient illumination (a), and the corresponding fluorescence non-
filtered images (b) and (c), showing the possibility of individual lightening. The beads were ~95 pm
far from the incident spot which was just in the limit of the propagation length (dspp = 140 um, as
determined for these samples by SNOM measurements). At these conditions, just by changing the
intensity of input signal, the number of beads that were lighted up could be controlled, as it can be seen
by comparing in Figure 168 (b) and (c). If the intensity was increased (the illuminated area,
corresponding to the incident spot was larger), one or two beads were lighted-up.

This is the first step for the use of the V-groove-based waveguides for (bio)sensing applications.

Figure 168. (a), topography of a sample, where the fiber and the waveguides can be seen. Micrometric
red fluorescent beads have been deposited inside the V-grooves (SEM image in the inset). (b), (c),
fluorescence images (non filtered), with individually lighted beads.
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Thus, manipulation, excitation and observation of individual nanometric size beads leaves an open
work, very interesting for future applications.

By using fluorescent beads, we were able to demonstrate and characterize the propagation of CPPs in
V-grooves, with no need of a SNOM. The possibility of individual illumination of the beads by means
of the light confined in the grooves opens the possibility of using these devices for sensing.

7.4.- FUTURE WORK: BIOSENSING

The ability of local excitation of CPPs and of light propagation inside sub-u channels opens new
possibilities that can be exploited for biosensing. Surface Plasmon Resonance (SPR) is a well known
technique, that allows measuring changes in the refractive index in the vicinity of a metal surface. The
geometry of the fabricated devices (integrated V-grooves with deep channels) allows to easily perform
fiber-to-fiber measurements, thus, exploiting the high sensitivity of SPR, that would be probably
higher when using coupled modes. For this, several possibilities may be studied, by filling the V-
groves. In Figure 169, some ideas are proposed: using the V-grooves as micro/nano fluidic channels,
studying cell interactions with the surface, or even resolving the vertical configuration of a media
made of different liquids or having different compositions.

Fiber-to-fiber

measurements OUTPUT FIBER
" p-Fluidic channels

Laser
INPUT FIBER

3D scanning (vertical)

Figure 169. Schematic drawing of the possible use of the plasmonic devices for sensing
and biosensing applications. Taking advantage of the integrated configuration, fiber to
fiber measurements are easy. For this, the dependence of the transmitted light, or on the
absorbed frequencies to excite plasmons, at different depths can be exploided for their
utilization as microfluidic channels, to locally study the interaction of cells with the
substrate, or to do verticall scanning of materials with different viscosities or refractive
index, by tunning the incident wavelength.
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Section 3

Interdigitated nanoElectrodes for
(bio)sensing

‘I have the pleasure of communicating to you, Sir, and through
you to the Royal Society, some striking results at which | have
arrived in pursuing my experiments on the electricity excited by
the simple mutual contact of metals of different sorts...”

Discovery of the connection between chemistry and electricity

Alessandro Volta, 1793

The connection between chemistry and electricity is a very old one, going
back to Alessandro Volta's discovery, in 1793, that electricity could be
produced by placing two dissimilar metals on opposite sides of a moistened
paper [1]. Since then, electrochemistry has become a useful tool that
allowed the development of new types of sensors and biosensors.

Interdigitated electrodes have a very large panel of applications, running
from organic devices to electrochemistry, and since more recently, to nano-
biodetection. The high sensitivity exhibited relies on the electric field
concentration in-between the digits. This becomes more remarkable when
the electrodes dimensions are tailored for the recognition of an element of a
given size, and especially when the dimensions are shrunk to the
nanometric scale.






Interdigitated nanoElectrodes

In a generic way, an electrochemical sensor can be defined as a device able to detect changes in the
activity of chemical species in a selective and reversible way, and quantify them by generating a
proportional electrical analytical signal, susceptible of amplification and processing.

The oldest electrochemical sensors date back to the 1950s and were used for oxygen monitoring. More
recently, as the Occupational Safety and Health Administration (OSHA) began requiring the
monitoring of toxic and combustible gases in confined space applications, new and better
electrochemical sensors have been developed. By the mid-1980s, miniaturized electrochemical sensors
became available for detection of many different toxic gases, with the sensors exhibiting good
sensitivity and selectivity. Currently, a variety of electrochemical sensors are being used extensively in
many stationary and portable applications for personal safety. The physical size, geometry, selection of
various components, and the construction of an electrochemical sensor usually depends on its intended
use. Quite often, the final design results in a compromise between various performance parameters of
the electrochemical sensor.

The combination of the nanofabrication

capabilities and expertise with the Nano-target
knowledge about electrochemistry and
biosensing of the GTQ group of CNM-
IMB, opened new possibilities for
exploring the new properties arising when
shrinking the dimensions of the sensors to
the nanoscale, in the framework of the
project NILSIS.

In this section, the fabrication approaches
developed for the fabrication of devices
with nano-IDEs, and their characterization
as electrochemical sensors and for
impedimetric sensing. The detection of
nanoparticles and DNA hybridization will
be shown, as original applications.
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Chapter 8

Fabrication of Interdigitated nano
electrodes (IDEs)

The fabrication of complete devices based on interdigitated electrodes with
nanometric dimensions will be described in this chapter.

Three different approaches to define the mask in a resist onto the insulating
substrate will be shown: a combination of optical lithography and electron-
beam lithography, e-beam lithography alone, and nanoimprint lithography.
Metallization and lift-off processes finish the fabrication of the chips with
the metallic nanolDEs, as will be described.

Also, the wire bonding and encapsulation steps will be described, what
facilitates the connection of the chips to external equipments and enables
working in liquid media.
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8.1.- E-BEAM-BASED NANOFABRICATION PROCESS

By using electron beam lithography (EBL), the exposure strategies were optimized to fabricate with a
high efficiency nanoelectrodes with lateral dimensions down to 80 nm, organized into interdigitated
arrays of 250 nm pitch, extending over large areas.

Two generations of samples with different designs were developed. In the first one, the contacting
pads were fabricated by optical lithography and the nanometric features, by EBL, using a modified
SEM with e-beam capabilities. The second approach was developed afterwards, by using a new e-
beam equipment (Raith 150 TWO) [2], so, by exploiting the possibilities for automatization of some
processes of this machine, all the patterns (micro and nano) were defined by e-beam exposure.

8.1-1. First generation of devices
8.1-1:a.- Fabrication of the chips: Combination of EBL and Optical Lithography

Electron Beam Lithography is a commonly used tool to define features in the nanometric scale, but has
some drawbacks for its use for the fabrication in larger (hundreds of microns) scales. In this work, the
equipment used to fabricate the first generation of IDEs was a LEO 1530 [3] modified with Raith
capabilities to perform e-beam writing (Figure 170).
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Figure 170. Modified SEM: LEO 1530 with Raith
electron-beam lithography capabilities, situated at
CNM’s cleanroom.

One of the problems of using a modified SEM without stitching capabilities is that the extension of the
writing field is limited. The minimum size feature (maximum resolution) is directly related to the
writing field. Thus, small lines cannot be effectively defined along large areas. For this reason, the
areas of the first generation electrodes patterned with digits were restricted to few hundreds of microns
(200 pm lateral size as maximum).

To minimize the fabrication time, and in order to increase the throughput and reliability of the process,
the micrometric size patterns (i.e. the contacting pads) were first fabricated in parallel (wafer-scale) by
optical lithography. Aligning marks were included in the design, to facilitate the posterior e-beam
exposure. Figure 171 (a) shows the design of one of the chips, showing the contacting pads (blue) and
the aligning marks (green), that were fabricated in the first lithographic step. Each single chip was 3
mm X 3 mm (standard size to be integrated later in PCB), and, as the area occupied by the IDEs was
very small, two different sensors with different areas (100 x 100 pm® and 200 x 200 um®) were
integrated in each chip. Two different configurations were fabricated, as shown in Figure 172. For both
designs, two groups of aligning marks were necessary. The first ones were placed in the corners of the
chip, for a rough align. The second ones were in the corners of areas where the digits should be
written, to define the final writing fields. After the aligning step, the digits were defined by e-beam in
the areas defined for this purpose (red lines in Figure 171 (b)).
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Figure 171. GDS design of the patterns defined in each lithographic step: the micrometric
contacting pads and aligning marks for the optical lithography step (a), and the nanometric digits,
patterned by EBL, in-between the areas left for that purpose.

@) r 4 |®] - | Figwe 172 GDS

design of two different
configurations for the
contacting pads
distribution:

symmetrical, so they
have the same area in
both sensors (a), and in
a U-shape, so the
sensing areas lie very
close one to each other.

The details of the whole fabrication process are shown in the scheme of Figure 173:

Micrometric contacts and pads

a.
b.

C.

d.

1.5 um of SiO; are grown by thermal oxidation onto a silicon wafer.

The pads shape is defined with a conventional photolithography step (1.2 um of a photo-
sensitive resist, HIPR6512) onto the substrate.

A gold metal layer is deposited by sputtering (60 nm). To improve the adherence, a thin film of
Titanium is previously deposited (8 nm).

A lift-off is performed (10 minutes in hot acetone, and 10 minutes in RT acetone with ultra
sound agitation), to selectively remove the metal onto the resist. With this, the pads are finally
defined.

Arrays of nano-electrodes

A thin film of PMMA (100nm) is spun onto the sample surface.

EBL is performed, defining the nanometric size digits between the contacting pads, in the areas
left for this purpose, with the help of the aligning marks previously defined.

A thin metal layer is deposited by e-beam evaporation (15nm Au/8nm Ti).

After the lift-off, the nanometric digits, contacted to the pists and pads are defined in gold onto
the insulating substrate.
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a. Substrate (SiO2/Si)  b. Photolithography ~ c. Sputtering (Au/Ti) d. Lift-off
- | |
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e. Spin-coating of f. EBL g. Metal evaporation h. Lift-off
PMMA (Au/Ti)

Figure 173. Fabrication process of the first generation of nanolDEs. A thermal oxide (1.5 pm) layer is
growth onto a silicon substrate (a). A photolithography step (b) followed by metallization of Au/Ti
(60nm/8nm) (c) and a lift-off (d) is used to define the micrometric pads. The sample is spin-coated with
100 nm of PMMA (e), and the digits are patterned by EBL (f). Metal evaporation (Au/Ti, 15nm/8nm)
(g) and lift-off (h) processes complete the fabrication of the nanoIDEs onto the insulating substrate (h).

The most critical step for the optimization of the fabrication process was the metallization and lift-off
process needed to define the nanometric features. Lateral adhesion of the metal to the lines sidewalls
was the main problem encountered. Substituting the metallization method (evaporation instead of
sputtering) leaded to optimum results. Also, a thin film of titanium (~ 8§ nm) below the gold was
deposited to improve the adhesion to the substrate, as already mentioned above.

Figure 174 (a) shows a 3 mm x 3 mm chip, made in gold/titanium onto a SiO,/Si substrate. Figure 174
(b) shows a SEM image of the 200 x 200 um’® patterned area. By proper chose of the exposure
conditions the width of the digits as well as the gap between them can be tailored for the specific
application of the sensor. Figure 175 (a) and (b) show SEM images of two IDEs with different
nanometric dimensions.
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Figure 174. (a) Optical image of one of the fabricated devices, where the two integrated IDEs with
different patterned areas can be seen. (b) SEM image of one of the IDEs areas (200 um x 200 pm).
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Figure 175. SEM images that show details of the nanometric digits of two different devices, where the
lateral dimensions of the lines are different: 230 nm pitch and 180 nm electrode width in (a), and 450 nm
pitch, 450 nm electrode width in (b).

8.1-1:b.- Wire bonding and encapsultaion

After the fabrication of the chips, they were encapsulated and bounded to a printed circuit board strip
(PCB) (drawing of Figure 176 (a) and (b)), what facilitates the connection of the sensors to electronic
equipments and protects the metal contacts, enabling to work in liquid media (Figure 176 (c)). A
previous local passivation step (to cover the whole area of the chip but not the digits allows)
restricting the sensing area to the nanometric size digits.

The PCBs used in this work are fabricated at CNM". They have strip shape, and contain 5 metal lines,
with the corresponding connection pads, as shown in Figure 176 (a). The hollow where the chip is
stuck is 3 mm x 3 mm, which fixes the lateral size of the chips.

The gold contacting pads defined in the chips are connected to the metal lines of the strip by wire
bonding, also at CNM'. Afterwards, the electric connection to external equipments is much easier, and
done directly through the contacts in the top of the PCB.

The hole strip and the upper part of the chip are covered with an epoxy resin (Epotec”), to protect the
contacts and the metal lines.

(a) "E

Passivation,
(b) wire bonding and
encapsulation

(©)

Figure 176. Drawing of the PCB used in the work: several metal lines lie onto a plastic strip (a).
The fabricated chips are stuck into the hole, the pads are wire-bonded to the metal lines, and
everything but the sensing area is covered with an epoxy resin (b). With this configuration, the
devices can be easily connected to external electronic equipments, and used for sensing in liquid
media (c).

" Angel Merlos, at the Printed Circuit Boards laboratory, in CNM.
T Alberto Moreno and Maria Sanchez, at the Wire-Bonding and Encapsulation laboratory, in CNM.
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To avoid the damage of the nanometric IDEs, the sensor areas would be preferably protected and
covered during the process. This requirement leaded to a more elaborated passivation of the chips. The
steps of the passivation, bonding and encapsulation process of the samples, as developed within this
work, are depicted in Figure 177:

The chips are covered with a 400 nm thick film of PMMA 35k

b. The areas covering the upper contacting pads were exposed by e-beam. The low molecular
weight of the PMMA was chosen on purpose, to minimize the e-beam writing time needed to
open large areas.

After development, the gold of the pads is open.
d. A second e-beam exposure is performed in the area where the digits are.

e. Before development, the chips were bounded and encapsulated to the PCB strip. The pads are
welded to the metal lines of the strip, and everything but the bottom area of the chip is covered
with a photocurable resist (epoxy in this case) to protect the contacts and the metallic tracks.
This process is done manually and involves mechanical handling. The non-developed resist
remaining on the area of the digits protected them from mechanical damage.

f. Finally, the exposed area is developed, leaving the digits open and ready for the electric
characterizations.

Figure 176 (b) shows a scheme of the appearance of the strip, with the chip bounded and completely
encapsulated, and Figure 178 shows a photograph of a device, with a zoom of the chip, where the
structures and the areas with the IDEs can be seen.

— — e e

a. PMMA spin-coating b. e-beam exposure c. Development

d. e-beam exposure e. Bounding & encapsulation f. Development

Figure 177. Passivation, wire-bonding and encapsulation process. The chips are covered with a PMMA
film, 400 nm thick (a). The areas of the contacting pads are exposed by e-beam (b) and developed (c).
The sensing areas with the nanometric digits are exposed by e-beam (d), and without removing the
exposed PMMA, the chips are bonded and encapsulated into the PCBs. Thus, the fragile areas remain
covered during the process, avoiding mechanical damaging. Finally, they are developed, so the areas are
open and ready for electrochemical characterizations (f).
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Figure 178. Photograph of a chip in a PCB. The
] size of the strip is compared to a 1 € coin. In
zoomed photo, the chip can be seen.

After the whole process, the IDEs were ready to be characterized and/or used as (bio)chemical sensor.

This fabrication method is robust (several tens of devices were fabricated), and suitable for the
applications that will be described later, in the next chapters (the gaps can be adjusted to the detection
elements, and the areas, even small, are large enough to give a signal that can be measured for very
low concentrations. It can be compared to the signals obtained for micrometric sensors, to study the
new properties arising of their nanometric dimensions. However, even though the pads were massively
fabricated (wafer scale), then, the area with the digits for each sensor had to be aligned and written
individually, making the process arduous and time consuming. On the other hand, non-structured and
micrometric-size IDEs are fabricated by screen printing or optical lithography, what leads to effective
sensing areas of several millimetres of lateral size. Thus, in order to do an apropriate comparison, the
more similar the area that the digits occupy, the better.

8.1-2. Second generation of devices
8.1-2:a.- Fabrication of the chips: all e-beam writing

After developing and optimizing the whole fabrication process described in the previous section, a new
e-beam writer was available in the Institute. This, a Raith 150 Two [2], allows stitching small fields
with ~ 20 nm accuracy, and most of the aligning procedures can be automatically done. Thus, very
large areas can be written with nanometer features. The micrometric-size pads integrated in the design
and defined by e-beam. This makes the exposure time much larger, but the process flow simpler, as the
number of steps of the fabrication process is reduced.

Figure 179. Raith 150 Two e-beam writer [2], placed at CNM’s cleanroom (a), and it interferometric
stage (b), with stitching capabilities, where the X, y and z positions are controlled with piezoelectrics.
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SECTION 3 — INTERDIGITATED NANOELECTRODES FOR (BIO)SENSING

Figure 180 shows an example of an interdigitated array of nanoelectrodes, that extends to a 1 mm x
1.5 mm area together with the contacting pads, defined in a 100 nm thick PMMA film (left image),.
The right image corresponds to a zoomed detail of the lines, that are 130 nm wide with a separation
gap of 120 nm.

3mm

= Lines 250 napitch—

v

Figure 180. Optical image of a pattern defined entirely with the Raith 150 Two EBL equipment. A
general view of the chip (3 mm x 3 mm) can be seen in the left image, where the area patterned with the
nanometric digits extends up to 1 mm x 1.5 mm. The SEM image on the right shows a zoom of the lines,
that are 250 nm pitch, 120 nm wide.

It should be noticed that Figure 180 (left) has the same lateral dimensions (3 mm x 3 mm) as Figure
174 (a). By comparison, the significant increase in the effective area (area covered by the digits) is
evidenced.

After EBL, a metallization (gold/titanium) followed by a lift-off was performed, to define the
structures in metal onto the insulating substrate.

This method is somehow automatic: several devices can be written in the same chip, saving time for
loading and unloading the samples, and which allows parallel post processing. After dicing the
samples, several chips are obtained (). Never the less, the time needed to pattern one single chip with
one single array of nano-IDE is several hours (~ 3h), so, to obtain a large number of chips, complete
days of e-beam writting are needed.

Figure 181. Photo of multiple
devices obtained by EBL (several
days long exposure) and parallel
post-processing of the sample (metal
and lift-off). After dicing the sample,
the sensors can be individually
encapsulated and used.

Also, for EBL, there are limitations in the substrate requirements: very insulating substrate present
charging effects, severely affecting the resolution and the quality of the final structures. This is why
NIL-based fabrication was considered as an alternative method for the fabrication of nanolDEs with
high resolution and throughput.
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8.1-2:b.- Electric field characterization of the samples

During the electrochemical characterization of these devices (as will be described and shown in next
chapter), a wrong asymmetrical response was systematically observed comparing the signals measured
individually by each matrix. A closer look up to the electrodes revealed a gap between one of the
contacting pads and the lines, probably due to a miss-match between the design and the pattern
generator scaling of the features.

As the gap size was very small (< 20 nm) electric field measurements with the AFM were performed,
to check if it impeded the current flow and represented and actual unplugging. Figure 182 (a) shows an
AFM topographical image of the micrometric contact and the union with the digits, where the gap can
be clearly seen. Figure 182 (b) corresponds to the phase image, obtained in Lift Mode*, with a
conductive tip, and by polarization of the electrode at 0.5 V (so, it can be interpreted as a
representation of the voltage distribution in the structures). Here, the contact appears polarized, but the
voltage is not maintained across the gap despite its very small size, so the digits appear disconnected.

(b)

2.5 um

Figure 182. AFM topographical image (a) of the junction of the lines and the micrometric pads, where a
discontinuity (gap) can be seen (vertical scale: 40 nm). In the phase image (b), obtained by polarizing the
pads, the voltage distribution can be seen as a contrast. The gap is electrically disconnecting the pad and
the digits, as they do not appear polarized in the image.

This type of defects did not appear for the other matrix (at the opposite side of the device). Figure 183
shows the electric field image (obtained again by measuring the change in the phase) of the nano-
IDEs. Here, the voltage was applied to the other contacting pad. A contrast between the digits and the
substrate is observed only for those connected to the polarized pad, but not for those of other matrix.
The voltage was switched off when scanning the upper part of the area.
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= 2um i v Figure 183. Elecjcric field image of an
213 > : 03> electrode. The image was scanned
upwards, and a voltage of 0.5 V was
applied to one of the pads (that of the

0.6° bottom of the image). A contrast can
be seen between the substrate and the
connected metal digits. The digits
connected to the non-polarized pad do

not show relevant contrast. The
voltage was switched off at the top

part of the image.

ov i

0.5V

Slow scan direction

L \ ! ’
\ l L
Polarized matrix

! Lift Mode: a first scan is done in tapping mode, to obtain the topography of the sample surface. Then, the tip is lifted
several nanometers (10 — 20 nm) from the surface, and the scan is repeated precisely following the surface map, but
maintaining the vertical separation. Meanwhile, the phase is recorded.
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SECTION 3 — INTERDIGITATED NANOELECTRODES FOR (BIO)SENSING

Due to the appearance of this gap, most of the devices of the second generation could not be
effectively used for electrical characterizations, as only one of the matrix was useful for
electrochemical current measurements. Further improvement of the devices fabrication and re-design
of the exposed layers is currently under study. This will lead to properly fabricated devices, that will
be used for electrochemical sensing application soon.

8.2.- NIL-BASED NANOFABRICATION PROCESS

Nanoimprint Lithography is a good solution to overcome the drawback derived from the EBL-based
fabrication process, as, once the stamp is fabricated, various IDE-based chips can be replicated in
parallel, in a process that takes less than 1 hour. Also, insulating substrates (such as Pyrex) that are
very convenient for further performance of the sensors, can be utilized with no additional effort.

8.2-1. Stamp

The typical steps needed to fabricate a stamp starting from previously defined structures are shown in
Figure 184. First, by means of OL and/or EBL, metallization and lift-off the features are defined
(Figure 184 (a)). Then, they are used as a mask for a RIE (Figure 184 (b)), so, after removing the
metallic mask, the stamp is fabricated (c). To facilitate and make the process more robust, a silicon
substrate is preferred to a SiO, one, as the etching process is easier, and the variation of the lateral
dimensions is lower.

a. Metal Structures b. Reactive Ion Etching c. Stamp

Figure 184. Stamp fabrication process. The metallic structures (a) are used as a mask for a RIE (b), to
etch down the pattern into the silicon substrate. After removing the metal (c), the stamp is fabricated.

The RIE process was a critical point in the fabrication of the stamp. For some of the applications
where a very small separation between the electrodes was requiered, the lateral under-etching widened
it, thus, making the design a non-robust and non reliable process. Also, when the width of the lines was
very small, often, the under-etching leaded to discontinuities in the structures, as can be seen in the
SEM images of Figure 185, corresponding to the mask (a) and the silicon structures after RIE (b). The
width of the lines was reduced from 200 nm down to ~50 nm or below due to the overetching, even
leading to discontinuities. This is an important problem, as discontinuous digits were, obviously,
useless for the correct device performance.

(a)
200nm

— <4+—

Figure 185. Metallic mask having 200 nm wide digits (a), and structures transferred into the substrate by
a non-optimized RIE process (b). Here, it can be seen that the lateral underetching may lead to
discontinuities in the lines.



For this reason, and as part of a collaboration within the project NILSIS (already introduced in Chapter
4), the RIE processes were done at Tekniker. Here, a Plasmalab80+ from Oxford Instruments was
used, and with the optimized processes (the details of the recipe are listed in Table 6), the lateral
underetching was reduced to few nanometers, so the stamps for nano-IDEs fabrication could be

successfully fabricated.

Chapter 8 — Fabrication of IDEs

Table 6. Recipe for etching the nano IDEs into the silicon substrate, in the Oxford Instruments

Plasmalab 80+, at Tekniker.

SFs: | 20 sccm ICP Power: | 220 W
C,4Fg: | 30 sccm RF Power: | 15-20 W
Pressure: | 15 mT Temperature: | 20 °C
Backside He: | 10 Torr

Figure 186 and Figure 187 show two examples of silicon stamps.

The first one (Figure 186) was fabricated by defining the structures by combining OL and EBL, with a
similar process as described above previously for the fabrication of the first generation of devices,
substituting the substrate for a silicon one, and by carving the structures with a RIE. The structures
shown in the stamp of Figure 187 were defined just by using e-beam lithography (as described for the

second generation of devices), with the Raith 150 Two equipment.
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Figure 186. Silicon stamp containing
several chips, with two structures of
nano-IDEs each (a) The mask was
defined by OL and EBL, metal and lift-
off, and the features transferred into the
substrate with a RIE in Tekniker. The
IDEs effective areas of each sensor are
100 x 100 pm?, and 200 x 200 pm?* The
electrodes pitch and width were varied
for each individual chip, ranging from
250 nm up to 400 nm. (b) shows a SEM
image of a closer look of the structures.
The corresponding depth is 130 nm, as
obtained from AFM images (c).

h=130 nm

.0 0.5

1.0
X distance (um)

1.5

173



SECTION 3 — INTERDIGITATED NANOELECTRODES FOR (BIO)SENSING

5 T : o Figure187. Silicon stamp containing six
; individual chips (a), with structures of
nanometric IDEs. The stamp was
fabricated by EBL, metal, lift-off, and
RIE. The effective area of the digits is 1
mm x 1.5 mm in each chip. The pitch
— was varied from 250 nm to 400 nm, and
| "' the electrode with was fixed at 150 nm.
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(b) shows a detail of the silicon digits
after RIE. The corresponding depth is
180 nm, as evaluated from AFM
measurements (c).
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8.2-2. Imprinting-based fabrication
8.2-2:a.- Micrometric-size IDEs

To prove the viability of the fabrication of IDEs by NIL, first, micrometric electrodes were fabricated.
A mask® containing various designs of IDEs with pitch varying between 6 um and 20 pm was used for
OL. After a metallization, lift-off and RIE, a stamp was obtained. This was imprinted in PMMA, and,
after removal of the residual layer, metallization and lift-off, the structures were successfully patterned
in metal onto the substrate. Figure 188 shows optical images of the different steps (stamp, imprint and
final structures) of the fabrication of micro-IDEs. Each stamp included several similar chips.

Metallic structures (20nm Al)

Figure 188. Micro-IDEs fabricated by NIL. The Si stamp is shown in the left images (general view in the
top, zoomed area of the digits in the bottom). The PMMA imprint can be seen in the middle images, and
the metallic (Al) electrodes in the right images, successfully transferred by metallization and lift-off.

¥ Courtesy of Antoni Baldi.
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Chapter 8 — Fabrication of IDEs

8.2-2:b.- Nanometric-size IDEs

For the stamps used in this work, similar to those already shown in Figure 186 and Figure 187, several
problems were encountered to successfully transfer the pattern onto the substrate. The main problem,
that is a generic problem of NIL, is due to the combination of structures with very different filling
factors, such as the large contacting pads and the arrays of nanometric electrodes, that have a
difference in size of 3 orders of magnitude.

This leads to the bending of the stamp, and in most of the cases, to the cracking of the lines, as can be
seen in Figure 189 (a). Nevertheless, by lowering the applied pressure and increasing the temperature,
the obtained results were significantly improved, as shown in Figure 189 (b).

(a) (b)

Figure 189. SEM images of imprinted IDEs. Pulled-off lines (a) appear as a consequence of stamp
bending. Nicely imprinted lines result when lowering the pressure (b). Nevertheless, the quality is not
equally good in the whole area.

Another problem is that NIL is very sensitive to the presence of defects. Figure 190 shows gold nano-
IDEs fabricated onto a Pyrex® wafer, defined by NIL, metallization, and lift-off. In (a), the presence of
a dust particle or a defect onto the resist leaded to the damage of a large area around it. In (b), the
appearance of the structures is better. But, with a closer look, like shown in (c), the presence of
residues, cracks, scratches and non-homogeneous lines can be observed. Some of the areas presented
nicely transferred lines (d), but the quality is not homogeneous in all the patterned area.
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Figure 190. Images of electrodes fabricated in gold onto a pyrex substrate by NIL, metallization and lift-
off. (a) shows an optical image of a complete chip (3 mm x 3 mm), where the presence of a dust particle
leaded to a very large defected area. In (b), this problem was solved, and the pattern looks much nicer. A
closer look to the areas patterned with the nanometric digits show the presence of inhomogeneities,
contamination particles and scratches (c), even though most of the lines are defect-less (d).
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When imprinting a stamp where the area covered by the nanometric digits is larger (1 mm x 1.5 mm),
the sensitivity to the presence of defects becomes even more significative, and the stamp bending
leaves a non-homogeneous residual layer distribution, as can be deduced from the different colours
appearing in the optical image of Figure 191.

Figure 191. PMMA imprint of an electrode
where the area patterned with the nano-IDEs
is large (1 mm x 1.5 mm). The different
colours are related to different thickness of
the residual layer. This is a consequence of
the stamp bending, due to the presence of
patterns with very different filling factors
(i.e., the pads and the digits matrix).

The devices obtained by NIL are not suitable yet for their use in electrochemical or impedimetric
characterizations, as the defects could cause a shortcut of the two matrixes, and/or the broken lines do
not serve to measure the current flow.

Thus, the optimization of the experimental set-up for electrical characterizations, the study and
analysis of the electrochemical response of nanometric IDEs and the first developments of ideas for
new applications were all done with the first generation of devices.

In parallel, the optimization of NIL for the fabrication of IDEs in a parallel, fast and simple way was
(and is still) being developed. For this, new strategies are being addressed:

- Re-design of the stamps, with compensation features, to avoid critical stamp bending.

- Fabrication of two stamps, each one containing the features with the dimensions in the same
scale (the micrometric pads in one, the nanometric digits in the other).

- Change of the geometry of the pads, so hollow reticules, of few microns of lateral size, would
serve as contacts.
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Chapter 9

Electrode characterization I:
Electrochemical measurements

A sensor is a device that measures a physical or chemical property and
converts it into a signal which can be read by an observer or by an
instrument. Sensors contain two basic functional units: the receptor
(recognition element) and the transducer (part capable of transforming the
energy carrying the information about the sample into a useful analytical
signal).

In this chapter, the use of the nano-IDEs as electrochemical sensors will be
described. A short description of the basics about chemical sensors and
electrochemical methods will be first introduced. Then, the results obtained
for different substances will be shown and discussed.
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9.1.- CHEMICAL SENSING

A chemical sensor (Figure 192) is a device that can translate the chemical information of a sample
into an analytical signal. The receptor part of chemical sensors may be based on various principles:
physical, chemical or biochemical.

In the first case (physical), the refractive index, absorbance, temperature or mass change, conductivity
or capacitance are measured.

In the second case (chemical), a reaction involving the analyte gives the analytical signal. The third
case (biological), can be regarded as a special case of the second, namely (bio)chemical sensors, where
the source of the signal is a biochemical process.

Since the world of chemical sensors is so vast, only electrochemical and electrical sensors will be
introduced here, summarizing the most relevant concepts related to the utilization of the nano-IDEs as
(bio)electrochemical sensors. Thus, an electrochemical sensor device is basically a chemical sensor
using an electrochemical transducer: it transforms the effect of an analyte-electrode electrochemical
interaction into a useful analytical (electrical) signal. Such effects, in the cases studied within this
work, are electrically stimulated by applying a voltage to the metallic electrodes.

Figure 192. General scheme of a

Electronics sensor: it consists on a receptor

—  (control and (recognition element), that is

monitorization) sensitive and selective to the

presence of the analyte (target),

that generally appears immersed

in a solution. The second part of

the sensor is the transducer, that

o is able to translate the

information given by the

receptor into an analytical
(electrical) signal.

Analyte

\\A.
o !
Sample o\
(solution)_> ‘5‘&
2250
'y

Transducer

¥~ Receptor (recognition element)

9.2.- INTRODUCTION TO ELECTROCHEMISTRY

Electrochemistry is a branch of chemistry that studies chemical reactions which take place in
a solution at the interface of an electron conductor (a metal or a semiconductor) and an ionic conductor
(the electrolyte), that involve electron transfer between the electrode and the electrolyte or species in
solution. Electrochemical reactions can be driven by an external applied voltage (as in electrolysis), or
a potential can arise from a chemical reaction (as in a battery). Chemical reactions where electrons are
transferred between molecules are called oxidation-reduction (redox) reactions.

More precisely, redox reactions cover all chemical reactions in which atoms have their oxidation
number (oxidation state) changed. Oxidation and reduction always occur in a paired fashion such that
one specie is oxidized when another is reduced. This paired electron transfer is called a redox reaction.
Oxidation is defined as an increase in oxidation number, and reduction as a decrease in oxidation
number. A transfer of electrons is most generally the cause of the change in the oxidation number.
Table 7 summarizes the processes taking place.

Table 7. Scheme of the reduction and oxidation (redox) reactions, and the processes taking place.

Reduction Oxidation
Oxidant + - — Product Reductant — Product + e
(gain of electrons) (oxidation number decreases) (loss of electrons) (oxidation number increases)




Redox potential sensors

The standard oxidation-reduction potential corresponds to the equilibrium potential, relative to the
standard hydrogen electrode, generated at the interface between a noble metal electrode and an
aqueous solution containing electroactive redox species. Oxidation-reduction measurements are
commonly performed using a combined redox electrode, which consists of a sensitive electrode (where
the oxido-reduction process takes place) and a reference electrode (e.g. Ag/AgCl). The electroactive
material of the electrode is commonly a metal (gold, in this work). By applying the appropriate voltage
difference, V, the process can become somehow selective for the analyte under study.

9.2-1. Electrochemical methods

Electrochemistry is a wide research area where plenty of measurement methods have been developed.
Electroanalytical methods are a class of techniques in analytical chemistry which study an analyte by
measuring the potential (V) and/or current (I) in an electrochemical cell containing the analyte. These
methods can be split into several categories depending on which aspects of the cell are controlled and
which are measured. The three main categories are:

I. Potentiometry: the difference in electrode potentials is measured.
II. Voltammetry: the cell's current is measured while actively altering the cell's potential.
II. Chronoamperometry: the cell's current is measured over time.

The two last were used in this work to characterize the response of the nano-IDEs. The instrumentation
used for the measurements and the electrochemical techniques utilized are described next.

9.2-1:a.- The Electrochemical cell: three electrode configuration and Potentiostat

Voltammetric and chronoamperometric techniques are commonly applied in electrochemical cells with
a three electrode configuration. Three electrodes with different functionalities are immersed in the
electrolyte (generally, aqueous solution with ions), where the analytes (or active red-ox species) are
dissolved. The electrolyte facilitates the cell reaction and carries the ionic charge across the electrodes
efficiently. It forms a stable potential with the reference electrode and needs to be compatible with the
other materials in use. The electrodes are connected to a (bi)potentiostat, to perform the measurements.
A schematic view of the set-up is shown in Figure 193.

Potentiostat

[ [ [
RE WE CE

Figure 193. Scheme of an
electrochemical cell on a three-electrode
configuration: the electrodes (reference
electrode RE, working electrode WE and
counter electrode CE) are immersed into
the sample solution, and connected to a
potentiostat.
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(1) The studied electrode (the nanoIDEs in our work) is the so-called sensing or working electrode
(WE), that is where the reactions take place. Typically, it is made from a noble metal.

(i1) The potential applied to the WE is measured by comparison to another electrode, that has a well-
known fix potential: the reference electrode (RE). There are various types of RE, that generally
consist on a redox pair at equilibrium, therefore having a fix potential with respect to the hydrogen
electrode (that is O0V). No current flows to or from the reference electrode. In this work, an Ag/AgCl
electrode was used (E’ = 0.22V). The RE is very important, as in reality, the sensing electrode
potential does not remain constant due to the continuous electrochemical reactions taking place on the
surface of the electrode and the reference electrode maintains the fix value of the applied voltage at the
sensing electrode

(111) The third electrode is the auxiliary or counter electrode (CE). The CE often has a surface area
much larger than that of the working electrode to ensure that the reactions occurring on the working
electrode are not surface area limited by the auxiliary electrode. The current is measured between the
working electrode and the counter electrode. Thorough this electrode, the potentiostat is able to pass
current through the analyte solution without passing current into or out of the reference electrode.
Thus, reference voltage variations due to electrode polarization are eliminated. In this work, a platinum
CE was used.

The potentiostats, that are the equipments generally used for electrochemical characterizations, apply
the desired potential between the WE and the RE, meanwhile the current flow, arising from the
chemical reactions taking place in the cell, is measured. An adequate potentiostat needs to compensate
for potential deviations at the surface of the WE from the set value. A commercial potentiostat/
galvanostat (PGSTAT100 from Autolab [1]), shown in Figure 194 (a), was used during this work.

Figure 194. Photo of the Autolab equipment used for the experiments (a) and of the
electrochemical cell (b), with the CE, RE and WE immersed in the liquid sample.

Figure 194 (b), shows the electrochemical cell, where the platinum counter electrode (CE), the
Ag/AgCl reference electrode (RE) and the PCB strip with the gold IDEs working electrode (WE) can
be seen, immersed in the liquid sample.

The software that controls the Autolab (GPES) allows controlling the electric parameters of the cell
and performing different electrochemical characterizations. As mentioned above, cyclic voltammetry
and chronoamperometry were the methods utilized to characterize the electrochemical response of the
nano-IDE:s.



9.2-1:b.- Cyclic Voltammetry

In general, in a voltammetric method, a voltage (or series of voltages) is applied to the electrode and
the corresponding current flow is monitored [2, 3].

In this work, linear sweep voltammetry was used. It consists on measuring the current at the working
electrode while the potential between the WE and the RE is swept linearly in time (Figure 195 (a)).
Oxidation or reduction of species is registered as a peak or trough in the current signal at the potential
at which the species begin to be oxidized or reduced (Figure 195 (b)).

(a) Cyclic Voltammetry Potential Waveform (b) R 4 Oxidation

4 10
s a4
= 2 54
] =
c E o
(=] 3
S o
2 5
"
(& ] L »

=10 T T
f; t t t
’ 1 : : . 1.1 0.9 0.7 05 03

Time

Potential (V vs Ag/AgCl)

Figure 195. Scheme of the applied potential vs time (a) and the typical voltammogram obtained for
the measured current (b) in the linear voltammetry.

When the specie in the solution is not electrochemically active (or the applied potentials are not in the
right range) only the capacitive current due to the charge and discharge of the metal is measured.

9.2-1:c.- Chronoamperometry

Chronoamperometry is another electrochemical technique in which the potential of the working
electrode is fixed (or stepped along large intervals of time), and the resulting current coming out from
the reduction or oxidation processes occurring at the electrode/electrolyte interface is monitored as a
function of time.

Generally, the standard procedure consists on maintaining the electrode at a fix potential, that is
favourable for one of the half-cell reactions to occur, and adding a certain quantity of the active specie
to the solution at intervals of several tens of seconds. Meanwhile, the current is continuously
monitored, and a step appears right after each addition.

In this work, the process was slightly modified, to improve the calculation of the sensitivity and
resolution of the nano-IDEs. Thus, the applied voltage was instantaneously switched from one
value V| to another V, (Figure 196 (a)), and the resulting current was then measured as a function of
time for a solution with a fix concentration. The process was then repeated for different solutions with
different concentrations.

(a) Voltage (V) (b) Current (A)
Vi
-“-\-‘__‘—‘_'_‘—-———.___;
Vl I=0
E—, Time (s)

Figure 196. Scheme of the applied potential vs time (a) and the corresponding current (b) in the two-
steps voltage chronoamperometry.
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The voltage range was set such that at V; the reduction or oxidation of the active species was
thermodynamically unfavourable. The second value of voltage (V) was selected so that any species
close to the electrode surface were oxidized or reduced, depending on the case. Under these conditions
the current response is like that shown in Figure 196 (b): the current rises instantaneously after the
change in voltage and then begins to drop as a function of time.

This trend is observed since the process is governed by diffusion, as is schematized in the diffusion
profile and colour scheme of Figure 197. The instant before the voltage step, the surface of the
electrode 1s completely covered with reactant and the solution has a constant and homogeneous
composition (a). Once the voltage (V,) is applied, the reactant is converted to product and a large
current begins to flow. However, for the reaction to continue, a supply of fresh reactant in the electrode
surface is needed. This happens via diffusion in stagnant solutions (without agitation). The rate of
diffusion is controlled by the concentration gradient. Thus, the supply of reactant to the surface (and
therefore the current flowing) depends upon the diffusional flux. At short times, the diffusional flux is
high, as the change in concentration between the bulk value and that at the surface occurs over a short
distance (b). As the reaction continues, the material diffuses further from the electrode and the
concentration gradient drops (c). As the concentration gradient drops, so does the supply of reactant to
the surface and, therefore, the current also decreases.
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Figure 197. Evolution of the concentration of the active specie in the vicinity of the electrode
surface, before polarization of the elctrode (a), just after applying V2 (b), and several seconds
afterwards (c and d). The graphs in the left show the concentration distribution profiles as a
function of the distance from the electrode, and, on the right column, the colour schemes.



Thus, the current can be studied from a diffusive point of view. The mass transport of reactant through
the diffusion layer owes Fick’s laws of diffusion given in (30). The x coordinate corresponds to the
distance in the perpendicular direction to the electrode surface, [A] is the concentration of the reactant,
and D, its diffusion coefficient.

adl_ D{a [A]j (30)

ot Ox?

The expression for the electrolysis current for a reduction reaction with a constant k..q happening in an
electrode with a given total surface (S) is given by (31), where F is the Faraday constant, and n the
number of electrons involved in the reaction This expression was re-written by Cottrell [4], showing
that it is possible to solve the mass transport equation in terms of the current flux..

I, =-nFSk, [A] (31) — 1] = nFS[j]l?JDiA (32)
Tt

This expression explains the current intensity measured during the chronoamperometry, as I depends

linearly on %ﬁ’ when the reaction is governed by diffusion.

This method is a reliable way of calibrating a sensor. It allows measuring a stable electrochemical
current coming from redox reactions of the species in the solution as a function of the concentration,
minimizing the noise/background signal that may arise from the charge or discharge of the electrodes
or the double layer, as may happen in the voltammograms.

9.3.- ELECTROCHEMICAL CHARACTERIZATIONS OF THE IDES

The measurements reported in this chapter had the objective of studying the electrochemical behaviour
of the electrodes, and optimize the cleaning process, the procedure parameters and the analyte
concentrations. For this purpose, the measurements were done by short-circuiting the two
independent matrix of interdigitated electrodes, so all the results were obtained as a sum of both,
unless the contrary is specified. The electrodes from the first generation (see Chapter 8) were mainly
used. Eventually, some of the second generation were also used; when so, it will be clarified.

9.3-1. Cleaning and activation

Prior to the electrochemical measurements, we observed that an activation process was needed. Right
after the fabrication, the electrodes appeared passivated, probably due to contamination of the surface
during the encapsulation process, or to the presence of remaining PMMA. Superficial oxidation of the
metal at air was sometimes also observed.

For the cleaning process, the electrode was immersed in a KNO3 0.1M solution, and the voltage was
swept between -0.5 V and -1.5 V for several (~ 10) cycles. Under these conditions the water
hydrolyzes and the H, (gas) bubbles and mechanically removes the passivating or contaminating
elements that may lie onto the electrode surface. This method could be too aggressive for the
nanometric electrodes, as the high current flow warmed up the metal and peeled off the digits. To
avoid this, the maximum current was limited at 100 nA, which avoided fatal damage of the devices.

Figure 198 shows current vs time plots, for KNOs and ferricyanide solutions, obtained before and after
the activation of the electrodes. It proves the efficiency of this method for the activation of the
electrodes.
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All the measurements shown from now on were obtained after the activation of the electrodes.

9.3-2. Calibration and measurements for different substances

9.3-2:a.- Ferricyanide

One of the substances used to study the electrochemical signal obtained with the nano-electrodes was
ferricyanide. The redox reaction for this specie is given in (33). An aqueous solution of KNO; (0.1 M)
was used as support electrolyte.

Fe(CN)s” + le” <> Fe(CN)s*" (33)

Voltammograms

Figure 199 (a) shows a voltammogram obtained at a scan rate of 0.1 V/s for a blank solution (KNO;
0.1M), that is not active (light blue line), and for a solution of ferricyanide ImM in KNO; 0.1 M (dark
blue line). In the first case, only the charge and discharge of the electrodes and the double layer is
observed. When active specie is added to the solution, the oxidation and reduction peaks appear added
to the previous signal. This proofs that the electrodes are sensitive to the presence of the ferricyanide.

From this graph, the potentials at which the oxidation and reduction reactions take place for the
experimental conditions of this work can be obtained. The oxidation peak appears at +0.22 V, and
the reduction one at 0.11 V (referred to the Ag/AgCl reference electrode), as shown in Figure 199 (b).
The distance between peaks is 0.110 V. This value is quite far from theoretical value, for a reaction
involving 1 electron, predicted from Nernst equation [3] for a reversible reaction, that is 0.059 V. Slow
electron transfer at the electrodes surface (i.e., “irreversibility”) causes the peak separation to increase.
The cyanides in the solution cause the poisoning of the gold surface, making the reaction less
reversible.
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Figure 199. Voltammograms at 0.1 V/s. (a), comparison between the blank solution of KNO; 0.1M (light
blue line) and a solution of Fe(CN)63- ImM in a 0.1M KNO3 electrolyte (dark blue line). The peak
calculation is shown for the ferricyanide solution in (b).



Chronoamperometry

As it was mentioned above, the typical chronoamperometry procedure (measurement of the electrical
current flow vs time, for a fix applied voltage) consists on starting with a blank solution, and adding a
fix amount of active specie at fix intervals of time, so, afterwards, a calibration can be done.

Figure 200 shows a graph, obtained by adding 1 mL of ferricyanide every 60 s to 100 mL of KNO;
0.1M. The noise introduced by the agitation was comparable to the signal increment, which difficulted
the analysis and quantification of the obtained data.

0.500x107

0.400x107
0.300x107 KAy, \vvl/u
\ WA L V| P Mot A ’
b o W VM‘W‘f'm\Ujb*’A"w"”-m\r”"ﬁ’t*ﬂ"lt”"‘"d”W‘
0.200x107 ! wf
0.100x107 f
S |
- 0 /’WW [ i ]
‘ et e e s e e
-0.100x107 e
-0.200x107
-0.300x107
-0.400x107 : : : : : :
0 100,000 200000 300000  400.000 500,000  600.000  700.000

t/s

Figure 200. Current intensity vs time plot, obtained for a nano-IDEs, by adding 1mL of ferricyanide to
100 mL of KNOj; every 60 seconds. The electrode was polarized at + 0V.

For these reasons, the chronoamperometric process was slightly varied from the conventional
procedure, in order to get a better control and more reproducible measurements, and to measure with
high accuracy the minimum detection limit. For this, as already described, the applied voltage was
stepped, and the resulting current measured as a function of time for solutions with a fix
concentration.

Figure 201 (a) shows the current intensity vs. time obtained for a blank solution, KNO3 0.1M (cyan
line) and for ferricyanide ImM in KNO3 0.1M (dark blue line). The cell was maintained at +0.5V for
30 seconds, and then 0 V applied. This over-potential was chosen according to the results obtained in
the voltammograms (Figure 199).
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Figure 201. (a) Current intensity vs time plot, obtained for a blank solution (KNO3) and for a ferricyanide
solution, ImM. The voltage was swept from +0.5 V to 0 V at t = 30 s. (b) current intensity vs 1/t" plot.
The linear dependence proves that the process is diffusion controlled.
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For both dissolutions a peak is observed when switching the voltage. This has two contributions: (1)
the charge of the double layer and the electrode, that is discharged quickly, and (2) the fact that, when
the voltage is applied, the concentration at the electrode interface is very high, so a large current
intensity begins to flow.

As has been mentioned above, when the voltage is applied, the concentration of Fe(CN)s" at the
electrode surface is the concentration of the solution (bulk). As time goes by, the analyte is consumed:
the ions react and are transformed into Fe(CN)s* so the Fe(CN)s> run down. According to this, the

current intensity depends linearly on 1/ -/t , which is a state controlled by diffusion. Figure 201 (b)

shows the dependence of I on 1/ Jt , and its linear fit. The distance between points is 0.2 s, so in less
than 1s the discharge of the double layer has occurred, and the diffusion controlled regime starts.

After few seconds, the current becomes almost constant. In the KNO; solution, after 15 s
approximately, the current becomes zero, as corresponding to a non electrochemically active solution.
In the case of the ferricyanide, the stable value is that resulting from the redox reactions taking place in
the vicinity of the electrodes surface.

By repeating the chronoamperometric measurements using different concentrations of ferricyanide
(Figure 202 (a)), the sensors can be calibrated. Figure 202 (b) shows the current values at t =45 s (15
seconds after applying the active potential) as a function of the concentration of ferricyanide. The
detection limits and sensitivity for very low concentrations were studied.

e The minimum current that can be detected by the equipment was ~0.1nA, and the noise in the
signal + 0.2 nA. The minimum concentration that can be detected is ~10° M (i.e. 0.3 mg/L),
that gives a signal of 0.5 nA.

e As can be seen in the calibration plot of Figure 202, two regimes appear. For very low
concentrations (below 5-10°*M) the sensitivity is ~8 nA/mM. For higher values (up to mM) an
increased sensitivity was observed: ~ 50 nA/mM (i.e. 150 nA/(mg/L)).

e [t was been observed for other similar sensors that for increasing concentrations, the sensitivity
was reduced again, in a factor of 10. Thus, the optimal sensing range for these sensors is from
510* M to 10° M.
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Figure 202. (a) Current intensity vs time plots, obtained for different concentrations of ferricyanide in a
KNOj; 0.1M solution, for an applied voltage of + 0V. (b) shows the current intensity dependence on the
ferricyanide concentration. This is a calibration plot, so the concentration of an unknown solution can be
estimated by measuring the current at these conditions.



Chapter 9 — Electrode characterization I: Electrochemical measurements

The typical values that can be found in the literature for the minimum concentration and the sensitivity
of other types of electrodes for different electroactive species are similar to those obtained here. For
example, in [5] they reported a sensitivity of 200 nA/(mg/L) and a 0.08 mg/L for the detection of free
chlorine by using gold ultra-micro-electrodes, with an active area of 1.62 mm?®. In [6], they obtained a
minimum detection limit of, 5-10°M, and a sensitivity of 10° nA/M for the detection of arsenic using a
gold—carbon composite electrodes, consisting on flat areas of 18 mm”.

Nevertheless, there are many other state-of-the-art sensors that show much better sensitivity and
resolution, having very large effective areas, and that have been specifically designed and fabricated
for the detection of a certain substance.

On the other hand, it is very difficult to establish a reliable comparison with the characteristics of other
electrodes, as the properties, geometry, area and substances and media used significantly differ ones
from the others.

Comparison with micrometric IDEs.

For this reason, similar devices to those used along this work were also fabricated, but having
micrometric size matrix. For this, in the same mask designed and used for the fabrication of the
contacting pads that were used for the e-beam lithography, some micrometric-size electrodes were also
included and fabricated. The sensors geometry was exactly the same as the nanometric ones: two
active areas were integrated in the same chip (200 pum x 200 pm and 100 pm x 100 pm). The gold
layer of the micro IDEs was thicker than in the case of the nanometric digits (~ 60 nm, compared to 15
nm of the nanometric structures).

They were characterized in the same experimental conditions, and the results used to compare the
resolution and the sensitivity with those already reported above.

Figure 203 shows optical images of the sensors. The area used for characterization of the micrometric
IDE is shown in (a) and that corresponding to the nanometric IDE is shown in (b). In the first case an
area of 200 x 200 pm” was used. Meanwhile, the area of the sensor used for comparison was smaller
(100 x 100 pm?). The insets of the figure show a detail of the digits in both cases. The micrometric
IDE consisted on an array of electrodes, 5 um wide with a separation of 5 um (i.e., a pitch of 10 pm).
The nanolDE was formed by a matrix of IDEs 90 nm wide, with a gap of 280 nm (which is 370 nm
pitch).

Nanometric IDEs

Micrometric IDEs

Figure 203. Images of the micrometric IDEs fabricated by OL (a) compared to the nanometric IDEs (b)
used above. In the first case, the sensor had an area of 200 um x 200 um, filled with electrodes 5 pum
wide, 10 pm pitch. In the second case, the area was 100 um x 100 pm, with electrodes 90 nm wide, 370
nm pitch.
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A simple calculation reveals that the total gold area of the micrometric IDE is more than the double of
that corresponding to the nanometric one.

It can be clearly seen in the calibration plots of Figure 204 that the current flow for a given
concentration is much higher in the nanoelectrodes. When using the microelectrode (red line), a higher
concentration is needed in order to get a measurable signal, so the minimum concentration limit is
higher than those previously shown for a similar nanometric electrode. Also, as deduced from the
slope of the trends, the sensitivity at low concentrations is much higher when the dimensions are in the
nanometric scale. Nevertheless, it has been observed that the saturation point (the sensitivity drops) is
achieved for lower concentrations in the nano-IDE, meaning a shorter optimal optimal detection range.
For the micrometric IDE, this range lies between 0.01 M and 0.5 M.
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Nevertheless, for the characterization in ferricyanide solutions, several problems were encountered.
One is related to the poisoning of the gold surface due to the presence of cyanides in the solution, what
causes the degradation of the signal intensity after few measurements. An activation process
effectively cleaned the electrodes. On the other hand, filtration effects of the ions thorough the PMMA
passivation layer were observed during the measurements, as this lead to a dramatic increase in the
signal when the electrode had been immersed in ferricyanide solutions for several hours. After leaving
the sensor in water for few hours, the filtered substances were removed. This impeded the correct
characterization of the electrodes for high concentrations of ferricyanide (= 0.1 M or above), as when
repeating the measure, the current didn’t stabilize, but incremented continuously.

9.3-2:b.- Ruthenium complexes

The response of the electrodes was also studied in solution of ruthenium complexes (Ru(NHs3)). These
species are commonly used for standard electrochemical characterizations, and have the advantage,
compared to ferricyanide, that do not poison or passivate the gold surface of the electrodes.

The redox reactions for the ruthenium complexes is:

Ru(NH;3)*" + le”  Ru(NH;3)*" (34)

And also in this case, an aqueous solution of KNO; 0.1M was used as support electrolyte.

The electrochemical measurements in ruthenium complexes were done using electrodes of the second
generation. These had an active area of 1 mm x 1.5 mm, what means higher current intensities,
compared to those obtained using the electrodes of the first generation in ferricyanide solutions.



Voltammograms

Figure 205 (a) shows a voltammogram obtained in a Ru(NH;3)*" solution, ImM. The oxidation and
reduction peaks appear at -0.155 V and -0.252 V respectively (referred to an Ag/AgCl RE). This
means 0.097V between peaks, which is closer to the theoretical value (0.059 V) than the distance
between peaks obtained for the ferricyanide solutions, what means that the ruthenium complexes do
not passivate the gold surface, so the redox reaction along a cycle is more reversible.

Figure 205 (b) shows two voltammograms obtained in a Ru(NH;)*" solution, ImM, at two different
scanning ratios: 0.1 V/s (blue line) and 0.01 V/s (red line). In comparison with the plot obtained in (a),
it should be pointed out that the electrodes used had similar characteristics, but the pitch in the second
one was larger, for a same electrode width. This leads to less pronounced peaks, which may be similar
to an ultramicroelectrode array (UMEA) behaviour [7-9]. This means that the peak is not clearly
marked, but instead, a constant value for the current is achieved and maintained for voltages above the
oxidation one, or below the reduction one.
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Figure 205. Voltammograms obtained in
solutions of Ru(NH;3)*" 1mM in KNO; 0.1 M. An
electrode with a milimetric effective area and a
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Some of the electrodes, especially those having large gaps, exhibited a very pronounced
ultramicroelectrode behaviour. This was also very clearly seen when one of the two matrixes of the
IDEs was disconnected, and the voltammograms obtained only by measuring the current thorough the
other one (with this, the pitch of the active electrode was doubled). Figure 205 (c) shows an example:
the oxidation limit current is reached and maintained for voltages above -0.15 V. The used IDE had an
electrode width of 100 nm, and a pitch of 450 nm. By disconnecting one of the matrix, the pitch is 900
nm (the gap between active electrodes is then 800 nm).

Ultramicroelectrode behaviour

Ultramicroelectrode arrays [7-9] (UMEAs) are arrays of electrodes that have a low relation between
the electrode width (w) and gap between them (g). The electrodes size has to be in the order of few
microns or below (25 pm as maximum), and the main requirement is that the separation between them
has to be larger than their width, i.e. g/w > 3.
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As has already been mentioned above, in steady solutions, the evolution of the electrochemical
reactions is governed by diffusion. When the voltage is applied, the reaction consumes the species
around the electrode, and a gradient in the concentration profile appears. This is the diffusion layer
(Figure 2006), that extends up to a distance d from the electrode, and the fresh reactant has to diffuse
thorough it to arrive to the metal electrode. In normal electrodes, the diffusion layer is larger than the
distance between electrodes, so they overlap, and the net flux of reactant is vertical (Figure 206 (a)). In
the UMEAs, the diffusion layer achieved in a readily accessed experiment is smaller than the distance
between electrodes, so the current flux is radial (Figure 206 (b)), and the current flux (~ current
intensity/gold area) in each electrode is higher than in the previous case. This configuration leads to a
high signal-to-noise ratio on one side, and to a better exploitation of the total area on the other. For
these reasons, UMEAs are convenient for the detection of very low concentrations of specimens.

@ \ertical Flux (®) UMEA - Radial Flux

T N
o

Figure 206. Schemes of the diffusion layers distribution in normal structured electrodes (a) and in a
ultramicroelectrode array (b). When the separation between electrodes is smaller than the extension of
the diffusion layer, they overlap, and the flux of fresh reactive is vertical. In the UMEA, the distance
between the electrodes is larger than the radio of the diffusion layers, so they are independent, and the
flux at each one is radial.

This especial geometry leads to current trends like those shown in Figure 205, as the drop of the
current when the diffusion layer increases (this is, the peaks) is not so pronounced as in conventional
electrodes.

Some of the electrodes used in this work comply with these requirements, so the current flow in each
digit is higher than in other cases, which makes the nIDEs suitable for the sensing and quantification at
very low concentrations of specimens.

9.3-2:c.- Dopamine

A more complex specie, this is, dopamine, was also used to test the electrochemical response of the
nIDEs. Its detection and quantification is a very interesting and challenging task in biomedicine [10,
11], as dopamine acts as a neuromodulator in the brain [12], and its lack or anormal levels are related
to degenerative diseases of the nervous system [13].

The redox reactions of this specie involve 2 electrons:

HO NH* o NH3*
U\/—‘ D/\/ + 2H" + 2¢ (35)
HO 0]

One of the main problems to study the dopamine signal in vivois a pH shift. Changes in extracellular
pH cause broad changesin the background of the electrode signal as a result of protonation and
deprotonation of surface groups, and changes in the peak positions [14]. To reproduce the optimal
media for the reactions, an alkaline buffer solution of phosphate with a pH= 7.4 (i.e., the blood pH)
was prepared as supporting electrolyte for the dopamine solutions.



Electrodes of the first generation were used for these measurements.

Voltammograms

For this substance, it was very challenging to obtain a clear definition of the redox peaks in the
voltammograms. Even for further activation processes and wider voltages sweep (up to 0.8 V) no real
definition of the peaks was observed. Nevertheless, a clear difference in the signal when compared to

the blank solution (phosphate) was observed, as can be seen in Figure 207 by comparing the dotted
line with the solid ones, obtained for different concentrations of dopamine.
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Figure 207. Voltammograms obtained in phosphate solutions, having different
concentrations of dopamine., at a scanning ratio of 0.1 V/s.

As a tentative calibration, a plot of the current intensity at maximum (green line) and at the oxidation
voltage (~ 0.25V) (blue line) as a function of the different concentrations is shown in Figure 208, with
the corresponding sensitivities calculated without taking into accounting current intensity value
obtained for the higher concentration of dopamine (0.9 mM).
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Chronoamperometry

The chronoamperometric measurements were performed in a similar way to that described above. The
potential was stepped from 0V to + 0.5V. Figure 209 shows the intensity profiles vs time trends for
various concentrations of dopamine in the buffer solution, ranging from 10°M up to 10°M.
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Figure 209. Current intensity vs time plots, obtained in dopamine solutions (in a phosphate buffer) by
polarizing the electrodes at 0.5 V (at t=30s).

A calibration plot was obtained as well from these data. Figure 210 shows the dependence of the
current intensity on the concentration. It shows a linear tendency for concentrations below 0.5 mM.
After that, the sensor reaches a saturation range, and the sensitivity decreases. For that optimal range, a
sensitivity of 26 nA/mM was obtained.
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In comparison with the calibration plot obtained from the voltammograms, in this second case, a linear
trend is still observed for higher concentrations, and more accurate measurements can be performed
for low concentrations, as the noise is lower and resolution and the sensitivity higher.

All these data show the correct performance of the nano-IDEs for electrochemical sensing and
biosensing. The figure of merit of the electrodes places them among the electrodes that can be found in
the literature, showing good sensitivity and resolution for low concentrations of the active species, as
other ultra-micro-electrode arrays which typical dimensions are micrometric, and that have much

larger active areas.
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Chapter 10

Electrode characterization l:
Impedance Spectroscopy

Applications:
Nanoparticle quantification and
DNA hybridization detection

Impedance spectroscopy is a powerful method that allows detecting small
changes in a liquid media and/or in the electrode surface, that can be related
to several phenomena. For example, a change in the specimen
concentration, an affinity binding, a selective recognition, or many other
events that may difficult to “observe”, can be detected with this technique.

In this chapter we will introduce the fundamental concepts of impedimetric
spectroscopy and the equivalent circuit models. Standard characterizations
performed with the nanometric IDEs to study the response of the devices
under different conditions will be reported.

Two applications showing the use of the devices for (bio)sensing will be
presented: the detection and quantization of nanoparticles, and the detection
of DNA hybridization on the electrodes surface.
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10.1.- INTRODUCTION TO IMPEDANCE SPECTROSCOPY

Impedance spectroscopy is a very versatile electrochemical tool to characterize intrinsic electrical
properties of any material or solution and its interface [1]. It analyzes the impedance (Z = V/I) of the
observed system as a function of the frequency and exciting signal. This analysis provides quantitative
information about the conductance, the dielectric coefficient, the static properties of the interfaces of a
system, and its dynamic change due to adsorption or charge-transfer phenomena. A low amplitude is
generally used, which facilitates a non-invasive observation of any sample without any or less
influence on the electrochemical state.

10.1-1. Impedances

The alternating current (a.c.) measurements exploit their ability to scan the frequency domain,
allowing separate excitation of different processes with different time constants. Therefore, slow
processes like chemical reactions and fast processes like ionic conduction can be studied individually
this way.

For a sinusoidal signal with an amplitude V, the applied voltage, V(t) can be expressed as:
V(t)=V,sen(wt) =V,e"” (36)

As a consequence, a sinusoidal current is generated, I(t), that may have a phase delay, ¢, with respect
to V(t). Its expression, in the stationary regime, is given by:

I(t) = I ,sen(wt + @) = 1, e™™ (37)
Thus, by combining (36) and (37), the impedance of the media is obtained:
7= Z‘je"" (38)
This assumption needs a linear dependence of the current intensity on the applied potential, which is
not usually true when dealing with electrochemical systems. An example of non-linear system is

shown in Figure 211 (a). Nevertheless, if the amplitude of the a.c. signal is small, the obtained
response can be considered linear (Figure 211 (b)), and the expressions obtained for Z(w) are valid.
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The impedances corresponding to the conventional components of an electric circuit can be easily

calculated from their relations between I and V. These are listed in Table 8.

Table 8 — Circuit elements, relationship between V and I, and the
corresponding expression for the impedance, Z.

Resistor V=IR 7Z =R
Capacit [=c. v z- !
apacitor =C-— =—
P dt joC
dl .
Inductor V=L- = Z=joL

The total impedance of a circuit with different elements can be calculated by adding their
corresponding impedances if they are combined in serie, or their inverses, if they appear in parallel, as

schematized in Figure 212.

(a) Serie (b) Parallel
Z
— 4 L+ 4y —- 2
Z3
1 1 1
L, =2L,+7Z,+.. —— =+ —+..
Ztat Zl ZZ

Figure 212. Combination of impedances, in series (a), and in parallel (b), and the
corresponding expression to calculate the resulting total impedance of the system.

10.1-2. Impedance spectra

The impedance can be expressed in terms of a real (Z’) and an imaginary part (Z2”):

Z=27+;7" (39)

The understanding of the impedance in this form leads to the most common representation of the
experimental data: the so-called Nyquist plot (Figure 213 (a)). Here, the real part is plotted on the X
axis and the imaginary part on the Y axis of a chart. Each point on the Nyquist plot is the impedance at
one frequency. Usually, for the data obtained in electrochemical cells, the frequency increases

leftwards.

From this representation the frequency value or its ratio of increment cannot be deduced, so it is
generally complemented with Bode plots (Figure 213 (b)), where the impedance modulus (top) and

the phase angle (bottom) are explicitly plotted as a function of the frequency (log).
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Figure 213. Data representation: Nyquist plot (a), where the imaginary part of the impedance (Z”) is plot
as a function of the real part (Z’) for each frequency. In the example of the figure, low frequencies are in
the right part of the graph, and high ones in the left. In the Bode plots (b), the modulus of the impedance
(IZ]) and the phase angle (@) are plot as a function of the frequency, as shown in the top and bottom
graphs respectively.

10.1-3. Equivalent circuits
How does this apply to an electrochemical cell?

The general behaviour of an electrode immersed in a (liquid) media excited with an a.c. signal can be
explained with an equivalent electric circuit, where the different responses and movements of the
charges involved can be represented with resistors, capacitors or inductors. The equivalent circuits can
be further used for a deeper understanding of the system behaviour, for modellization and for the
calculation of the values of various parameters.

10.1-3:a.- Equivalent Circuit Elements

The study of the elements involved in an equivalent circuit may be very complicated, as the cells and
the reactions involved sometimes are very complex. For example, redox reactions taking place at the
electrode can be represented as a charge-transfer resistance. Diffusion processes (needed also for the
red/ox reactions) can create an impedance known as the Warburg impedance, that depends on the
frequency of the potential perturbation. To simplify, here we will describe briefly only the terms
related to the response of the IDEs immersed in inert pure liquids or aqueous solutions.

Figure 214 (a) is a drawing of the different zones that contribute to the impedimetric signal when the
electrodes are polarized: the double layer (A), the media (B) and the substrate (C).
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Figure 214. Different parts of the polarized electrodes in a solution, necessary to describe the electric
model (a). Three parts appear: the double layer (A), the liquid (B) and the substrate (C). In (b), a scheme
of double layer is shown: when the electrode is polarized, a high concentration of ions with the opposite
charge are attracted very close to the surface. lons of the opposite charge form a second layer next to the
first ones, screening the charge accumulation.



A. The double Layer appears as a consequence of the polarization (charging) of the metal electrodes:
the ions in the liquid media, having the opposite charge of that of the electrode, are attracted and
surround the metal surface. To screen this charge accumulation, the concentration of ions of the
opposite charge increases in the vicinity (Figure 214 (b)). These two charges distributions with
opposite signs form the double layer, that acts as a capacitor. The value of the double layer capacitance
(Ca1) depends on many variables including electrode potential, temperature, ionic concentrations, types
of ions, oxide layers, electrode roughness, impurity adsorption, etc.

It should be taken into account that what we consider as capacitors in the equivalent circuits, actually,
in impedimetric spectroscopy experiments often do not behave ideally. Instead, they act like a
constant phase element (CPE) as defined in (40), where 0< o <1. For an ideal capacitor, a =1.

-
C(jo)*

z CPE

(40)

B. The liquid media (or solution) where the electrode is immersed, has itself a certain resistance (R;)
and capacitance (Cgie1), that also depend on the presence of mobile charges. The solution resistance is
often a significant factor in the impedance of an electrochemical cell. The resistance and capacitance
of an ionic solution depend on the ionic concentration, type of ions, temperature and the geometry of
the area in which current is carried.

C. The substrate parasitic capacitance and resistance appears as a consequence of the dielectric
nature of the Si0,/Si substrate. The current flow thorough the substrate can be neglected, compared to
that in the liquid, but the charge storage (parasitic capacitance) needs to be taken into account for
modelling the equivalent circuit. It can be easily measured from an impedimetric spectra obtained with
the electrode at air.

10.1-3:b.- Equivalent circuit models

Whit these elements, an equivalent circuit that reproduces the electric behaviour of the polarized
electrodes in a liquid media can be constructed.

The simplest representation of a solid electrolyte cell in terms of an equivalent circuit and the
correspondent impedance spectrum are depicted in Figure 215. Each semicircle (b) is associated to a
RC sub-circuit (a), that is, to a time constant T (t =1/RC) and subsequently to a process in the cell.
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This model is a simple model, and it is usually varied, so more elements are needed, in different
combinations and configurations.
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10.1-4. Electric model for Interdigitated nanoelectrodes

Impedimetric spectroscopy allows direct detection, avoiding the use of radioactive, fluorescent,
enzymatic or electrochemical labels or signal enhancement. In principle, IDEs have several advantages
over conventional electrodes for bio-sensing. The main one is an improved sensitivity compared to
non-structured electrodes, owing to the electric field concentration in the area in-between the digits,
what can be exploited for the sensing of target elements of size similar to this gap. Thus, when the
target element is very small (i.e., in the nanometric scale), the nano-IDEs can be tailored to improve
the sensitivity, compared to micrometric electrodes.

The electric field distribution in-between the digits and in the area surrounding the electrodes can be
theoretically calculated from Laplace equation, under the appropriate boundary conditions, where o is
the electric potential.

V=0 (1)

This was solved in [2], and the resulting plot for the current flow around the digits is shown in Figure
216. A very important conclusion that can be extracted from this graph is that almost all the current
and the “activity” is taking place below a vertical distance that is in the same order of magnitude of the
pitch of the array (L): 95% is below L, and >99% below 2L. This means that, in order to maximize the
sensitivity of the device, it is convenient to fabricate electrodes which characteristic dimensions are in
the same range of the size of the target element. In addition, when the sensor surface is functionalized
for selective recognition, the changes will take place also in a vertical distance ~L. This fact has to be
borne in mind for the design of the geometric parameters for each specific application.

2L —

e T

Figure 216. Calculated current
comprisement of interdigitated electrodes.
The gap between the electrodes is equal to the
electrode width. A curve of e.g. 80% means
that 80% of the current flows beneath the
curve. [2]

The circuits associated to the metallic nano-IDEs into a liquid are a little bit more complex than the
basic cells shown previously. Figure 217 (a) shows the model proposed by Gerwen et. al. [2, 3]. The
upper half plane represents the solution with its resistance (Ry,) and capacitances (Cgie)) and the
double layer capacitance (Cq). The bottom half plane represents the dielectric layer on top of the
silicon substrate. It can be seen that for an oxide thickness larger than the pitch of the electrodes array,
the capacitances C are negligible compared to the capacitance Cox in the bottom half —plane. The
electrodes that were used in this work had an oxide layer of 1.5 um, and the typical pitch of the
electrodes was < 400 nm. This allows us to neglect the capacitance C when building the equivalent
circuit. As it has been mentioned above, a measurement of the capacitance at air gives the value of the
remaining C,y, (parasitic capacitance). Subtracting this value to the rest of the measurements (in liquid
media) allows obtaining rough information of only the upper part of the cell (Figure 217 (b)).
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Figure 217. Equivalent circuits. (a) Unity cell with different impedance components. The lower half
plane contains the capacitance through the oxide Cox and the capacitance C going to the conductive Si
substrate. The upper half plane contains two paths: the dielectric capacitance Cg; of the solvent, i.e. water,
and the path containing the resistance of the solution Ry, in series with the double layer capacitances Cy
at the electrodes. (b) A simplified equivalent circuit representing the impedimetric response of IDEs in
aqueous solution. This circuit contains the upper half plane of (a). [2]

This model reproduced quite well our experimental results. But, for a finer fit, slight modifications had
to be considered as will be shown next, for the results obtained from standard characterizations.

10.2.- GENERAL CHARACTERIZATION

The general dependence of the impedance of the electrodes/solution system on the frequency was
studied for two cases: for solutions with various conductivities (aqueous solutions with different
concentrations of NaCl) and for different &, (pure liquids of different natures).

10.2-1. Experimental set-up

For the experiments, a Solartron equipment [4] was used, as shown in Figure 218 (a). A detail of the
electrode connected to the equipment and immersed in a liquid sample can be seen in Figure 218 (b).

(b)

Figure 218. Equipment used (a) with the potentiostat and the frequency response analyzer, from
Solartron, and detail of one electrode (b), connected for impedance spectroscopy performance, immersed
in the liquid sample.
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10.2-2. Dependence on the conductivity

To characterize the impedimetric signal of the nano-IDEs for medias with different conductivities, the
impedance-frequency response was studied to aqueous solutions with different NaCl concentrations.
The salt dissolved in DI water adds ions to the media, increasing its conductivity. Solutions with
concentrations varying from 10* M to 0.1 M were prepared. Figure 219 shows the dependence of
various parameters (|Z], ¢ and C) on the frequency (a, b and c, respectively) and the Nyquist (Z’ vs Z”)
plot (d), for each dissolution.
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Figure 219. Bode plot (|Z| and ¢ as a function of the frequency) (a) and (b) -:-:20C| o
respectively, obtained for different H20 and different concentrations of . NZO E:g; 10°M
NaCl (aq.). (c) shows the dependence of the capacitance on the frequency, —e=NaCl (aq) 10°M
and (d) the Nyquist plot for the solutions. —=e=NaCl (ag) 10M

All the parameters show different responses for each concentration of NaCl, showing that the number
of ions present in the media influences the signal. For the nano-IDEs studied, the parameter where the
differences can be more clearly observed is the capacitance. In the spectrum shown in Figure 219 (c)
it can be observed that there are two values for the capacitance: the low-frequency one, (28 pF) and the
high frequency one, (10 pF). The frequency at which C drops from one value to the other one
depends on the concentration of the solution.

For a deeper study of the results, the spectra were fitted attending to electric models based on that
shown previously in (Figure 217(b)). The simulations of the frequency response of the equivalent
circuits were done with the same software used to record the experimental data (Zplot and Zview).
Figure 220 (a) shows the experimental data (green line) and the modelled response obtained using two
different equivalent circuits that are shown in Figure 220 (b) and (c). First, the double layer was
represented as a capacitor (Figure 220 (b)), but the resulting trend (dashed line) didn’t fit the slope of
the capacitance for low frequencies. If the double layer was simulated with a constant phase element
(CPE) (circuit in Figure 220 (c)), the concordance with the experimental results was improved (dash-
dot line).
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Figure 220. (a) Comparison of the measured capacitance as a function of the frequency for an aqueous
solution of NaCl, 10° M (green line), with the simulations obtained with the equivalent circuits shown in
(b) and (c) (discontinuous black lines). In (b), the double layer is modelled as an ideal capacitor (dash-dot
line in (a)). In (c), it has been modelled as a constant phase element (CPE) (dashed line in (a)). Both
models fit quite well the experimental response for frequencies above 5-10* Hz, but below that (the double
layer is the dominant capacitance), the circuit in (c) shows the best fit.

By using the electric model of Figure 220 (c), the values of the Cgict, Cparasitic, CPE(double layer) and
R0 can be estimated for the studied solutions.

Figure 221 shows the experimental spectra obtained for DI water (blue line), and for two dissolutions
with different NaCl concentrations (10°M - green line, and 10”M - dark yellow line). The black lines
correspond to the fitting plots obtained with the equivalent circuit. Table 9 shows the values of Ry, and
Cuiel obtained for different concentrations. The values of CPE (common for all the spectra) are 40 pF,
and 0=0.97, which, as expected, is very close to 1, indicating that the double layer capacitance is
almost an ideal capacitor. The capacitance of the substrate (Cparasit) is ~9 pF, as obtained from the fit,
and that agrees with the measurements with the electrode at air.

Table 9. Tabulated values for the

30 different R and C of the circuit.
251 [NaCl]  Rsi(Q)  Ceiel (pF)
™
o 20 H20 1.3107 1.5
© 15 10“4M 6.510° 1.8
10 10-M 8.8104 24
T 102M 1.4104 2.3
10° 10> 10* 10° 10° 10
Frequency (HZ) CPE1=CPE2=32 pF, 0=0.97

Cparasit: 8.8 pF

Figure 221. Simulations for C as a function of the frequency (black lines), obtained with the equivalent
circuit shown in Figure 220 (c) compared to the experimental spectra for DI water (blue line), and NaCl
aqueous solutions 10°M and 10 M (green and dark yellow lines, respectively). The modellization gave
the general values for the electrode of the capacitance of the double layer (CPE; and CPE, and o) and that
of the substrate (Cpgrasit) sShown in Table 9, and, as listed, the values of Ry, and C can be also obtained for
each concentration.
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10.2-3. Dependence on the permittivity (&)

Figure 222 shows the dependence of the capacitance on the frequency for liquids with different
permittivity, such as water, acetonitrile, ethanol, tetrahydrofurane (THF), hexane and air.
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Figure 222. Dependence of the impedimetric signal (capacitance vs frequency) for various liquid medias
with different permitivities: DI water (¢,=80.1), acetonitrile (¢=36.6), ethanol (¢=25.3), tetrahydrofurane
THF (g=7.5), hexane (¢,~1.89) and air (g=1).

Each liquid responds in a different way to the a.c. voltage. For those with lower dielectric constants
(&r), the capacitance of the media is reduced, obviously, as expressed for a capacitor.
A
C=¢¢&,— (42)
Figure 223 shows the dependence of the capacitance on the dielectric constant of the media. The C
values correspond to those measured at high frequency (5-10° Hz), that is when the other possible

slower processes that may contribute to the capacitance are not observed anymore. A linear
relationship is observed, as the results are compared for the same electrodes (i.e., same A/d).
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Apart from the standard characterizations to study the impedimetric response of the electrodes, original
applications were proposed, to take advantage of the high sensitivity of the electrodes, especially at
short distances from the electrodes surface. Three different applications were addressed: detection of

insulating nanoparticles, quantification of very small conductive gold nanoparticles and detection of
the hybridization event of complementary DNA strands.



10.3.- APPLICATION I: NANOPARTICLE DETECTION

Inorganic nanoparticles [np] can nowadays be synthesized in a routinely way with a wide spectrum of
materials and sizes. They can be used as connection elements for addressing small molecules. A large
number of surface chemistry processes have been developed for functionalization of the np, so specific
molecules and biomolecules can be attached to their surfaces. These advances enable to envision their
use inside new generation biochips as specific labelling objects or for signal enhancement. This kind of
application raises the problem of their on-chip detection. In this work, we propose to investigate the
response of interdigitated nanoelectrodes in the presence of nanoparticles with different properties and
sizes (i.e. metallic and insulating).

10.3-1. Conductive nanoparticles

The detection and/or quantification of gold nanoparticles is interesting for several reasons. One is that
they can be easily synthesized with a good control of the diameter, and then functionalized (e.g., with
thiols) for their use in selective recognition and/or signal enhancement. On the other hand, they are
interesting themselves, as they are associated to contamination effects, and, due to their small size,
they can have toxic effects in living organisms. Thus, a quantitative control of their concentration may
have interesting applications for the use of the IDEs for security or environmental devices.

10.3-1:a.- Synthesis of the particles

The nanoparticles were provided by the group of Arben Mercogi, from ICN”, in the framework of the
project Consolider NanoBioMed. Nanoparticles study is one of the major tasks of the project:
synthesis, detection and functionalization for bio-medical applications.

The gold nanoparticles were home-made, synthesized following the procedures described in [5]. The
resulting diameter was 15 nm, and, due to the process, they appear charged.

Dilutions from the original suspension were prepared (Figure 224), with concentrations from 0.05% in
volume' down to 5107 % in volume.

Figure 224. Different concentrations of
the nanoparticles in aqueous suspensions,
ranging from 5:107 down to 5-10° % in
vol.

Nanoparticles concentration

" ICN - Institut Catala de Nanotecnologia. Campus de la UAB. 08193, Bellaterra (Spain).
195 in volume: percentage of liquid volume occupied by the nanoparticles. For nanoparticles with a diameter of 15 nm, 1%
in vol. corresponds to 5.6:10% np/L.
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10.3-1:b.- Spectra

The measurements were performed just by immersing the electrode in the eppendorf tubes containing
the aqueous suspensions of Au nanoparticles, that were agitated just before, to ensure a good
homogeneity of the [np] distribution.

The impedance spectra obtained for the different concentrations of Au np are shown in Figure 225.
The lines corresponding to DI water and air have been plotted also (blue and black lines, respectively).
These results are very similar to those shown in Figure 219, obtained for aqueous solutions with
different concentrations of Na" CI” ions.

o5 1\ Gold nanoparticles
'\-\ $=15nm
Figure 225. Capacitance
™ measured for aqueous
> suspensions containing different
S concentrations of gold
O'g nanoparticles, as a function of

the frequency.

Substrate (Air)

10° 10* 10° 10° 10’
Frequency (Hz)

As it has been mentioned above, the nanoparticles were negatively charged, and, as their diameter was
very small compared to the typical dimensions of the electrodes, they would be able to follow the a.c.
field that appears in-between the electrodes, behaving like the ions in the salt dissolutions previously
shown. A schematic view of the situation is shown in Figure 226.

- N Lo Figure 226. Scheme of the effect
’ PR ’ <o~
, . , \ of the presence of the gold
R Somes e * nanoparticles (15 nm diameter)
I S N T in the aqueous media: their small
[ T ek oY size and the fact that they are
PR N .0 \ .
IR S W T A S charged improves the total
il IR GG ML B I S oV o . .

RN N  J T S ot L capacitance of the media, as they

E:r.:::'-:fq Ei = t:s:_:j can follow the electric field.

Figure 227 shows the capacitance as a function of the concentration of nanoparticles for different
frequencies. A higher sensitivity is obtained for low frequencies (as could be already deduced from
Figure 225), where a logarithmic dependence is obtained. By extrapolation of these lines, the lower
limit for the nanoparticles concentration that can be detected by the sensor can be obtained for
different frequencies.
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The expressions obtained for the fit for the graph corresponding to 200 Hz and 1000 Hz are given in
(43) and (44) respectively. The limit has been obtained by setting the minimum capacitance that can be
detected as that corresponding to DI water for each frequency, that are 18.5 pF and 14 pF for the
studied frequencies. This leads to a minimum detection limit of 2.5:10°® % in vol.* and 3.4-10” % in
vol.} for 200 Ha and 1000 Hz respectively.

Freq =200 Hz C([np]) = 5pF + log([np]) + 40 pF [0p]min=2.5-10" % vol ~ (43)

Freq = 1000 Hz C([np]) = 3pF + log([np]) + 30 pF [0p]min = 3.4-107° % vol (44)

It should be pointed out that the graph of Figure 227 is a calibration plot, that represents the
dependence of a given parameter (C, in this case) on the nanoparticles concentration. With this, by
measuring the capacitance and extrapolation or interpolation of the point, the concentration of gold
nanoparticles of an unknown solution can be determined with the nanolDEs sensors.

In order to check the advantages of the nanodimensions of the electrodes, the measurements were
repeated with a similar sensor with typical dimensions in the micrometric range. As already described
in the previous chapter, a batch of similar sensors but having micrometric-size pitch and width was
fabricated for this pourpose. Figure 228 shows a direct comparison of the results previously shown for
a nanometric IDEs (left) and repeated for a micrometric IDEs (right). Both graphs have the same scale
in the x and y axes. It should be remarked that the gold layer in the micrometric IDEs was ~ 100 nm
thick, compared to ~ 20 nm in the nanometric case. Also, even if the patterned area was similar in both
cases (200 um x 200 pum), the total area of gold was the double in the micrometric case, as the
electrodes were 10 pm picth, 10 um wide, compared to 450 nm pitch 100 nm wide of the nanometric
ones. Even though, an evident increase in the sensitivity and in the signal can be observed when using
a device with nanometric electrodes.

£2.510% % in vol = 1.4-10'° np/L
¥3.4.10” % in vol =1.9-10° np/L
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Figure 228. Comparison of spectra obtained for two different sensors, with different lateral sizes:
nanometric (a) and micrometric (b) digits. The total capacitance was measured for different
concentrations of AuNP in an aqueous media.

In this case, concentrations of 5-10° % in vol. could not be distinguished from the DI water signal, or
gave a signal below the water one. Even more, for this sensor, the sensitivity is lower, and the optimal
range of frequencies for detection should be chosen as a function of the concentration, as the signal,
for a fix frequency, does not change for all the variety of concentrations used here.

10.3-2. Insulating nanoparticles

The second type of nanoparticles to be detected and quantified by means of impedimetric spectroscopy
using the nano-IDEs-based sensors were insulating “big” nanoparticles. For this, commercial latex and
silica nanoparticles, 300 nm diameter, were used.

This type of nanoparticles is interesting, as they can be functionalized and used for selective detection
of species, proteins or other biomolecules that are more difficult to detect alone. It should be pointed
out also that this type of “inert” and insulating nanoparticles are difficult to detect and/or quantify with
other methods different from impedimetric spectroscopy, as they are non-interactive.

During the experimental characterizations, we found that the obtained data were not reproducible, as a
consequence of the np precipitation onto the electrode surface. This made the direct measure of the np
in the liquid suspension an arduous task.

For this reason, we changed the procedure. Instead of measuring directly in the liquid, the np were
precipitated in a controlled way and the signal obtained afterwards was compared with that obtained
previously without the nanoparticles.

For this, a drop of the liquid was deposited onto the sensor surface (in horizontal position), and left
until the liquid completely evaporated, so all the nanoparticles of the drop precipitated onto the sensor
surface.

In order to check the surface coverage obtained for different concentrations of nanoparticles, previous
precipitation tests were performed on a non-patterned silicon surface, and the number of np per area
measured from SEM images (Figure 229). Full-coverage of the surface was obtained for the
suspensions containing 1% and 0.1% of np in volume™. For a concentration ten times lower (0.01%),
50 particles per 100 um” were obtained, and 5 np/100 pm? in the most diluted case (0.001%).

™ For these nanoparticles, 300 nm diameter, 1% in volume corresponds to 7.1:10"® np/L
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Figure 229. Concentrations of latex nanoparticles obtained by drying drops of aqueous suspensions of
nanoparticles with different concentrations (% in volume) deposited onto a flat surface. The number of
np/ um” can be estimated from these images: Full-coverage is obtained for the suspensions of 1% and
0.1% in volume; 50 np/ 100um’ are counted for the 0.01%, and 5 for the 0.001% suspensions.

To analyze the impedimetric signal for the nano-IDEs covered with different concentrations of
nanoparticles, a drop of suspension with the desired concentration was deposited onto the sensor
surface. It was left until the liquid had evaporated, so all the nanoparticles had precipitated onto the
surface. Then, the sensors were immersed in DI water, and the impedance spectra recorded. We
checked with SEM images that they remained stuck to the surface even when immersed in water again.
To minimize the possible desorption, the spectra where recorded with the electrode in an horizontal
position. Figure 230 shows SEM images of the nanoparticles, precipitated onto the electrode surface.
In this case, the electrodes gap was tailored (300 nm wide) so the nanoparticles (300 nm diameter)
fitted in-between.

Figure 230. SEM images of silica nanoparticles deposited onto a nano-IDEs, with different
magnifications. The gap in-between the digits was tailored to have the same size of the nanoparticles
diameter (this is, 300 nm). As observed in the images, the particles stand in the gap in-between the digits.
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Figure 231 shows the results obtained in two different cases: for very high and very low concentrations
of nanoparticles. In the first one (Figure 231 (a)), the nanoparticles covered the major part of the area
of the sensor. As a result, the total capacitance measured by the sensor significantly decreases, at high
and low frequencies. In the second case, highly diluted suspensions were used. To obtain the different
spectra shown in Figure 231 (b), one drop was deposited and left to dry, and then, the impedance
recorded in water (green line). Then a second similar drop was deposited onto the same electrode and
left to dry again, in order to obtain the double concentration of nanoparticles. The process was repeated
once again, for a three-times concentration (red line), and so on. In this case, the changes were very
small, but still detectable, especially at high frequencies, as can be seen in Figure 231 (b).

High concentration Low concentration

(a) (b)

2.8*101
TR
- DI water et L
Q . v - DI water
1.8*10-1 S} 0.00 >
0 10811 .00T% artic
5 [
L1 /0 - 0.003% nanoparticles
L —~— — 1%11 1 1 1 1 1 1 1 1
080\ v i i ¢ o
108 104 108 108 107

Frequency (H)
Frecuency (Hz)

Figure 231. Spectras obtained measuring the total capacitance as a function of the frequency for different
concentrations of the nanoparticles. In (a), a drop of a solution containing a very high concentration of
nanoparticle s was dried onto the electrodes (total coverage). The capacitance is significantly reduced, as
a consequence of the change in the dielectric constant in the area around the digits. In (b), very low
concentrations were used (very few nanoparticles lie onto the sensor). The change in the high-frequency
capacitance can be detected for concentrations as low as 0.001% in volume.

The presence of “big” insulating nanoparticles has completely different effect from that described for
the conductive “small” ones described before. These nanoparticles lye in-between the digits, and
inhibit the ions or molecules to be attracted to the electrodes when the electric field is created, as it is
schematized in Figure 232. Thus, the capacitance measured by the sensor is reduced. The more

nanoparticles deposited, the more it decreases, as a consequence of the decrease in the active area of
the sensor.
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The detection and quantification of different types of nanoparticles is an interesting task itself. For the
case of gold nanoparticles, environmental or health security may profit of the sensitivity of these
sensors, to determine and control the number of np in a volume. In the second case, the detection of
insulating nanoparticles it’s a challenging task, as they do not actively interact with the receptors.
Impedimetric spectroscopy is a suitable technique for this task.



Even further, both types of nanoparticles can be functionalized, and used for more complex
applications, such as specific recognition, or for signal enhancement, as schematized in Figure 233.
The development and study of these applications leave an open research line for future works in the
use of the nano-IDEs as (bio)sensors.

O\<‘ | ]
. d
\é) f Figure 233. Scheme of one possible application of
9 the detection of nanoparticles, for specific
| M kd M | recognition or for signal enhancement.

Next, another different application will be described, where the gold nanoparticles were secondarily
used, to enhance the signal obtained after hybridization of DNA.

10.4.- APPLICATION II: DETECTION OF DNA HYBRIDIZATION

The development of DNA-biosensors (genosensors), has been offering a valid alternative to the more
classical methods for DNA analysis. In fact, these devices present several advantages in comparison
with traditional approaches, such as low cost, rapid analysis, possibility of miniaturization and analysis
in situ [6, 7]. Recently, among available electrochemical techniques, impedance spectroscopy [1] is
rapidly developing as a tool for studying DNA hybridization [8]. This is due to its ability to directly
probe the interfacial properties (capacitance, charge transfer resistance) of modified electrodes [9, 10].

The binding of target molecules to the probes (immobilised onto the biosensor surface) causes
changes in the vicinity of the digits. Using an impedance spectroscopy with a nano-IDE sensor, these
changes can be detected as a shift in the impedance, yielding a direct electrical signal related to the
binding.

Taking advantage of the high sensitivity of the sensors to the changes at the sample surface and in-
between the digits, the hybridization (or not) of DNA can be detected. This application is currently
being developed in the framework of the project NanoBioMed, in collaboration with M. del Valle and
A. Bonnani, from the Chemistry department of UAB'.

" UAB — Departamento de Quimica. Universitat Auténoma de Barcelona. 08193 — Bellaterra (Spain)
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10.4-1. Adenine (20 bases)

The first experiments were performed with zest DNA strands (20 bases). All DNA stock solutions were
prepared with sterilized and doubly distilled water and kept frozen until used. Their bases sequences
are shown in Table 10:

Table 10. Lines and gene sequences used for the experiments

Probe: d(pT)20 (20 mer):
S5-TTTTTTTTTTTTTTTTTTTT-3

Target: d(pA)20-bio (20 mer):
5’-AAAAAAAAAAAAAAAAAAAA-3’ (modified with biotin in 5" end)

Target (negative control): d(pA)20 (20 mer):
5-AAAAAAAAAAAAAAAAAAAA-3’

The protocol had been already optimized and used to detect these gene sequences using graphite—
epoxy composite electrodes and measuring the change of interfacial charge transfer resistance using a
redox marker[11].

In this work, we followed a similar procedure for the absorption and incubation of the different DNA,
and the impedance spectra were recorded in DI water, as the electrodes were sensitive enough to
directly detect changes in the capacitance.

The process protocol is schematized in Figure 234:
1. A first blank measure was performed in DI water, with clean IDEs surface.

2. Physical absorption of the DNA probe. A drop (10 pL) of a solution (TSC1%#) containing 30
pmol of the probe DNA was deposited onto the sensors surface, and left in an oven at 80°C
during 30 minutes, so the strands were physically absorbed to the surface. A washing step with
TSC2* buffer thus eliminated all remaining non-adhered material and/or salt from the solution.

3. Hybridization of target. The modified IDEs with DNA probe were incubated by dropping 30
pmol of biotinylated complementary target oligonucleotide in TSCI1 buffer solution (total
volume 10 pL). It was then incubated at room temperature during 30 min. This step was
followed by a gentle washing step in TSC2 buffer solution.

4. Adhesion of AuNP for signal enhancement. A final incubation in a PBS™ solution
containing strept-AuNPs was performed, to induce the adhesion of the np to the hybridized
target DNA, for signal enhancement. Streptavidin-coated gold nanoparticles (AuNPs) were
used in this work to amplify the impedimetric signal generated in a biosensor detecting the
DNA hybridization event.

13 TSC1: 0.75M NacCl, 0.075M trisodium citrate, pH 7.0
§§ TSC2: 0.30M NacCl, 0.030M trisodium citrate, pH 7.0
*** PBS: 0.1M NacCl, 0.01M sodium phosphate buffer, pH 7.0



3. Complementary
DNA (target)
Figure 234. Steps of the procedure: starting from a clean electrode (a), the probe DNA is absorbed onto
the surface, at 80° during 30 minutes (b). Then, it is incubated in a buffer solution, containing the
complementary DNA, that is functionalized with biotin, and is left 30 minutes at room temperature to
hybridize (c¢). A final incubation is done in a solution containing straptavidin-gold nanoparticles, for

another 30 minutes at room temperature. The nanoparticles are bounded selectively to the target DNA.

1. Blank 2. DNA capture probe 4. Gold np

A negative control essay was done in parallel, by using a non-biotinylated DNA target in the
hybridization step. These electrodes were also immersed in the AuNps solution, to compare the results
with the other essay.

Figure 235 shows the capacitance measurements as a function of the frequency obtained after each
step of the process: blank measurement with the clean electrode (1), after the physical absorption of
the ADN probe (2), after hybridization (3), and AuNp adhesion (4).

2.5e-11 1- Clean surface
™ 2 — Capture
O 2.0e-11 Probe
3 — Target DNA
1.5e-11 I Lol I I R N R (funtionalized)
10° 10* 10° 4 — AuNP

Frequency (Hz)

Figure 235. Spectra (capacitance vs frequency) obtained after all the incubations: blank, obtained
with the clean electrode in DI water (blue line - 1); after hybridization of the probe DNA strands
(green line — 2); when the target DNA is hybridized (dark yellow line — 3), and after the incubation
with the gold nanoparticles (red line — 4).

The DNA strands generally present negative charge. So, when they are immobilized onto the
electrode surface, they increment the total measured capacitance. Thus, after the first adsorption
(of the probe), a significant increase compared to the clean surface is observed. The hybridization is
also observed as another increment in C. Finally, as already described above, the AuNp are also
negatively charged, which contributes again to increase the measured capacitance.

In the negative control (Figure 236), a similar tendency of the capacitance can be observed after the
first adsorption and the hybridization, but no significative increment appears after the incubation with
the AuNp, which means that the nanoparticles do not bind to the non-functionalized target.
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Figure 236. Spectra (capacitance vs frequency) obtained after all the incubations in the negative control
essay (the target DNA was not functionalized with biotin): blank, obtained with the clean electrode in DI
water (blue line - 1); after hybridization of the probe DNA strands (green line — 2); when the target DNA
is hybridized (dark yellow line — 3), and after the incubation with the gold nanoparticles (red line — 4).
No increment is observed between these last two lines.

The procedures (positive and negative control) were repeated in various different electrodes, so the
results were averaged to obtain the mean value and the standard deviation.

To analyze the results, and to be able to compare the increase in the capacitance for each different
electrode, the signal obtained from the clean surface was subtracted to all the others (Asignal). Then,
the corresponding increments (after the target hybridization and AuNP binding) were divided by the
increment obtained when the capture probe was absorbed:

Atarget, = Ararget (45) AAuNP,,, = AAuNP (46)
Aprobe Aprobe

The results are shown in the histogram in Figure 237. The line corresponding to a ratio of 1 (no
increment) has been marked. It is remarkable that there is a significant increase in the signal after the
hybridization (green column - =), that can be directly detected. This increase is higher for the
electrodes used in the negative control, as those used were more sensitive in average (the choose was
arbitrary). After the incubation with the nanoparticles (red column - m) the signal was highly enhanced
in the positive essays, but not almost in the negative ones. This means that the nanoparticles were
adhered mainly to the functionalized DNA strands (positive essays).
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Figure 237. Histogram showing the mean values obtained for the increment of the capacitance (with
respect to the water blank) after the hybridization with the target (green), and after the deposition of the
nanoparticles (red), for the positive and negative controls, relative to (i.e. divided by) the signal obtained
after the capture immobilization. In all the cases, a significant increment is observed, meaning that the
hybridization can be successfully observed by an increase in C. In the negative control, the increment due
to the nanoparticles is smaller, so no less inespecific binding of np is taking place in this case. The error
bars correspond to the standard deviation.



To check the inespecific binding of the nanoparticles, the modified electrodes surface was inspected
with the SEM. Figure 238 (a) shows an image of an electrode used for a positive essay and (b) for one
used in the negative control.

—

Specific binding Negative control

Figure 238. SEM images of the electrodes, after completing all the steps of the procedure for DNA
hybridization. (a) corresponds to the specific binding, so the Au nanoparticles can be seen, especially
around the electrodes. (b) is an electrode used for the negative control: no nanoparticles can be seen.
Thus, the increment in the signal after the last incubation can be univocally related to the specific binding
of the AuNP to the target DNA.

It can be concluded that the non-specific binding of the nanoparticles is negligible, as could be
already said from the capacitance spectra and the data analysis.

10.4-2. Mutant gene of BRCA1

A second batch of experiments was done, using different genes, that have medical interest, and a more
complex sequence of steps. In this case the presence of a mutant gene of BRCALI, that is related to
breast and ovarian cancer, was the objective of the work. The line 3061-3120 was used. In the
mutant, a base is missing (T, at position 3099), compared to the non-mutant gene (wild). The other
sequences for capturing, signaling and negative (arbitrary non-complementary) control are also shown
in Table 11.

Table 11. Lines and gene sequences used for the experiments

Gen BRCA1 T
Line 3061-3120. Detect the mutation 3099 of T.
CACCACTTTT TCCCATCAAG TCATTTGTTA AAACTAAANG TAAGAAAAAT CTGCTAGAGG

Wild:
5-CACCACTTTT TCCCATCAAG TCATTTGTTA AAACTAAARG TAAGAAAAA-3

Mutat (48-mer):
5-CACCACTTTT TCCCATCAAG TCATTTGITA AAACTAAAG TAAGAAAAA-3’

Capture probe:
S-TTTTTCTTACTTTAGTTTTA-3’

Signaling probe:
5-TGATGGGAAAAAGTGGTG-biotin-3’

No complementary (arbitrary, 48-mer):
5’- TGGGTGGAAGTGGGTGGGTGGGTGGAAGTGGGTGGGTGGGTGGAAGT-3

1 http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=U 14680
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Electrodes of the second generation (see Chapter 8) were used for this work.
The steps of the procedure are schematized in Figure 234:

a. Absorption of the capture probe. A first physical absorption step of a capture probe, that has

a complementary sequence with the mutant gene was done. For this, a drop of 10 uL of buffer
solution TSC1 containing 30 pmol of the DNA strands was deposited onto the electrodes
surfaces, and left 30 minutes at 80 °C. Afterwards, it was cleaned in a TSC2 buffer to eliminate
the non-absorbed material and salt.

Target hybridization. Then, an incubation step in a solution (TSC1) containing the target
DNA (30pM) was done for 20 minutes at room temperature. Depending on the target DNA of
the solution (three different ones were used, as will be described next) it may hybridize to the
capture probe.

Signaling probe. The sample was incubated with a similar solution containing a signaling
probe, that has a sequence that hybridizes to a free part of the target strand, for another 20
minutes at room temperature. This signaling probe is functionalized with biotin.

AuNp selective binding. Finally, a last room temperature incubation in a PBS buffer
containing gold-streptavidin nanoparticles was done, so the AuNP specifically adhere to the
biotin.

iy

(a) Capture probe: physical adsorption

<

(c) Signaling probe: hybridization (d) AuNp: specific adhesion

Figure 239. Steps of the procedure: a first capture probe is absorbed onto the electrodes sample, during
30 minutes, at 80° (a). A solution containing the target DNA (mutant) is left for 30 minutes to hybridize,
at room temperature (b). A signaling probe strand, with a common sequence with the mutant is incubated
at room temperature, for another 30 minutes (c). These strands are functionalized with biotin. So, after
the last incubation in a solution containing the gold nanoparticles (d), they specifically adhere to the
signaling probe, that is hybridized to the mutant gene.

For a negative control, two different DNA sequences were used instead of the mutant probe for the
incubations in step 2. The fist was the non-mutant gene (wild) that has one extra base (the one that is
missing in the mutant) (Figure 240 (b)), and the second was an arbitrary non-complementary sequence
(Figure 240 (¢)).



Mutant (target)

Each experiment (positive, negative with the wild, and negative with the non-complementary) was
repeated with various different electrodes, and then averaged to obtain the mean value and the standard

deviation.

Figure 241 shows an histogram with the summary of the results. As already described above, the signal
obtained with the clean surface is subtracted from the data obtained after the incubations (Asignal).
The columns on the left (=) show the increment in the capacitance after the incubation with the target
(mutant, wild or non-complementary) divided by the capacitance measured after the absorption of the
capture probe (47). The columns on the right () correspond to the signal measured after the
incubation in the AuNP solution divided again by the capacitance after the absorption of the capture

probe (48).

Atarget

norm ~

Atarget
Aprobe

L

(47)

Wild

[TITTRNNEY

Figure 240. Scheme
of the hybridization
of the mutant (target)
to the capture probe
(a), and of the other
two sequences used:
the wild gene, with
one extra base (b),
and an arbitrary no
complementary
sequence.

No complementary

AAuNP

AAuNP
"™ Aprobe

(48)

The line corresponding to no increment in the signal (delta = 1) has also been plotted.
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It can be clearly seen that the increment in the signal is much more significative in the mutant case.
After the incubation with the gold nanoparticles, this is even more evident (2.24 in the mutant,

Figure 241. Histogram with
the results, showing the
increment in the signal after
the incubation with the
mutant, wild or nc (green)
and after the binding of the
AuNP (yellow). All the data
are referred (divided) to the
signal obtained after the
absorption of the capture
probe.

compared to 1.46 and 1.23 for the wild and no complementary respectively).

This shows the successful detection of the complementary hybridization event with the

nanolDEs.
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Conclusions

The work performed during the PhD has contributed in different ways to the development of
Nanoimprint Lithography and its applications in different areas, like material sciences, plasmonics and
biosensing.

It should be pointed out that the complete NIL technology was developed: stamps fabrication,
functionalization with an antiadhesive layer, imprinting process, residual layer removal and
corresponding post-processing (e.g. metallization and lift-off or replication in a different material).

Finally, to summarize in few lines the most important achievements of this work, it could be said that:

I. Nanoimprint technology was successfully started up, studied and optimized at IMB-CNM. AFM
local anodic oxidation was originally proposed and studied as a fast method for the fabrication of
stamps. Rheological studies allowed to quantify and visualize the residual stress that appears in the
polymers after NIL process. The functionalization step was conveniently improved and adapted for the
local modification of surfaces with other types of silanes. The homogeneity of the residual layer was
studied for different conditions.
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I1. A fabrication process based on NIL was developed for the fabrication of integrated devices, based
on metallic V-groove waveguides, to squeeze light in sub-micrometric channels. Optical
characterizations (near field and far field) showed that it was possible to confine and guide light in the
imprinted V-grooves. Fluorescent nanoparticles were introduced into the channels for
characterizations, and as a first step for their use in sensing applications.

Device V-groove Performance
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CONCLUSIONS

ITI. A technology was developed for the fabrication of interdigitated arrays of gold interdigitated
nanoelectrodes, ranging from the lithographic process (e-beam, most commonly) to the encapsulation
of the devices, to facilitate the connection to external equipments and handling and characterization in
liquid media. Electrochemical measurements and impedance spectroscopy characterizations showed
the good performance of the devices. The improved sensitivity compared to micrometric devices was
shown. Two applications were proposed and successfully developed: the detection and quantification
of nanoparticles of different types (insulating and conductive), and the specific detection of DNA
hybridization.
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