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1 Abstract

The aim of this thesis is to implement and optimize nano-transfer printing and
nanoimprint lithography as reliable and reproducible methods for the fabrication
of metal nanoelectrodes for energy conversion applications with a focus on het-
erogeneous electrocatalysis. The basis of the experiments is the development of
a stamp replication process, where the fabricated semi-flexible working stamps
can then be used for both patterning methods. The final electrodes on silicon
substrates are characterized and discussed in terms of electrical and optical prop-
erties, morphology, resolution, shape retention and electrocatalytic activity. It
is demonstrated that nano-transfer printing is an excellent method for directly
printing electrical circuits and functional devices fast and easily in a purely addi-
tive manner. The separation of used chemicals and structuring processes from the
sample opens up a variety of new applications (e.g. in organic electronics), where
standard patterning procedures are often inapplicable. A lift-off nanoimprint
lithography process is developed, enabling in situ feature size tuning and high as-
pect ratio metal structures. It is found that for electrochemical experiments where
high potentials in acidic environments are applied, lift-off nanoimprint lithogra-
phy provides highly stable nanostructures. Both methods offer patterning in the
sub-50 nm range with nanometer scale precision. Arrays of gold nanoelectrodes
are fabricated on p-silicon substrates and the efficiency of the fabricated solar fuel
device is tested in terms of hydrogen evolution and carbon dioxide reduction. A
strong reduction of the needed on-set over-potential for these reactions is found
with decreasing electrode size as well as a change in product selectivity.
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2 Introduction

The ability to fabricate micro- and nanostructures over large areas with high
throughput is of crucial importance to the advancement of nanoscience and for
the semiconductor industry. Especially in the semiconductor industry, the capa-
bility to manufacture high-density components and integrated circuits (ICs) can
be a decisive factor for a company’s survival. The International Roadmap for De-
vices and Systems (2018) defined 7 nanometers to be the node range labeling for
2019 and the physical gate length (defined as the distance between metallurgical
source/drain junctions) to be 18 nm. This has already been reached by industry
standards. Critical issues, such as resolution, reliability, and production speed
have to be addressed to develop new lithography processes or only to further
refine existing ones. Here, optical lithography is still the standard for micro-
processor fabrication, where the diffraction of light limits the overall resolution.
The so-called Abbe diffraction limit is roughly half of the used wavelength for
resist exposure, yet can be lowered by increasing the numerical aperture of the
optical system. This limit can be pushed further to the already achieved range
by using advanced techniques, such as extreme ultraviolet (EUV) radiation, high
refractive index immersion oils, phase-shifting masks, off-axis illumination, and
multiple patterning. As a result, the well-known Moore’s law that states that
the number of transistors in dense integrated circuits doubles about every year1

(sometimes cited to be 18 or 24 months depending on the reference) is still valid.
However, this exponential growth of the transistor density comes along with expo-
nential growth of the cost of the exposure units. For large-scale chip fabrication,
the cost of such a unit already exceeds the 100 million dollar mark.
In principle, a wide range of fabrication techniques can be used instead to produce
metal nanostructures. Self-assembly methods like nanosphere lithography, micel-
lar nanolithography, or template-assisted electrodeposition are capable of forming
structures in the nanometer range. However, their final shape is predefined by the
used method. Instead, electron-beam (e-beam) lithography is commonly used for
nanopatterning purposes in scientific research and provides a very high feature
resolution. The main problem though is its purely linear writing behavior result-
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ing in very low throughput, which limits the maximum possible structured area
or leads to very high production costs and durations. This is where nanoimprint
lithography (NIL) steps in, combining large area nanopatterning with low-cost
fabrication and a free to choose layout and structure shape2,3. Here, the pattern
is initially defined on a template as a 3D-relief structure. It can then be used to
directly transfer patterned thin metal layers to a receiving substrate in a nano-
transfer printing process (nTP) or to replicate its features in a soft polymer layer,
which then acts as a mask for subsequent etching or metalization steps.
Possible applications of nanoimprint technology are as versatile as the need for
nanostructured surfaces. From the fabrication of electrical interconnects, in pho-
tonics, to organic light-emitting diodes, magnetic devices, and biological appli-
cations (just to name a few), any field of application can benefit individually
and in a unique way from the miniaturization of structures. In this thesis, the
focus is laid on the energy conversion field with a special interest in the catalytic
conversion of carbon dioxide (CO2) into usable carbon fuels (figure 2.1)

H2

CO2(a)

CH4

CO2

-
e

+
h

Catalyst

Solar cell

CH4

(b)

solar cell water splitting Sabatier Process

Figure 2.1: Sketch of possible methanation processes. (a) Power-to-gas approach: Several steps
are needed resulting in low overall efficiency. (b) Photoelectrochemical device: All
steps are combined into one single device.

Due to the need for regeneratively produced fuels and base chemicals, this has
drawn much attention in recent years. A typical approach is the Power-to-gas
(P2G) technology that converts electrical power to gas fuel, e.g. hydrogen or
methane. In the case of carbon fuels, CO2 combined with hydrogen can undergo
a methanation reaction (such as the Sabatier reaction). Here, hydrogen can also
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be obtained from electrical energy through the electrolysis of water, while the
overall energy conversion can be renewable if solar cells are used as the electrical
power source. This concept has already been tested but is not yet efficient enough
as it involves several conversion steps (sunlight to electricity, electricity to H2 and
H2+CO2 to CH4), each of which has individual conversion losses that multiply
to a low overall efficiency (figure 2.1(a)). A better approach would be to com-
bine these processes into one single PhotoElectroChemical (PEC) device, where
photoelectrons are directly used on a catalyst surface to trigger the mentioned
chemical reaction (figure 2.1(b)). PEC devices for water splitting4–6 and carbon
dioxide reduction7–9 have already been reported, yet are still far away from being
economically viable. The combination of several process steps into a single device,
of course, involves some challenges: First, there must be a material combination
providing a sufficiently high photovoltage to drive the electrochemical reaction.
Secondly, the photon absorber must be decorated with an efficient catalyst mate-
rial while allowing a fast electron transfer at the electrode/electrolyte interface.
Besides, the device must be stable concerning electro corrosion. Recent studies
showed that silicon-based multijunction cells can fulfill these requirements for
water splitting applications10,11.

The aim of this thesis is to utilize nanoimprint technologies as a step forward to
develop and optimize a PEC device that can convert CO2 to carbon fuels. This in-
cludes the development of a scalable and reliable nanopattern replication process
(Chapter 4) where imprint molds are used to directly transfer metal electrodes
on a photon absorber (silicon) (Chapter 6) or where a patterned resist is used as
a mask for subsequent metal deposition and lift-off processes (Chapter 5). Both
methods are characterized and optimized towards their application in electro-
chemistry in terms of electrode morphology, surface cleanliness (contaminations),
and electrical properties of the metal-/semiconductor and metal-/electrolyte in-
terfaces (Chapter 7). Electrocatalytic experiments will demonstrate the advan-
tages of nanoimprint technology for this purpose and show that electrode size vari-
ations can significantly improve the efficiency and product selectivity of chemical
processes.





3 Materials and methods

In this work, several fabrication and characterization technologies have been used.
The following chapter will describe the most important techniques, such as litho-
graphic patterning, dry-chemical etching, metal deposition, and cyclic voltamme-
try to give a basic understanding for the discussion in the later chapters.

3.1 Lithographic patterning methods

3.1.1 Photolithography

Photolithography is a wide-spread used process in microfabrication. This, often
called conventional lithography, offers large area patterning and high throughput.
However, light diffraction limits the maximum resolution.

Mask

Photoresist

Development + Metal deposition

positive

Development + Etching

Lift-off

(a)

UV-exposure

Resist stripping

(b)negative

Figure 3.1: Schematic of a photolithography process. The coated substrate is exposed to UV
light through a mask. After developing, the pattern is transferred to the photoresist
and can be used for subsequent etching or deposition steps.

In Photolithography, a substrate is coated with a thin layer of photosensitive
polymer (photoresist). It is then exposed to UV light through a mask (figure 3.1),
which contains a predefined pattern of typically a thin chrome layer. The exposure
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causes a local chemical change of the resist. The typical resists used in this thesis
consisted of Novolak (a phenolic resin) and a photo-active DiazoNaphtoQuinon-
sulphonate group (DNQ). During exposure (with light of 320-440 nm wavelength),
the DNQ is converted into a carbonylic acid by elimination of nitrogen and bind-
ing of a water molecule. Using a developer (typically a solution consisting of
potassium hydroxide or sodium hydroxide), either the exposed part of the resist
(positive) or the unexposed one (negative) is removed. The patterned resist layer
itself then acts as a mask for further etching or depositing steps.
In this thesis, an image reversal resist (AZ5214E, Microchemicals GmbH, Ger-
many) was used. This resist can be used in a positive or negative process type.
The positive one involves only a single exposure step and results in nearly vertical
sidewalls of the developed resist pattern. It is used for subsequent dry-etching
steps, where the etching process itself will also remove parts of the photoresist.
This will minimize a widening effect of the cavities throughout the etching. The
same photoresist can also be used in an image reversal (negative) process. Here,
while using a photolithographic mask, only a very short UV exposure duration is
chosen. As a consequence, only the top part of the resist is chemically changed,
leaving the resist close to the substrate partially unexposed. The sample is then
baked on a hotplate, causing the exposed parts of the polymer (which were solu-
ble to the developer) to cross-link and leading to the neutralization of carboxylic
acid formed by the DNQ, which drastically lowers its developing rate. As a final
step, a flood exposure (no mask) is performed only affecting the parts of the
photoresist, which have not yet been exposed. This not only results in a pattern
inversion but also in an undercut formation at their edges (see figure 5.20 (a)).
A negative sidewalls slope facilitates the separation of metal layers on top of the
resist and those on the substrate during metal deposition, resulting in an easy
lift-off step.
A mask aligner "MJB3" and "MA6" for larger substrates and SCIL imprinting
from Süss MicroTec, Germany, was used for optical lithography and OrmoStamp®

fabrication.

3.1.2 Nanoimprint lithography

Nanoimprint lithography (NIL) is an alternative nanopatterning method, combin-
ing nanometer-scale resolution and high throughput. It is based on a replication
technique that has proven to provide high resolution even when using low-cost
equipment. In fact, the resolution achieved so far by molding is in the same range
or even higher than the one used in high-end photolithography tools in industrial
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fabrication of microprocessors and memory chips and can reach values of 5 nm
and below12. It is especially useful when large numbers of identical samples for
statistical evaluation or large-scale device fabrication are needed. This makes
NIL a promising technology for next-generation nanolithography.
In a top-down approach, a substrate is structured with a 3D relief. For a free to
choose layout, a high-end patterning tool such as e-beam lithography is required.
This written master stamp can then be used for multiple imprinting processes
or as a template for casting multiple working stamps. Thus, the initial effort is
capitalized more efficiently.

Nanoimprint process

The nanoimprint process is based on a squeeze flow of molding material. Figure
3.2 gives a schematic overview of this process, where the difference between the
most common types of NIL, namely thermal NIL and UV-NIL, is highlighted.
A patterned stamp is pressed against a thin layer of imprint-polymer resist on a
substrate. When using a thermal imprint thermoplastic resist (thermal NIL),
the glass transition temperature Tg of the polymer is above room temperature
(Ti). Consequently, it has an initially high viscosity and can be considered as a
solid. This mechanical property can be repeatedly and reversibly changed from
a solid into a viscous state by varying the process temperature Tp.
After pressure is applied, the polymer film is heated through the substrate, and
its temperature is raised above Tg. This allows the liquified resist to flow and it
is forced to fill all cavities of the mold, conforming exactly to the surface relief
of the stamp. When the cavities are filled, the resist is cooled down below Tg

resulting in a hardening of the now embossed layer.
When performing UV-light induced NIL (UV-NIL), the imprint polymer is a
UV-curable resin, which is initially low viscous. Here, no heating and only a
little pressure are needed for the imprinting as Tg is far above room temperature
(figure 3.2). After the stamp cavities are filled during imprinting, the polymer is
exposed to UV light, which initiates a cross-linking and hardening of the resist.
One could say that this exposure chemically increases Tg above Tp, but this is
only legit, when the process is reversible, which for most materials won’t be the
case.
After releasing the pressure, the stamp can be demolded from the substrate with-
out a reflow of the resist, and it can be reused for the next imprint cycle.
Imprinting will always leave a thin residual layer on the substrate. Only in special
cases, a dewetting effect can intrinsically remove such a layer after demolding. As
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Working 
stamp

Imprint
resist

Thermal NIL UV-NIL

Heating

Imprint and cooling

Imprint

UV-light induced curing

Tg

Ti=RT

Tp>Tg

Tg

Tp=RT>Tg

Tg

Tf<Tg

Tp>Tg

Demolding

Residual layer removal

Pressure Pressure

Substrate

Dry etching

UV exposure

Figure 3.2: Schematic overview of a nanoimprint lithography process. A polymer resist layer
on a substrate is patterned, which serves as a mask for any subsequent processing
step. In thermal NIL this is achieved by heating the resist above its glass transition
temperature. In UV-NIL, an already low viscous resist is hardened after the molding
by exposing it to UV light.

a consequence, this remaining layer has to be removed to open up the underlying
substrate surface. In this work, this was done using reactive ion etching with
oxygen plasma, an anisotropic dry-etching method that can thereby maintain the
shape of the pattern (section 3.4). The thickness of this residual layer depends
on the initial thickness of the imprint polymer and the topology of the stamp. A
more detailed insight into NIL theory and imprint parameters can be found in
chapter 5.
UV-NIL is the faster one of the two methods. As the curing duration for a given
imprint resist only depends on the intensity of the used UV source, it can be as
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fast as few seconds. Thermal NIL needs a heating step and especially a time-
consuming cooling step. On the other hand, UV-NIL processes require either a
UV-transparent stamp or substrate. In this thesis, we mainly use thermal NIL
for the fabrication of electrochemical devices and an adapted UV-NIL process for
the fabrication of semi-flexible copies of a silicon master stamp.
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Figure 3.3: (a) Photo of an Obducat Nanoimprinter 2.5. (b) Typical thermal NIL process of an
imprint polymer mr-I 8000R: The temperature is set to 165°C and the samples are
heated. A small overshoot occurs due to thermal lag. As soon as the temperature
setpoint is reached the process pressure is applied. Small leakage leads to a pressure
drop over time. When a critical value is reached, the pressure is automatically
adjusted by the imprinter.

Obducat NIL-2.5 Nanoimprinting tool A nanoimprinter "NIL-25-OB-HT-
PL-LW-UV" from Obducat, Sweden was used for all imprints and transfer prints
performed in this thesis. Using this device, it is possible to process multiple
samples in parallel or single wafers up to 2.5 inch diameter. The pressure is
applied by compressed nitrogen ranging from approx. 5 bar to about 70 bar.
Temperature can be changed through an electric heater within the substrate chuck
up to 250°C. Compressed air is used for cooling. Additionally, liquid nitrogen can
be utilized for a faster process if the machine reservoir is filled before the process
(this option was only used when multiple processes were executed since the filling
of the reservoir takes longer than a single air-cooling step). The imprinter also
features a UV exposure unit, where samples are exposed from the top during
an imprint process. All settings can be managed by a computer-controlled user
interface, which also records the process parameters. Figure 3.3(b) shows a typical
thermal imprinting process.
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3.1.3 Nano-transfer printing

Evaporation Transfer print

Figure 3.4: Schematic overview of a nano-transfer print process. The ready-to-use stamp is
coated with a thin metal layer in a physical vapor deposition (PVD) process. The
stamp is brought into intimate contact with a receiving substrate. Upon the stamp
release, only the metal layers on top of the stamp protrusions stick to the target
substrate. Reprinted from Nagel et al.13 with the permission of AIP Publishing.

Nano-transfer printing (nTP) is a promising high-resolution technique to di-
rectly produce patterned metallic films at the nanoscale on different kinds of
substrates without the need for conventional lithographic methods. Here, the
pattern is initially defined on a stamp as a 3D-relief structure. After metal de-
position on the entire stamp area, its relief is brought into intimate contact with
the target substrate (figure 3.4). If the adhesion of the metal film towards the
substrate is stronger than towards the stamp, the film will adhere to the target
substrate upon release of the stamp. Consequently, nano-scale metal structures
can be easily defined in a purely additive process. For a successful transfer, the
adhesion of the metal to the stamp should be minimal. The stamp is therefore
treated with an anti-sticking layer (ASL) self-assembled monolayer (SAM) (sec-
tion 3.5), which is an essential preparation step. The stamp may consist of a
rigid material (e.g. silicon) to achieve high structure resolution in the nanometer
range or of a flexible material such as polydimethylsiloxane (PDMS). A flexible
stamp has the advantage of easily forming conformal contact with the substrate.
A transfer can only take place where contact is established, and flexible material
can adapt to minor surface irregularities and dust particles. On the other hand,
soft PDMS stamps have a low Young’s modulus (< 1MPa) and are consequently
susceptible to distortions and structural collapse. An approach of fabricating
semi-flexible stamps, combining the advantages of both worlds, is presented in
chapter 4.
One of the biggest advantages of nTP is the separation of the structuring process
from the substrate. The transfer process itself does not necessarily involve high
temperatures nor any form of chemistry (e.g., organic solvents, developer solu-
tions, etc.) on the substrate. Thus, it is especially interesting for applications
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where harsh conditions should be avoided (e.g., organic electronics).
A more detailed insight into the nTP process and fundamental ideas behind it
can be found in chapter 6.

3.2 Metal Deposition

Metal deposition in the presented work was carried out in a high vacuum cham-
ber of a Leybold L560 e-beam physical vapor deposition (PVD) machine. The
chamber is pumped down to a pressure below 1 · 10−7 mbar using a turbomolec-
ular pump. To ensure short pumping times, samples are brought in the chamber
through a load-lock having a smaller volume. An electron beam is generated by
heating a tungsten filament while applying a high electric field. The electron
beam is accelerated to high kinetic energy and directed towards the evaporation
material. Several crucibles with the containing metal sources are available (in
most cases, gold and titanium are used). The metal is heated by the e-beam,
causing it to melt or sublimate. The resulting vapor can then be used to deposit
thin solid films on the substrates gradually. The rate at which atoms reach the
substrate surface depends on the source temperature, which can be adjusted by
the strength of the e-beam. The layer growth is typically between 0.3 Å/s and
several nm/s, which is constantly monitored by an oscillating quartz crystal. In
the presented work, if not mentioned otherwise, gold layers were evaporated at
a rate of 3 Å/s and a pressure of 1 · 10−7 mbar, whereas titanium layers were
evaporated at a rate of 1Å/s and a pressure of 6 · 10−8 mbar. Deposition time is
controlled by a mechanical shutter, which is opened after the desired evaporation
rate is reached. Substrates were usually fixed upside down on a special specimen
holder. For lift-off and nTP purposes, the samples were attached flat with re-
spect to the source. For contact purposes (especially on rough or pre-structured
samples), the samples should be attached tilted with a rotating specimen holder
to cover also vertical sidewalls of the sample surface.
Water vapor preexisting in the chamber or outgassing of the samples can neg-
atively affect the metal deposition by either causing collisions with the metal
atoms or by leading to oxidation if non-noble metals are used. This oxidation
(e.g., when titanium is being used) can lower the evaporation pressure compared
to inert metals, as it removes oxygen out of the vacuum chamber. As a conse-
quence, the actual deposition (by opening the shutter) of non-noble metals like
titanium should only be performed when the pressure is stabilized after a short
period of time. To minimize these effects, the sidewalls of the chamber are cooled
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with liquid nitrogen causing possible water vapor to freeze out.

3.3 Plasma etching

A plasma etcher is a tool to generate plasma from process gas by using microwave
radiation. This gas can be inert (e.g., argon) or chemically active like oxygen.
The formed ions and radicals fill the reaction chamber and eventually hit the
substrate surface, where they can undergo a chemical reaction causing chemical
etching and, to some extent, also physical etching. In this thesis, mostly oxygen is
used to clean substrates from organic contaminations and to activate surfaces by
the generation of hydroxyl (-OH) groups, which facilitates the adhesion to polar
polymers for coating processes. The plasma can also be used to etch into organic
polymer layers (e.g., to remove residual layers of NIL resists, when reactive ion
etching (RIE) is not applicable). Due to the undirected ion generation, the etching
behavior is isotropic and thus only reasonably applicable for complete removal or
very thin layer etching of structured resist, otherwise, it would change the pattern
by lateral etching of individual structures. The etching is highly selective as the
treatment does not affect non-oxidizing materials, thus a process executed too
long or intense may not be critical.
For this thesis, a Q150 plasma system from "Alpha Plasma" was used, which
works with rf-radiation at 2.45GHz with adjustable power between 50-1200W.

3.4 Reactive-ion etching

Reactive-ion etching (RIE) is a special type of a dry-chemical etching process. It
is carried out in a chamber which is evacuated to a pressure of 1 · 10−6mbar and
then flooded with one or several process gases. A plasma is formed by a strong
electromagnetic field, which is generated with a frequency of 13.56MHz. The
oscillating field ionizes the process gas molecules by stripping them off electrons.
Due to the electric field, these electrons are removed from the plasma and will
cause a self-bias effect when hitting the substrates. The now negatively charged
substrates will lead to an acceleration of the positively charged process gas ions
towards themselves and thus get bombarded by these high-speed ions. The ki-
netic energy of these ions causes physical etching while their chemical reactivity
can also etch the surface chemically. Due to the high velocity and mainly ver-
tical movement of the ions, RIE can create very anisotropic etch profiles. For
nanoimprinting, anisotropic etching is especially important when removing resid-
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ual layers of the imprint polymer, since any lateral etching would lead to a change
of nanostructure width or even completely remove the pattern when deep etching
is needed.
A Plasmalab 80 from Oxford was used during this work. Lithographic resists are
usually purely organic material, and thus RIE with oxygen plasma is performed
for their removal, while for silicon or silicon oxide etching, a combination of flu-
orinated gases (SF6 and C4F8) are used. Details on the process parameters can
be found in chapter 5.

3.5 Anti-sticking layer

An anti-sticking layer (ASL) is used to lower the surface free energy of a stamp
or sample surface. In the presented work silicon-containing materials are used.
Thus, the ASL needs to have a silicon-bonding molecular end-group. Typically
a silane group is a suitable candidate. This bonding group (see also figure 3.5
(a)) has the ability to form a durable covalent bond to silicon if its surface is
terminated with hydroxyl (-OH) groups. The functional group, on the other end
of the molecule, can be a binding one to different types of materials making the
molecule rather a coupling agent. For anti-sicking purposes, a heavily fluorinated
tail group is commonly used. Perfluorooctyltrichlorosilane (PFOTS) (figure 3.5
(b)) as a suitable ASL molecule was chosen, where the chlorosilane group has one
of the strongest bonding properties to silicon surfaces, and the fluorinated tail
group has a Teflon like character (in principle it is a basic Polytetrafluorethylen
(PTFE) chain). The ASL molecule will bind to the hydroxyl groups of the -OH
terminated surface by forming hydrochloric acid molecules. As the chlorosilane
group reacts heavily with water (vapor), the ASL should be stored under dry
conditions and in the best case in a nitrogen atmosphere. However, a reaction
mechanism including an intermediate step was reported where PFOTS gets hy-
drolyzed in the presence of water vapor followed by an interfacial condensation
and polymerization reaction between the hydroxyl group of the substrate and the
now formed silanol group14. As a consequence, the presence of a small amount of
water vapor in the reaction chamber (a desiccator is used here) may favor better
ASL properties.

The ASL process is based on the formation of a self-assembled monolayer
(SAM). Since the molecule can only bind to the substrate surface, the Teflon tail
group will prevent the formation of multilayers when fully covered with PFOTS.
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Figure 3.5: (a) basic structure of an anti-sticking molecule. (b) used molecule in this thesis.

This is a requirement for nanoimprint stamps as nanostructures would be over-
grown, causing sharp edges to soften. The PFOTS molecules may still condense
on the already formed SAM, but without a covalent bond, they are only loosely
bound and can be easily removed later on.
Silanes can be applied to substrates under dry conditions by chemical vapor
deposition methods in a desiccator. These methods favor monolayer deposition
compared to those from the liquid phase. A prerequisite is the high vapor pressure
of the ASL, which needs to be above the chamber pressure at room temperature.

The anti-sticking layer treatment was carried out as follows: First, the sub-
strates are cleaned with acetone and isopropanol and exposed to oxygen plasma
(200W for 2min). This step is needed for the generation of hydroxyl groups on
the surface. The substrates are placed above or adjacent to an ASL reservoir in a
desiccator. Already one droplet (2 µl) of PFOTS is sufficient for multiple samples.
The desiccator is pumped down to approx. 0.1 bar for 20-30min leading to the
evaporation of the ASL liquid and its deposition on all open surfaces. In general,
the desiccator and therefore also the substrate temperature should be maintained
above 50°C and below 120°C to promote the reaction.
In the presented work, this parallel heat treatment was not carried out but re-
placed by a subsequent temper step on a hotplate at 130°C for 10min. This
method has been shown to be effective15. The heat treatment facilitates not
only incompleted chemical reactions but also removes unwanted multilayers of
the ASL molecule, which are physisorbed on top of the first covalently bound
SAM. In principle, rinsing the samples with acetone and isopropanol as a final
step can be performed, but as no benefits were observed, this step was neglected.
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3.6 Cyclic voltammetry

Cyclic voltammetry (CV) is the most common technique in electrochemistry
(EC) to characterize electrode surfaces. It is a type of potentiodynamic EC-
measurement. The experiments in this thesis are designed as a three-electrode
system (figure 3.6).
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Figure 3.6: Sketch of a three-electrode setup. A potentiostat applies a potential at the working
electrode with respect to the reference electrode. The current, which flows between
the working- and the counter electrode is being measured.

Typically a triangular voltage is applied between the investigated electrode
(working electrode (WE)) and the reference electrode (RE). Simultaneously, the
current flow between the WE and the counter electrode is measured. This results
in a voltage-current plot, which shows characteristic features depending on the
electrochemical processes taking place at the WE-electrolyte interface (shown in
figure 7.6). With this measurement technique, it is possible to characterize ad-
or desorption and oxidation or reduction processes precisely.





4 Working stamp fabrication by
imprint master mold
replication

4.1 Introduction

Nanoimprint lithography can be separated into two parts: First, the technology
of fabricating imprinting molds (or stamps) and second, the transfer of nano-
structured shapes using their patterned surface. Even though at first glance,
the imprinting step seems to be the more important one, the foundations for a
successful process are already laid in this first step of stamp fabrication. Most
of the stamp properties have a decisive impact on the following procedures and
may also vary for different applications. This chapter will highlight the require-
ments for nanoimprint stamps for most common applications and will describe
the replication process developed during this work to overcome most limitations
of standard silicon templates. Parts of this chapter have already been published
and taken from Nagel et al.16

Table 4.1: Requirements on stamp material and fabrication process.
Pattern Fabrication
High resolution Fast
High aspect ratio Inexpensive
Large Area Simple & defect tolerant
Properties Processing
Flexible Clean/Non-contaminating
Hard (high young’s modulus) Bio-compatible
Temperature stable Non-hazardous
Transparent Surface modification possible (e.g., ASL)

Reusable

High resolution is the key feature of a nanoimprint stamp. Not restricted by the
diffraction limit of light like in optical lithography, the structures on a nanoim-
print stamp can be as small as they are still mechanically stable. Already in the
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early days of nanoimprinting, a sub 10 nm imprint was demonstrated by Chou
et al.17. Here, a hard material like silicon offers excellent properties for minimal
feature size and is only limited by the initial patterning technique. The height of
the protrusions may have a direct influence on direct molding applications18,19.
However, for imprinting polymer masks, taller structures play a subordinate role
but can result in higher process tolerances during subsequent etching or metal-
ization steps due to a thicker polymer layer. In combination with small lateral
dimensions, these high aspect ratio structures can, however, have stability issues
that are discussed at the end of this chapter.
Imprint molds are usually made from silicon17, dielectric materials (e.g., silicon
dioxide or silicon nitride20), metals (e.g., nickel21), or polymeric materials with a
sufficiently high young’s modulus22. Common features of these different materials
are that they are hard and have high mechanical strength. While a hard material
offers the highest resolution and structure stability during imprinting, the brit-
tle character of such materials (especially crystalline ones) tends to be sensitive
to surface defects like dust particles as they can not adapt to such impurities.
Therefore, a flexible stamp approach would be advantageous.
Another issue in nanoimprinting is stamp alignment on the substrate. While
alignment on the nanometer scale needs special tools and techniques, even mi-
crometer alignment accuracy is hard to achieve with standard silicon stamps:
As they are opaque for light in the visual range, an alignment system based on
infrared light would be necessary. A better approach is the use of already trans-
parent stamps, which are also needed if UV-imprinting is being performed.
As a starting point of all patterning processes, the initial imprint mold has to be
manufactured. Typically, a free to choose layout can only be written with some
sort of high-end, cost-intensive lithographic methods (e.g., e-beam lithography).
Yet, this only allows small patterned areas when multiple stamps are fabricated.
Otherwise, the costs for the molds increase tremendously. While silicon stamps
with 300x300µm2 were used at the beginning of this thesis, for electrochemical
applications, this area is just too small to obtain evaluable and reliable results.
Consequently, a better approach is to use a large area silicon stamp as a master
template for replication of a daughter or working stamp based on a cheaper and
preferably more flexible material. While this master can be cost-intensive as well,
as it then serves as a template for multiple replication processes, the initial effort
is capitalized more efficiently.
A widely used material for this purpose is Polydimethylsiloxane (PDMS), a
silicon-based organic polymer23,24. It is chemically inert and transparent in the
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visible spectrum. To verify its capabilities as an imprint stamp material, Sylgard
184 from Dow Corning was used, which comes as base PDMS and a curing agent.
When mixed in the right ratio, it can be drop-casted or spin coated on a master
stamp and hardens over several hours. At elevated temperatures of 90°C, this
duration can be reduced to 15-20min25,26. For micro-contact printing and im-
printing of larger structures above 300 nm, this material can be used. For smaller
structures, lateral collapse occurs using PDMS as it has a rather low young’s
modulus of 1.7MPa26. Haeberle (Institute for Nanoelectronics, Technical Uni-
versity Munich) showed in his work that in addition to this problem, roof collapse
can occur for structures with interdistances in the µm range16,27. To overcome
these limitations, the industry has developed and uses h-PDMS and x-PDMS,
harder and more expensive versions of standard PDMS. Yet, in addition to these
mechanical instabilities, it was found that the mentioned curing duration is too
high for mass production. While a stamp can be reused for imprinting polymer
layers, this fails for nano-transfer printing. Remaining metal on the stamp can
significantly impede the establishment of conformal contact in subsequent trans-
fer attempts and thus prevent a successful transfer of the metal film.
Instead, in the following, a method to use OrmoStamp® (micro resist technol-
ogy GmbH, Germany), a commercially available UV-curable, solvent-free, or-
ganic/inorganic hybrid polymer from Micro resist technology GmbH, Berlin, is
presented as a viable, cost-efficient material for stamp replication. OrmoStamp®

has initially been developed for ultraviolet nanoimprint lithography (UV-NIL) as
an alternative to the use of expensive quartz wafers and is suitable for replica-
tion of silicon master templates with structures in the low nanometer range22.
Once cured, the optical transparent replica has a Young’s modulus of 650MPa28,
and its surface can be modified with the same chemistry (PFOTS) as silicon to
decrease its surface free energy.
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4.2 Stamp replication process

The OrmoStamp® replication process is based on an adapted UV-NIL process.
For reasons described in Section 4.3.1, the fabrication of working stamps com-
prises two successive replication processes: (1) the fabrication of a negative replica
(daughter) from a master mold based on silicon, and (2) the fabrication of work-
ing stamps by again replicating the negative intermediate daughter stamps using
the identical process (figure 4.1).

Glass

Master

UV curing

Separation

(1a)

Replica

(1b)

(1c)

(2a)

(2b)

(2c)

(1d) (2d)
Anti-sticking

layer

OrmoStamp
Polymer

Figure 4.1: OrmoStamp® two-fold, adapted UV-NIL replication process. First, a negative
replica of the silicon master is cast, which then serves as a template to replicate
the positive working stamp.

4.2.1 Silicon master mold preparation

The silicon masters used in this thesis were ordered from IMS Chips, Stuttgart
and were fabricated by e-beam lithography with a subsequent reactive ion etching
step to convert the written pattern into a 3D relief. As a first step, the silicon
master is coated by an anti-sticking layer (ASL) to reduce lift-off forces during
the separation of the replica from the master. Before coating, the silicon sur-
face is cleaned with acetone and isopropanol and then exposed to oxygen plasma
(200W, 2min, 100 sccm, 100Pa). This is, first of all, an additional cleaning step
by ashing all remaining carbon-based contaminations (see section 3.3), and sec-
ond, it will activate the silicon surface by functionalizing it with hydroxy groups,
thereby facilitating a chemical reaction with the ASL molecule during the follow-
ing deposition.
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The activated silicon master is placed in a desiccator together with a droplet of
perfluorooctyltrichlorosilane (PFOTS) and pumped down to approx. 0.1 bar for
20min. The ASL evaporates and homogeneously fills the desiccator volume and,
as a result, covers all exposed surfaces. The Si-Cl end group of the ASL will react
with the activated silicon surface by the elimination of hydrochloric acid. When
fully covered, the perfluorooctyl end group will hinder further reactions, which
makes this treatment a self-assembled monolayer process (SAM). Afterward, the
master mold is removed from the desiccator and placed on a hot plate at 150°C
for 15min. On the one hand, this will facilitate the reaction of not yet bound
PFOTS molecules in direct contact to the silicon surface, and on the other hand,
it removes unwanted physisorbed multilayers of this molecule which have been
condensed on top of the formed ASL during evaporation. The master mold is now
ready for the replication process, and the ASL is stable for hundreds of copies. If
a noticeable degradation of the ASL occurs. This treatment can be refreshed by
first cracking the ASL in oxygen plasma and redoing the same procedure. In this
work, this was done only once a year. While a degradation was not observed, it
was carried out preventively to maintain stable results and identical OrmoStamp®

copies.

4.2.2 OrmoStamp replication process

Preparation

As mentioned above, OrmoStamp® was chosen for stamp replication, which was
specially designed as a cost-effective alternative to quartz stamps. This polymer
is a UV-curable resin and can be drop-cast directly on top of the structured area
of the master. Due to a rather thin final layer of this polymer (around 30µm)
after casting, it is still flexible after hardening, thus it must be backed by a glass
carrier.
For the first negative copy of the silicon master mold, a 500µm thick 2-inch
borosilicate glass wafer (D 263® T eco - Schott AG, Germany) was chosen. As
this first copy again is used for the fabrication of up to hundreds of working stamp
copies, this ensures an easy to handle and long-term stable daughter stamp. For
the working stamps, a microscope cover glass 18mm in diameter and 100µm
thickness is used to retain the flexibility of the polymer layer.
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Cleaning and Activation

The microscope cover glasses are not intended for cleanroom use, thus their clean-
liness doesn’t fulfill prime wafer grade compared to the borosilicate glass wafers.
They are shipped in 100 pcs per box without separating papers and are some-
times covered by small glass particles caused during the manufacture cleavage
step. Thus, they must be specially cleaned before usage. As an upside, they are
very inexpensive (∼0.05€ each). As a first step, the coverslips are rubbed with
a cleanroom tissue and isopropanol to remove larger particles from their surface.
This step is not necessary for borosilicate glass wafers. Then, all backing glasses
are cleaned with acetone and isopropanol in an ultrasonic bath for at least 5
minutes. This was carried out with a custom-made sample holder cleaning up to
50 pcs in a single cleaning step.
After dry blowing with pressurized nitrogen, the backing glasses are exposed to
strong oxygen plasma (600W, 6min, 100 sccm, 100Pa). This step has a consid-
erably higher intensity compared to the activation step during the anti-sticking
process (200W, 2min, 90 sccm, 100Pa). It was found that too mild plasma re-
sults in insufficient adhesion properties during the subsequent coating step of the
adhesion promoter OrmoPrime08®. This could lead to a dewetting effect dur-
ing spin coating preventing the formation of a closed film or it could result in a
cracked layer after hardbake.
OrmoPrime08® is an adhesion promoter solution based on organofunctional silanes.
It will enhance the adhesion of OrmoStamp® resin to various substrates in par-
ticular glass wafers and coverslips. The cleaned and activated glass substrates
are covered with a droplet of OrmoPrime® polymer, and a thin layer is formed
by spin coating (4000 rpm, 60s, 1000 rpm/s) followed by a hardbaking step at
150°C for 5min. This will result in a film thickness of about 130 nm (according to
manufacturer guidelines). The exact thickness is not of great importance as the
final OrmoStamp® layer will be with 30µm height, thicker by orders of magni-
tudes. On this basis, an additional filtration of the primer before use isn’t needed
(OrmoPrime® is shipped with a filtration level of 0.1µm).

Structure replication

Structure replication is achieved by drop casting. A defined amount of the
OrmoStamp® resin is placed centered on the master. OrmoStamp® is stored in a
fridge at 5°C in order to preserve its shelf life. At this temperature, the polymer
is highly viscous, which is disadvantageous for drop casting. Therefore, a small
portion is allowed to warm up to room temperature. If air bubbles are visible in
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Table 4.2: Amount of OrmoStamp resin needed for a complete filling of different stamp sizes
resulting in a layer thickness of ∼ 30µm.

Stamp area OrmoStamp Volume
working stamp (18mm diameter) 5-7µl
squared glass backing (3x3 cm2) 30µl
2-inch wafer (50.8mm diameter) 70µl

the resin, they must be removed by carefully dipping a fresh glass pipette close to
the inclusion. In most cases, this will automatically remove the bubble by suck-
ing in a small amount of OrmoStamp®, including the bubble. Then, the chosen
glass backing is placed carefully on the formed droplet (Fig. 4.1 (a)). Without
applying any pressure, the resin spreads between master and glass to form a thin
layer and fills up any gaps by capillary forces. The final layer thickness is deter-
mined by the initial volume of the OrmoStamp® droplet and the surface area of
the stamp. Typically, a layer thickness of 30µm is convenient for both retaining
the semi-flexible character while reducing the spreading speed of the polymer (see
section 5.2). For that reason, a well-defined amount of resin has to be applied in
this step. A multi-step pipette was used (HandyStep S, Brand GmbH + Co KG,
Germany) for this purpose. Here, it is possible to define volumes starting from
2µl and 1µl increment with a measured accuracy of 2.4% and a measured coeffi-
cient of variation of 3% in H2O dist. (according to manufacturer datasheet) for a
typical volume of 5-7µl for working stamp fabrication (Table 4.2). It is possible
to use one filling for up to 18 stamps. Yet, the main reason to favor a multi-step
over a single-step pipette is the rather high viscosity of the OrmoStamp® polymer.
When refilling the tip with the resin or when dispensing it later, OrmoStamp®

tends to stick to the outer tip surface due to its specially tuned wetting abili-
ties, preventing getting a defined volume in the first dispensing stroke. As this
dead volume then stays constant throughout one tip filling a multi-step pipette
is necessary to avoid this problem. Full spreading takes some seconds for small
working stamps and can take up to 5-10min for full wafer-scale replication. To
decrease filling time, a thicker final layer can be chosen.

When the resin is fully spread, it is exposed to UV light from a mask-aligner
(Hg lamp, 350W, 7mWcm−2 at 365 nm [i-line]) for 120s to initiate the curing
process (Fig. 4.1 (b)). The exposure dose for full curing is around 1000mJ/cm2.
OrmoStamp® is sensitive to UV broadband. While already the i-line dose after
120s exposure time is around 840mJ/cm2, the broadband dose is far above the
required level. Applying a UV overdose during curing does not affect its proper-
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ties. Afterward, the glass plate, together with the cured polymer, can be carefully
released from the master by lifting the glass with a thin razor blade (Fig. 4.1
(c). Typically, a short flood exposure for 20s with the structured surface on top
is performed after demolding to increase mechanical and thermal stability. The
cured replica stamp requires a hard bake for 30min at 130°C on a hot plate. This
step should be started on a cold hotplate with a low heating ramp, and the cool
down at the end should also be slow to minimize thermal stresses. Otherwise,
the delamination of the cured resin from the glass backing can occur.
As a final step, replicated stamps are coated with a PFOTS SAM as described
above (Fig. 4.1 (d)). Compared to the standard procedure, only a mild oxygen
plasma is applied (100W, 1min), since too much power or long durations will
degenerate the cured polymer. The efficacy of this SAM treatment was checked
by means of a static water contact angle (CA) measurement: the coated surface
exhibits a CA of ∼110°, while an uncoated surface has a CA of ∼80°27.

(a) (b)

Figure 4.2: SEM images of (a) a negative OrmoStamp® copy of a silicon master mold with
75 nm pillars (b) positive working stamp fabricated using the negative stamp from
(a).

This negative replica can then be used for imprinting or transfer printing appli-
cations or as a template to produce positive working stamps following the same
procedure (figure 4.2). The final working stamp is backed by a 0.1mm thin
microscope cover glass to retain the flexibility of the polymer layer. This way, a
transparent, semi-flexible, defect-free, identical copy of the original silicon stamp
is obtained. During this work, typically up to a hundred working stamps from a
single negative replica of a silicon master were reliably produced, multiplying up
the lifetime of a cost-intensive silicon master tremendously. Note that with the
process described here, stress on the silicon master is minimal since no pressure or
temperature is applied during the master replication. This way, it is possible to
separate high imprint pressures, including possible particle contaminations from
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the master. Although OrmoStamp® working stamps can be used several times
and be cleaned with acetone and isopropanol, due to the easy fabrication, they
were typically used only once.

4.3 Ormostamp properties

4.3.1 Shape retention and shrinking

Figure 4.3: AFM measurement of a master stamp with 200 nm lines and 400 nm pitch and its
OrmoStamp replicas. A constant height shrinkage occurs for every replication step,
while the line width increases again from the negative copy to the positive working
stamp. The marked positions in (b) define the points of line width extraction.

The most important requirement for a nanoimprint stamp replication process is
the shape retention of the nanostructures. Many applications of this patterning
technique need a resolution in the nanometer range, thus any changes in size
and shape during replication might directly affect all following results in the
experiment or device fabrication. The method presented here includes a twofold
replication of a master mold and additionally a final transfer print or imprint.
Therefore, it is important to examine how the dimensions change throughout
all copying steps compared to the original ones. The shape retention of the
nanostructures after the UV-curing step during the replication process is the
first critical point, thus it was both checked with AFM and SEM. According
to the manufacturer, a volume shrinkage of 4-6% takes place during this step.
This is obviously unfavorable for a high lateral dimension accuracy. Using AFM
measurements in tapping mode, the nanostructure step-height, pitch and line
width on the silicon master and on its copies were measured and are summarized
in Table 4.3, Table 4.4, and Table 4.5.
Here, a master with lines equally sized in width and inter distance is used.
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Table 4.3: UV-curing induced shrinkage (height).
Master Daughter Working stamp

Height (nm) 94.1±1.6 90.1±1.1 87.0±2.4
Shrinkage (nm) 4.0±1.9 (-4.3%) 3.1±2.6 (-3.4%)

Table 4.4: Lateral shrinkage (pitch).
Master Daughter Working stamp

Pitch (nm) 394.3±2 394.3±2 394.5±2
Shrinkage (nm) 0±2.8 (0.0%) 0.2±2.8 (0.0%)

Table 4.5: Lateral line shrinkage (width).
Master Daughter Working stamp

Width (nm) 218±1.4 193±2.6 208±1
Shrinkage (nm) -25±18 (-11.5±8%) +15±9 (+7.8±4.7%)

The shrinkage is calculated regarding the corresponding parent stamp dimen-
sions. 200 nm lines with 400 nm pitch (200 nm inter distance) are exemplarily
shown in Figure 4.3. As can be seen, the initial height of the silicon master
pattern of 94.1± 1.6 nm decreases after the first OrmoStamp® copy to a value
of 90.1 ± 1.1 nm, which corresponds to shrinkage of -4.3%. The final working
stamp has a structure step-height of 87.0 ± 2.4 nm (-3.4%). The shrinkage of
both steps is in good agreement with the expected value of around 4%. If the
working stamps are used for nanoimprint, this height reduction is particularly rel-
evant. The initial spin-coated imprint polymer layer thickness has to be adjusted
accordingly, or this shrinkage has to be respected in the master fabrication with
an additional design-wise implemented height. For transfer printing, this plays a
subordinate role, since the height is only important to prevent a metal overgrowth
of the structures during evaporation.
While the height measurements reflect the actual height of the structures quite
precisely, the width of the lines appears wider than their actual lateral dimen-
sions. Since the structures are already very small, at such small and steep edges,
the shape of the AFM tip itself can’t be neglected anymore. In fact, the measured
curve is a superposition of the stamp structure and the tip geometry creating an
artifact in the measurement. Here, the side of the probe will cause a broaden-
ing of features in the image. If the probe is much smaller than the features of
the images being measured, the probe-generated artifacts will be minimal, and
the dimensional measurements derived from the images will be accurate. As a
result, it is difficult to measure the absolute width of high aspect ratio structures
precisely. Yet, it is possible to measure different values quite accurately as the
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broadening is a fixed value due to a fixed tip geometry. The measurement values
of absolute and percentage lateral shrinkage shown in Table 4.5 are extracted by
that means and related to the line width of the master and the corrected ones of
its copies. Some difficulties arise for making a proper evaluation of this measured
data: First, the point of data extraction itself has some uncertainties. Due to
possible AFM overshoots and rounded edges, the width was not extracted as the
distance between the top edges of a line but rather as the distance between the
half-height positions of the AFM measurement (as depicted in Figure 4.3 (b)),
which gave most reliable results.
Second, we have a material change between the silicon master and the OrmoStamp®

copies. This could lead to a different distance of sample surface and AFM probe
in tapping mode. While height measurements are not affected by this problem,
since this change would be identical for all horizontal surfaces and thus is de-
ducted equally when calculating the absolute height, for lateral measurements, in
contrast, the effect takes place on both sides of a line step thus sums up to twice
the amount. So, the shrinkage of a copied stamp while changing from silicon to
OrmoStamp® material is larger than in the second copying step as can be seen
in Table 4.5. Additionally, if the widths of the initial master line structures are
not perfectly identical to their inter distances, this discrepancy will be inverted
during a single copy process, since the actual width of a line of a negative copy
only corresponds to the interdistance of two lines of the parent stamp. This
uncertainty was estimated using high-resolution SEM images and AFM by com-
paring a negative daughter stamp with imprinted lines using a working stamp.
An uncertainty of max. 6 nm was found for 200 nm wide lines, and it was in-
cluded as a systematic error during error calculation. In Figure 4.3 (b) it can be
seen that structures of the first negative OrmoStamp® copy have a smaller width
compared to the silicon master due to the shrinkage and, consequently, a larger
inter distance as the pitch stays constant (see Table 4.4). The silicon master has
an initial line width of 200 nm. Yet it was measured to be 218±1.4 nm due to the
measurement artifacts and problems described above. The features of the first
negative OrmoStamp® replication have a width of 193 ± 2.6 nm which means a
reduction of −25±18 nm (−11.5±8%) (here, the uncertainty of material changes
and initial width/inter distance discrepancy is included).
In contrary, this unwanted behavior is relativized by second-time replication in
order to fabricate the positive working stamp. The now widened lines (due to
this widened inter distance) shrink again by the same percentage but are still
wider than the protruding lines of the negative parent stamp and consequently
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turn back to almost the original value of the silicon master. The measurement
of the final positive working stamp reveals this effect (Fig. 4.3). The width was
measured to be 208nm± 1 nm, meaning that this is now a widening of the lines
of about 15nm± 9 nm (+7.8± 4.7%). With respect to the error bars, these val-
ues are reasonable compared to the calculated shrinkage percentages obtained by
the height reduction measurements. This is one of the reasons for the developed
two-fold replication process in this work. As the height reduction can be taken
into consideration throughout the patterning process, lateral shape retention is
most important and can be achieved by this procedure.
Shrinkage usually is isotropic. Yet, as the closed base film is fixed due to the glass
backing, it only affects free-standing parts of the stamp. It can be assumed, as
the base of each line must also be fixed in width, that this shrinkage additionally
leads to a deviation from perfectly vertical sidewalls. However, this effect couldn’t
be measured as it is very small. The shrinkage of the OrmoStamp® base film of
30µm thickness on top of the backing material will induce stress and potentially
leads to a bending of the final stamp. When OrmoStamp® was only backed by
a thin plastic foil, this bending has been observed. Using the final 0.1mm thin
cover glass, the bending was little to none present. This is the root of the constant
pitch for all replicated structures, which are measured and listed in Table 4.4.

4.3.2 Self-cleaning effect

100 µm 100 µm

(b)(a)

Substrate

(c)

Figure 4.4: (a) Sketch of the self-cleaning effect: Encapsulated contaminations are removed
after UV-curing and demolding. (b)+(c) Comparison of a silicon master stamp:
(b) before an OrmoStamp replication with particle contaminations (marked by red
arrows) and (c) self-cleaned surface of the same master after one OrmoStamp repli-
cation. Adapted from16.

Unlike defects on the target substrates, defects on the silicon master will later
be present on each working stamp and, consequently, also on the target sub-
strate. Thus, cleaning of the silicon master stamp is required from time to time
where the use of an ultrasonic bath or reactive chemicals might damage the frag-
ile nanostructured surface. A self-cleaning effect was found to take place during
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every replication procedure and is explained as follows: The liquid resin encapsu-
lates any dust particles or residual resin during the drop casting, which then are
removed from the master surface in the demolding step after the resin is cured.
Figure 4.4 shows a nanopatterned silicon wafer with contaminations. After only a
single OrmoStamp® replication, the surface is completely particle-free. The stud-
ied results demonstrate that this is a non-destructive cleaning procedure, which
can effectively remove all particles and residual resist from the stamps. It can
also be used as an alternative method for substrate cleaning.

4.3.3 Optical properties

After UV-curing, the fabricated stamps are themself transparent in the optical
and near UV regime, as depicted in Figure 4.5. Of course, the used glass backing
must be UV-transparent in the first place, otherwise the replication procedure
wouldn’t be possible. At the most prominent emission lines (i-line, h-line, and g-
line) of the mercury-vapor lamp used for curing, the transmission for the 400µm
thick quartz wafers (D 263® T eco) is about 90% while the thin OrmoStamp®

layer is nearly entirely transparent. This way, the opaque silicon master is not
only replicated but also converted into a transparent stamp, which enables optical
alignment for device fabrication purposes.
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Figure 4.5: Transmission spectra of a cured 20µm thick OrmoStamp® (micro resist technology
GmbH) layer and a 400µm thick D 263® T eco (SCHOTT AG) backing glass used
for negative replicas. The materials are highly transparent at the emission lines of a
mercury-vapor lamp. Reprinted with the kind permission of "micro resist technology
GmbH", Germany and "SCHOTT AG", Germany29,30.
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4.3.4 Structural limitations of stamp patterns

Minimizing the feature size of the stamp will eventually reach a limit. The res-
olution of the OrmoStamp® polymer is at the molecular level and thus will not
limit stamp fabrication. The mechanical properties of the stamp material and
the imprint structure geometry instead have the biggest influence on the smallest
possible structure size. Especially during imprint and transfer print, where typ-
ically high pressures (30 bars in the standard process) and temperatures (above
200°C) are applied, the mechanical stability is an issue, and it could result in
distortions. Finn et al. discussed stamp geometries and limitations using a the-
oretical model of Hui et al.26,31,32 In this section, the stamp failures relevant for
this work are summarized (Equation (4.1)-(4.3)).

d

h

w

Substrate

(a) (b)

(c) (d)

Figure 4.6: Possible layout constraints by nanostructure deformation on the stamp. a)
Schematic of a non-distorted stamp b) Ground collapse of a single structure c)
Lateral collapse of two or more structures d) Roof collapse of the base layer.
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√
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Condition for roof collapse:
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The sketch in Figure 4.6 shows typical failures of high aspect ratio structures.
Ground collapse (Fig. 4.6 (b)) is the only possibility, which can occur if the
distance of two individual structures is large than twice their height. Here, the
adhesion forces between its surface area and the base layer are larger than the
restoring forces of the bent structure. However, this has not been found to hap-
pen with our stamps, as the needed aspect ratios must be very large. Zhang et
al. observed experimentally ground collapse to happen for soft PDMS material
with a structure aspect ratio of 1826. The main issues are the lateral collapse of
adjacent structures and roof collapse between protrusions of very large distance
(Fig. 4.6 (c)+(d)). The first type can be calculated if Equation 4.1 is fulfilled for
the special case of a line stamp or squared pillars. It includes the material pa-
rameters Young’s modulus E, poison ratio ν (both combined as E∗ = E(1−ν2)),
surface energy γ, and the geometrical parameters height h, width w, and inter
distance d. In this work, line stamps are used with a pitch twice the width of a
line (w = d). Using these restrictions, the equation can be simplified to express
the critical aspect ratio above which lateral collapse occurs (Equation 4.2).
It is now possible to calculate the minimal feature size of our line stamps assum-
ing a typical height of 100 nm and using the OrmoStamp® material parameters
E = 650MPa and γ = 41mN/m. The limits here are given by d = w = 25.7 nm
corresponding to an aspect ratio of h/w = 3.89. The surface energy can be re-
duced to γ = 11mN/m by applying an anti-sticking layer on the surface, resulting
in a minimal line width of w = d = 19.8 nm and an aspect ratio of h/w = 5.06.
A comparison of different stamp materials can be found in Table 4.6. The critical
aspect ratio is given for 200 nm wide lines with 400 nm pitch.

The limits were tested with a 35 nm line stamp of 110 nm height. Note, while
this configuration is stable in theory, the young’s modulus of the OrmoStamp®

polymer was reduced by incomplete UV-curing during stamp fabrication. An
AFM image of this stamp is given in Figure 4.7. The lateral collapse of some
of the lines is clearly visible. With complete curing, the lateral collapse was
not present, as expected. While the minimal feature size using silicon stamp
is 9.7 nm for this specific parameter set (same height) as above with the much
higher young’s modulus of silicon Esi = 130GPa and γ = 63mN/m34, though
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Table 4.6: Critical aspect ratios for different stamp materials. Exemplarily shown for 200 nm
lines with 400 nm pitch. This critical ratio is only valid for the chosen dimensions
and may vary for other parameters. *Depends on crystal orientation33.

Ormostamp28 Ormostamp \w ASL Silicon33,34

Young’s modulus (E) 650MPa 650MPa 130GPa*
Surface energy (γ) 41mN/m 11mN/m 63mN/m
Critical aspect ratio (h/w) 6.5 9.0 21.9

PDMS26,35 Kapton
Young’s modulus (E) 1.7MPa 2.5GPa
Surface energy (γ) 25mN/m 37mN/m
Critical aspect ratio (h/w) 1.7 9.3

100 nm1000 nm

(a) (b)

Figure 4.7: AFM image of a partial lateral collapse of 35 nm lines with 110 nm height and
70 nm pitch for an incompletely cured OrmoStamp replicated stamp. The height
scale ranges from black: 0 nm to white: 110 nm.

the replicated OrmoStamps combines the best properties of both worlds: semi-
flexibility with acceptable hardness.
Collapse can only occur when a contact of two adjacent lines is forced by some
sort. This can happen during imprinting or transfer printing, where high pressures
are applied, which could result in shear forces. Yet in most cases, the contact
can already be triggered by the wetting of the surface. Small liquid droplets can
cause high forces due to surface tension during evaporation, as depicted in Figure
4.6 (a)). Consequently, a wetting of the surface has to be prevented for critical
configurations. Especially after the UV-Curing step, this has to be considered,
as the full hardness of the material is only achieved after the hardbaking step.
Additionally, an ASL lowers the risk of collapse.
Roof collapse (shown in Fig. 4.6 (d)) is relevant for large separations between
patterned areas or large distances between structures. It is particularly relevant
for nTP where roof collapse does lead to unwanted metal transfer. Using Equation
4.3 with OrmoStamp® line stamps with 200 nm width and 100 nm height while
applying an imprint force of σ = 30bar, the critical distance is in the range
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of 10µm, which is orders of magnitude larger compared to the values for the
stamps used in this work. Roof collapse is relevant when including large contact
pads or several device layouts on one imprint stamp. Here the distances are
easily reached, and the problem must be solved with supporting posts in the
intermediate areas27.

4.4 Summary

An imprint mold replication process was developed based on OrmoStamp mate-
rial. The main advantages compared to conventional working stamps made out
of PDMS are the very high feature resolution and the more suitable UV-light
curing process of the stamp material on the master mold instead of thermal cur-
ing, which results in a highly increased fabrication throughput. Additionally, the
avoidance of standard nanostructuring methods like e-beam and UV-light expo-
sure, reactive ion etching as well as any kind of solvents or developers on the
substrate during the nTP procedure make this process ideally suited for organic
electronics where the organic materials tend to degrade rapidly under the influ-
ence of harsh conditions. In summary, this will open up opportunities for a wide
range of applications of metal nanostructures in science and engineering, such as
energy conversion, sensing on solids and flexible substrates.





5 Nanoimprint lithography for
nanostructured device
fabrication

5.1 Introduction

In this chapter, a theoretical background of nanoimprint technology is given and
process parameters that dominantly influence a successful imprint are discussed.
For subsequent etching of the substrate, the patterned resist can directly be used
as a mask, while for metal deposition a more advanced method is necessary. For
this purpose, a lift-off nanoimprint process is developed by introducing a second
resist layer acting as a sacrificial lift-off resist. The fabricated metal nanostruc-
tures are characterized in terms of shape retention, morphology, and homogeneity
over large areas. Parts of this chapter are reprinted from13 with the permission
of AIP Publishing.

5.2 Fundamentals of nanoimprint lithography

The imprint process is based on a complex squeeze flow of viscous material. With
the thin imprint polymer layers used in NIL, a small vertical displacement of the
stamp result in a large lateral flow of the polymer.

Assuming, that the polymer film has an initial thickness h0, while the height of
the stamp protrusions is hp (figure 5.1 (a)). After the polymer completely filled
all cavities of the stamp, the thickness of the residual layer is reduced to hr, which
is the remaining polymer film between the substrate and the elevated structures
on the stamp (figure 5.1 (c)). When regarding the polymer as incompressible
(thus conserving its volume), the residual layer height can be directly deduced
from the fill factor ν of the stamp pattern by applying the continuity equation.
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Figure 5.1: Sketch of NIL with the geometrical definitions (a) before imprinting, (b) during
imprinting, and (c) after demolding. Resist structuring is achieved by a squeezed
flow of thermoplastic or UV-curable polymer.

The fill factor is the ratio of the area covered by the protrusions to the total
stamp area.

hr = h0 − (1− ν) · hp (5.1)

This equation is only valid for constant fill factors. Arbitrary layouts result in a
locally varying residual layer thickness and thus in a challenging removal of this
layer. As the subjacent substrate surface must be opened up at any position, the
etching depth must be chosen according to the maximum residual layer thickness.
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Figure 5.2: Fill factors calculated for different stamp layouts used in this thesis. The formula
for the fill factor ν used in the Stefan equation is given in the corresponding boxes,
as well as the values for the fill factor for the case where the width w is equal to
the inter distance d. Here, the pitch p is defined as p=w+d. The unit cell of each
layout is outlined with blue lines.
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The fill factor is essential for defining the needed initial imprint resist thickness,
and as a consequence also the final residual layer thickness and calculating its
value is the starting point of every NIL experiment. The precise control of the
residual layer as a critical parameter was one of the challenges in order to achieve
high-resolution structures. This comes along with a precise method to apply
homogenous layers of resist with nanometer thickness resolution. The formula to
calculate the fill factor for the most commonly used stamp layouts can be found
in figure 5.2. Here, the fill factor ν is calculated depending on the width of the
structure and their pitch (which is defined as the sum of the structure width and
their inter distance).

5.2.1 Squeezed flow of imprint polymer during molding

A convenient way for modeling the squeezed polymer flow underneath the stamp
protrusions is by solving the Navier-Stokes equation with nonslip boundaries and
treating the polymer as an incompressible liquid of constant viscosity. For a line-
shaped stamp, this results in the following expression, which is known as the
Stefan equation36 (Equation 5.3).

1
h2(t) = 1

h2
0

+ 2F
η0lw3 t (5.2)

With a constant imprint force F , line-width w, length l, and polymer viscosity
η0.
Inserting the final thickness (residual layer) hr = h(tf ) and assuming a constant
pressure p = F/(wl) under each stamp protrusion (this is unequal to the applied
imprint pressure, but scales up with a lower fill-factor) will result in the total
embossing time for a complete filling of the stamp cavities (of a line-shaped
stamp).

tf = η0w
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(5.3)

And additionally for a stamp with cylindrical protrusion with radius R

tf = 3η0R
2

4p

(
1
h2

r

− 1
h2

0

)
(5.4)

Analyzing this equation leads to some interesting conclusions. First, the im-
print duration will decrease for smaller (more narrow) stamp structures. There-
fore, smaller features (smaller values of w) are easier to be imprinted than larger
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macroscopic ones, as long as limitations of the polymer material itself do not
affect the embossing. Figure 5.3 shows the imprint duration for a line stamp with
50% filling factor (pitch = 2 times the line width) and 100 nm structure height.
An initial imprint resist height of 70 nm was assumed, resulting in a residual layer
thickness of 20 nm. These are typical values used during the thesis. Standard
imprint conditions are chosen: An imprint pressure of 30 bar (converts to 60 bar
below the protrusions of the stamp) and 165°C temperature. The needed imprint
times for a complete filling of all cavities of the stamp range from less than a
second (for line width below 60 nm) up to 285 s for 1µm wide lines and beyond.
When imprinting contact pads of several hundred micrometers, this resist flow
limitation can be an issue.
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Figure 5.3: Calculated imprint durations for varying parameters. Standard conditions (30 bar
imprint pressure, 165°C process temperature) are used with a line-structured stamp
where the line width is identical to the cavity width (line inter distance) with a fixed
protrusion height of 100 nm. (a) imprint duration for increasing line dimensions for
an initial imprint layer thickness of 70 nm (resulting in a residual layer thickness
of 20 nm). (b) imprint duration exemplarily shown for 200 nm lines with respect
to the initial imprint resist thickness. A layer thickness of 50 nm corresponds to
a non-existing residual layer. Values for the residual layer starting from 5nm are
shown.

Table 5.1: Calculated imprint durations for a complete filling of line stamp cavities with different
feature dimensions. 50% fill factor, 100 nm structure height, 70 nm resist thickness
and standard imprint conditions.

Line width Imprint duration
50 nm 0.71 s
200 nm 11.4 s
500 nm 71.2 s
1mm 79154h = 9 years
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A direct consequence can be derived from this finding for the case of a com-
plete filling of the stamp cavities (full contact over the total stamp area). For
a further vertical displacement of the stamp, the polymer then has to flow from
the center to the very borders of the stamp. In this case, w becomes extremely
large (the dimensions of the total stamp), and the flow practically stops (Table
5.1). However, there is a limited polymer flow close to the borders of the stamp
accompanied by a deformation of the stamp and a slightly thicker resist layer
close to the edge of the structured area, as depicted in figure 5.4.

200 nm Initial resist
thickness

Slightly thicker resist
due to stamp bending

Feature resist height 
greater than initial resist

Figure 5.4: SEM image of an imprinted and RI-etched resist at the boundary of the structured
area. The height of the polymer structures is greater than the initial imprint resist
layer, as part of the cavity height is added to it due to polymer reflow. The same
can be observed right at the edge of the structured area. After some hundred
nanometers distance, the layer thickness changes back to the original value due to
a slight stamp bending.

As a result, the imprint process is hardly affected by a too long printing du-
ration. Even if the theoretical imprint duration is only some seconds, extending
the process to several minutes will not change the outcome. In this work, the
printing duration of 4min was usually not changed as it is orders of magnitude
longer than needed.
A second result of the Stefan equation is the only weak influence of the emboss-
ing pressure on the processing time. If an imprint is not successful, increasing
the pressure most likely will not improve the result. As an upside, an expensive
nano-imprint machine due to high-pressure components is in principle not needed.

A simple way to drastically reduce process times to mold polymer layers can
be achieved by increasing the polymer thickness. For thicker films, the squeezed
polymer flow is more unaffected by the friction at the boundaries (substrate and
stamp surface). However, this will directly increase the residual layer thickness,
and minimizing this residual layer is one of the key concepts when optimizing all
process parameters while keeping the imprinting duration reasonably short. To
fill all cavities of the stamp, according to equation 5.1, an initial layer thickness of
(1−ν)·hp is needed. When further increasing the height of this layer, the residual
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layer height increases exactly the same amount. To benefit from reduced process
times, this thickness can easily reach the dimensions of the pattern (structure
height or width) of the NIL stamps. This would result in severe problems when
using etching methods to open up the substrate surface. Even with dry-etching
methods (section 3.4) a perfect anisotropic etching profile cannot be achieved,
thus deep polymer etching also leads to lateral shrinking of the structures. Con-
sequently, a very thick residual layer will result in a shape change (or complete
removal) of the imprinted structures during the etching step. In this work, the
aim was to obtain a residual layer’s thickness of less than 20 nm.
The viscosity of the resist has the most significant effect on the printing time.
Although the viscosity is only a linear parameter in the Stefan equation 5.3, the
material parameter itself can vary by orders of magnitude (figure 5.5). First of
all, when choosing a polymer as an imprint resist, the zero shear viscosity does
generally increase with increasing molecular weight of the molecule. It is expected
that smaller chains, which are typically present as coils, can move more easily in
small cavities of the imprint molds. In addition, the viscosity of every imprint
resist can be reduced by increasing the process temperature.
As mentioned in section 3.1.2, the used polymers have a glass-liquid transition
or glass-transition temperature. Theoretically, all materials have a glass tran-
sition temperature37. It is the gradual and reversible transition from a hard
("glassy" state) into a viscous or rubbery state as the temperature is increased.
The glass-transition temperature is always lower than the melting temperature
(if one exists). It is not considered as a phase transition, and it is not sharp, but
it is rather a phenomenon that by convention occurs at a certain viscosity thresh-
old38. Even beyond this threshold, the viscosity can be lowered with increasing
temperature (figure 5.5). This is a result of the increasing ability of the chains
to move freely, while entanglements and van-der-Waals interactions of the chains
are reduced.

The used imprint polymer mr-I 8000R and mr-I 8000E (Micro resist technology,
Berlin) in this thesis are thermoplastic resists and have a glass-transition temper-
ature at Tg = 105◦C (The designation 8020 (which is also used in this chapter)
only indicates a pre-dilution of the polymer 8000, where standard spin-coating
conditions result in a film thickness of 200 nm). Above this temperature, their
viscosity can be reduced by order of magnitude just by increasing the temperature
by roughly 10K. Figure 5.5 shows the decreasing behavior of the viscosity with
increasing the temperature. Here, the data points are extracted from the manu-
facturer’s datasheet. It is then fitted using the Williams-Landel-Ferry equation,
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Figure 5.5: Zero viscosity of the imprint polymer mr-I 8000E. The data points are extracted
from the manufacture’s datasheet. The fit is based on the Williams-Landel-Ferry
equation. Reprinted with permission from "micro resist technology GmbH".

which is an empirical equation usually used for polymer melts or other fluids that
have a glass-transition temperature (equation 5.5). The parameters C1, C2 [K],
Tr [K], and ηM [Pa s] are empirical parameters obtained via regression. Typically,
Tr is set to be the glass-transition temperature of the polymer, in this case,
Tr = Tg = 105◦C. The parameters C1 and C2 then become very similar for a
wide class of polymers. The fitted values here are C1 = 18.5, C2 = 58K and
ηM = 3.8 · 1015Pas.

η (T ) = ηM exp
(
−C1 (T − Tr)
C2 + T − Tr

)
(5.5)

From this fit, a reduction of the polymer viscosity by nine orders of magnitude
between the glass-transition temperature (Tg = 105◦C) and the process temper-
ature of Tp = 165◦C can be derived. Thus, temperature as a process parameter
plays the dominant role in the Stefan equation 5.3 and the NIL process by chang-
ing the viscosity η0 (T ).
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5.3 Lift-off nanoimprint lithography

Nanoimprinting lithography is an elegant way to pattern resist layers with sub-
50 nm structures. For etching purposes, this film acts then as a mask to transfer
its pattern into the substrate. In the field of energy conversion applications, typ-
ically metallic nanostructures are needed. Here, the minimal lateral dimensions
of the structures (and as a result the thin layer thickness of the imprint polymer)
are a problem.
Performing physical vapor deposition (PVD) directly on the target substrate un-
der high vacuum conditions leads to well-defined metal/substrate interfaces and
smooth metal surfaces, which is very important for electrocatalytic applications
where these properties are crucial. The most commonly used method in mi-
crotechnology to fabricate metal structures is the lift-off technique. Here, the
substrate material is coated with a sacrificial material (e.g., photoresist) and
patterned to open up the surface of the substrate at predefined spots. Then, a
defined thin film of metal is deposited over the whole area of the substrate, only
having direct contact with its surface inside the openings. When the sacrificial
layer is washed away with a solvent, it will also remove unwanted metal on top
of it, leaving only the patterned metal structures on the substrate behind.
Usually, also the sidewalls of the sacrificial layer get covered during the deposition
step, which will prevent the solvent from dissolving the resist when a closed film
has been formed. To avoid this problem, rather thick resist films or the formation
of a sidewall undercut are necessary to separate the metal film on top of the resist
from the parts on the substrate. Using optical lithography, this is achieved with
an image reversal photoresist in a negative process (section 3.1.1). An example of
such shaped AZ5214E resist (Microchemicals, Germany) can be found in Figure
5.20(a).
With nanoimprint technology, this is by default not possible. A patterned stamp
with such a shaped sidewall would be inevitably impossible to demold from the
imprint resist as the resist will fill up these undercut areas during the imprint
process and, as a result, will be fixed to the stamp after the hardening step.
This is why, in this sense, perfectly vertical sidewalls are the most optimized ones
that can be achieved. In reality, there is always a slight slope formed during the
etching step of the master mold fabrication. Hence, a direct lift-off process with
standard NIL is only possible for very thin metal layers, and it is highly likely
that one has to deal with common defects like unwanted metal retention between
the patterned structures and ear defects on their metal surface.
To overcome these limitations, a method was developed to generate an artificial
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Figure 5.6: Sketch of a bi-layer lift-off nanoimprint process. (a) An additional layer of resist is
introduced as a lift-off resist, and the imprint polymer is patterned with NIL (b)
After removing the residual layer of the imprint using RIE, the LOR is partially
developed leading to an underetching of the imprint resist. (c) A metal layer is
evaporated. The undercut results in a separation of the metal film on the substrate
to that on the resist. (d) All of the resists are removed with a solvent, only leaving
the metal pattern on the substrate behind. Reprinted from13 with the permission
of AIP Publishing.

undercut by establishing a bi-layer lift-off imprint process (LO-NIL). A second
layer of resist is introduced between the substrate and the imprint polymer acting
as a lift-off resist (LOR). A sketch of the polymer layer stack and the process can
be found in figure 5.6. First, after cleaning the substrate, the LOR is spin-coated
on the substrate. After a soft-bake step to remove all solvent and to harden this
film, the imprint resist layer is applied using common spin-coating procedures
and parameters followed by a soft-bake. The imprint stamp is placed on the
substrate and an imprint process is performed. As the protrusions of the stamp
do not penetrate the LOR, it therefore remains unaffected by this step (figure
5.6 (b)). Reactive ion etching is then used to remove the resulting residual layer
of the imprint resist and will also partially etch into the LOR layer. The more
the LOR is thinned in this step, the shorter is the needed etching time later on,
to form the undercut. However, long (not perfectly anisotropic) RI-etching may
result in a widening of the nanostructures, which must be avoided.
The partial lateral removal of the LOR can be achieved with either a dry-etching
or a wet-chemical method. This will lead to an undercut of the imprint resist,
and thus to an artificial negative slope of the sidewalls. This etching step has to
be highly selective to only remove the LOR, leaving the imprint resist unaffected.
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Now, the sample is ready to be coated with a thin metal film. The metal film on
the substrate will be separated from the layer on top of the resist even if the side-
walls of the pattern are partially coated as well (figure 5.6 (c)). As a final step,
the sample is immersed in a suitable solvent to remove both resist layers, and by
that, also the unwanted metal film (figure 5.6 (d)). This step can be carried out
in an ultrasonic bath at higher temperatures if needed. After cleaning the surface
with isopropanol or DI-water, the process is completed and the sample is ready
for further processing steps or measurements.

5.3.1 Material requirements for a bi-layer resist approach

Finding the best resist combination for this type of process is quite a challenge.
Many requirements must be met and are listed in the following. Some of which
must be fulfilled and some are just a nice-to-have.

1. It must be possible to spin-coat both layers on top of each other without
intermixing. This does require the LOR to be resistant to the thinner of
the imprint polymer.

2. The resulting minimal film thickness of the LOR should be below 20 nm
without de-wetting from the substrate.

3. The soft-bake of the imprint resist should not alter the LOR properties
(temperature stability).

4. The imprint process should leave the LOR unaffected, especially concerning
temperature and pressure.

5. Additionally, the LOR must be stable during the imprint process, such as
no flow towards the stamp cavities occurs. This implies that the glass-
transition temperature of the LOR is much higher than the one of the
imprint polymer.

6. The LOR can be selectively wet or dry-etched over the substrate.

7. In the best case, the LOR can be selectively dry-etched over the imprint
resist. This way, a complete removal of it is possible while shape retention
of the pattern is given. Also, this would enable an all-dry-etch process,
which should be very stable.



5.4 Fabrication and Characterization 45

8. Development (underetching) of the LOR must be selective over the imprint
polymer.

9. The developing rate must be reasonably stable, and the time-scale for this
process must be practicable (the used dilution of the developer can easily
adjust this)

10. A solvent must be found to completely remove the polymer layer from the
substrate surface during the lift-off process. In the best case, it also removes
the imprint polymer.

The following combination of resists is found to meet most of the requirements:
PMGI SF6 from Michrochem, USA is used as a lift-off resist, which is diluted
with G-thinner from the same company. mr-I 8020R from Microresist, Germany,
is used as the thermal imprint polymer and ma-T1050 as its thinner. In the
following sections, characterization of the resists and processes are performed
and proves the resist types to be well chosen.

5.4 Fabrication and Characterization

5.4.1 Thin film layer thickness characterization

The polymer materials used as resists in this work have an excellent resistance
to developers and wet and dry etching processes. However, they are sensitive
to mechanical influences (e.g., scratching). This makes it difficult for thickness
measurement methods where a stylus/tip is used in contact mode like in surface
profilometers. There, typically the surface is getting scratched, and the resulting
measured thickness is then lower than expected. With AFM, it is possible to
measure in tapping mode and with reasonably low forces where the characteri-
zation of polymer layers is possible. However, this method is time-consuming. A
convenient way to determine the layer thickness of thin transparent films is by
using ellipsometry. Here, the refractive index n(λ) of one or multiple polymer lay-
ers, the substrate, and the environment (typically air (n=1)) have to be known,
and a rough assumption about their thicknesses must be made. The exact values
are then measured using a laser by the change of polarization upon reflection or
transmission and by comparing it to a model. This method is especially interest-
ing for thin films, as it is a contact-free characterization method, and the result is
intrinsically an average over the laser spot area, making it a very stable technique
while multiple measurements on a single spot are not needed. Additionally, the
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measurement itself takes just few seconds.
The value of the materials refractive index depends on the used laser wavelength,
which has to be used in the model. For most materials, this value can be looked
up in literature or online databases. For the imprint polymer mr-I 8000R and
PMGI SF6 the values can be calculated by using Cauchy-parameters from the
manufacturer datasheet and the following equation 5.6.

n (λ) = A+ B

λ2 + C

λ4 + ... (5.6)

Usually, it is sufficient to use a two-term form of the equation.
For the UV-imprint resist NDK UV-01, those parameters are not given and thus
were determined using interferometry during this thesis. Interferometry is an op-
tical, non-invasive characterization method, which can be used when neither the
film thickness nor the refractive index value is precisely known. A thin film is
spin coated on a substrate with known material properties. Light from a nearly
monochromatic source is focused perpendicular on the sample surface, the inten-
sity of the reflected light is then measured for a wide wavelength range. The light
reflected by the upper and lower boundaries of the thin film interferes with one
another, thus the resulting intensity pattern is determined by the phase difference
between these two waves. Waves that are in phase will undergo constructive in-
terference, while waves that are out of phase will undergo destructive interference.
By using samples with different film thicknesses, the measured data can be fitted
to get both the Cauchy-parameters and the film thickness of the resist layers.
Here, a fitting tool developed by Alexander Andrejew (TUM) was used, which
is based on Mondry et al.39. Three thicknesses (815 nm, 955 nm, and 1356 nm)
were measured and fitted simultaneously. A measurement and fit are exemplarily
shown in figure 5.7. The fit matches very well the experimental data. At a lower
wavelength, light is absorbed by the UV-curable resist. This leads to a deviation
in peak height from the fit as it does not include an imaginary part of the refrac-
tive index. However, at the point of interest (laser wavelength λ = 632.8nm),
absorption is minimal to none present.

The used refractive index values and Cauchy parameters are listed in table 5.2.
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Figure 5.7: Measurement and fit of an 815 nm thick film of UV-curable imprint resist NDK
UV-01. The fit is performed by Alexander Andrejew (TUM).

Table 5.2: Refractive index values at 632.8 nm and Cauchy-parameters for used materials and
resists. Values for materials marked with an asterisk are taken from the correspond-
ing manufacturer datasheet.

Material Refractive index n Cauchy-parameters A B (nm2) C (nm4)
mr-I 8000R∗ 40 1.5667 1.547 7900 0
PMGI SF6∗ 41 1.5382 1.524 5176 2.105·108

NDK UV-0142 1.531 1.508 9400 0
mr-UVCur21∗ 43 1.48252 1.473 1600 8.8·108

Ormostamp44 1.50461 1.491 5600 2·107

Silicon45 3.874 (k=-0.016)
Silicon-oxide46 1.465 -
Gold47 0.184 (k=-3.43)
Aluminum48 1.153 (k=-6.69)

5.4.2 Spin coating

The correct coating procedure is essential for a homogenous and well-defined re-
sist thickness. In principle, a variety of coating methods are possible. Using
spray coating, a solvent-rich resist gets atomized into small droplets, and the
spray will form a growing resist film on the substrate. This technique can be
used with almost any kind of substrate. However, the obtained surface roughness
can be comparably high. With dip coating, the substrate is pulled out of a resist-
filled basin vertically with a defined speed. It is a non-complex technique, but the
thickness of the film may vary over the dimension of the substrate. Roller coating
is especially useful with flexible substrates. Here a coated roller transfers resist
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to a substrate. The roller is covered with resist just by partially immersing it in a
resist-filled basin or by additionally using knife coating, where a blade is used at
a defined distance to the roller, leading to a constant and defined thickness of the
film. Here, the resist gain is almost 100%, however, it might not be a practical
method for small and hard substrates.
The most widespread coating type to get thin-film polymer layers is spin coating
and is mainly used in this work. First, the flat substrate has to be thoroughly
cleaned to remove any particle as these would result in defects in the final thin
film. Cleaning is performed in acetone in an ultrasonic bath for 10min followed
by rinsing with isopropanol. To further remove organic contaminations, the sub-
strates are treated with oxygen plasma in a barrel etcher (200W, 2min). Here, it
is essential to know the properties of the polymer used for spin coating. If it is a
polar molecule, then the generated hydroxyl group on the silicon surface (which
are polar itself) favors the sticking of the resist to the substrate. For non-polar
resists heating the substrates on a hotplate above 100°C is a more expedient so-
lution to remove adsorbed water molecules.

Then, a small amount of resist polymer is applied at the center of the substrate.
This was done using a syringe with a 0.25micron PTFE filter to remove any par-
ticles above this size, avoiding particle defects in the final layer. The substrate is
then rotated at high speed in order to spread the coating material by centrifugal
force. The viscosity of the resist and the angular speed of spinning determines
the final thickness of the layer. This process is very fast (less than a minute) and
produces very smooth surfaces. The rotation speed can be easily adjusted, and
the viscosity of the resist can be reduced by mixing it with a solvent used as a
thinner liquid. While spinning, the excess resist is removed from the substrate.
Simultaneously, parts of the thinner evaporates (typically about 90%) leading to
a higher viscosity of the resist and a stop of the thickness change. After the spin
coating, a soft-bake is performed to remove nearly all of the thinner liquid.

Knowing the exact resist layer height is essential for subsequent etching pro-
cesses. When working with imprint structures with very small lateral dimensions,
a strong overetching can lead to a lateral reduction in size when the etching pro-
cess is not perfectly anisotropic. The layer thickness after the coating process
must therefore not only be well known, but also the variation of this thickness
between several samples should be as minimal as possible. Thus, a thorough
characterization of this process is fundamental.



5.4 Fabrication and Characterization 49

Table 5.3: Spin coating layer thickness fit parameters for mrI-8020R.
Dilution Parameter a Exponent b
undiluted 11701 0.5
1.0/1.0 4709 0.5
1.0/2.0 3918 0.5
1.0/3.0 3550 0.5
1.0/4.0 2470 0.5

The thickness of the resulting resist layer on the substrate was measured with el-
lipsometry using a laser (λ = 632.8nm). The experimental data is shown in figure
5.8 for the used imprint polymer mr-I 8020R and lift-off resist (LOR) PMGI SF6
for angular rotation speeds between 1000 rpm and 6000 rpm. Different dilutions
of the initial resist were used using the thinner ma-T 1050 and G-thinner for the
resist mr-I 8020R and PMGI SF6, respectively.
Typically, such spin-coating curves can be characterized by the following well
known (simplified) law49–51:

h = aω−b (5.7)

where ω is the angular rotation speed, and a typical value of the exponent is
b = 0.5.
This expression is used for fitting the measured data points to theory. The exper-
imental data of the imprint polymer mr-I 8020R nearly perfectly matches the fit
(figure 5.8 (a) after softbake (100°C - 1min) ). The values of the exponent b are
very close to the expected value of 0.5, so it is reasonable to fix it to this value
leaving only one free parameter defining the dilution of the resist. The fitted
parameters for each dilution are listed in table 5.3. The layer thickness on sili-
con substrates was homogenous throughout the whole sample surface (11x11mm
and 20x20mm), and the edge bead was very small. In comparison, spin coating
the LOR showed a slightly more unstable result. First, the homogeneity varied
from sample to sample. While the sample center had almost identical thicknesses
when using constant spin coating parameters, it changed gradually close to the
sample edges (up to 3mm). Figure 5.8 (b) shows the layer thickness for the
lift-off resist after soft bake (255°C - 3min). Here, the fitted parameters using
equation 5.7 are changing for different dilutions. The values are given in table 5.4.

Knowing the exact thickness of the LOR and the imprint polymer is highly
important, thus it was measured for each sample individually. A statistical rep-
resentation of the data is shown in figure 5.9 for one of the standard parameters.
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Figure 5.8: Resist layer thickness after spin coating and after soft bake for different rotation
speeds. The base polymer is diluted with the corresponding thinner to get various
concentrations for (a) imprint polymer: mr-I 8020R (Thinner: ma-T 1050) and (b)
Lift-off resist: PMGI SF6 (Thinner: G thinner). Parts of the data points were
already published in52.
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Figure 5.9: Layer thickness statistics for a single constant dilution and rotation speed. (a)
imprint polymer: mr-I 8020R (Thinner: ma-T 1050) and (b) Lift-off resist: PMGI
SF6 (Thinner: G thinner).
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Table 5.4: Spin coating layer thickness fit parameters for PMGI SF6.
Dilution Parameter a Exponent b
undiluted 29548 0.56
1.0/1.0 11970 0.60
1.0/2.0 7345 0.60
1.0/3.0 38885 0.86
1.0/4.0 23515 0.82

Spin coating the imprint resist mr-I 8020R shows very stable results, where the
variation of the final thickness is typically below 1 nm within one fabricated sam-
ple set. More considerable variations were only noticed between different process
days. However, it was still minimal (below 3 nm). The LOR is slightly more un-
stable in this sense, and the thickness variation is larger even for the same sample
sets. Furthermore, it is possible to obtain a final thickness far from the expected
value, as depicted in figure 5.9 (b), which then can not be used anymore for fur-
ther processing. Cleaning and pretreatment of the substrate have an important
role on the result. In most cases, the thickness variation is still acceptable and
can be addressed by measuring the layer thickness for each sample and adjusting
the etching or developing time individually.

5.4.3 Residual layer characterization

If no dewetting of the imprint polymer from the substrate surface occurs, there
will always be a residual layer left on the substrate below the stamp protrusions.
This is caused by the more and more limited ability of the polymer to flow un-
derneath the protrusions towards the stamp cavities when the layer thickness
decreases (Cf. equation 5.3). The thickness of this remaining layer determines
the parameters for subsequent etching steps for its removal. As unnecessary
overetching will also lead to partial lateral etching and a change of the nanos-
tructure shape, characterizing the exact thickness of this layer is a crucial step.

For this purpose, imprinted samples using each master stamp type were fab-
ricated. The residual layer of the imprint polymer after the imprint process was
characterized using AFM as follows: First, the structured area of the imprinted
polymer is scratched using a scalpel to remove it from the underlying silicon sur-
face. This process does not damage the silicon surface. It is helpful to perform a
slight sideways motion during the scratching. With that technique, excess of the
polymer mainly accumulates only on one side of the scratch, which is needed to
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find a suitable spot for the AFM measurement. Also, performing the scratch par-
allel to the structure direction (if line-shaped) favors a straightforward evaluation
of the layer thickness. Then, an AFM image is taken on the edge of the scratch.
Such an AFM measurement can be found in figure 5.10. Here a line stamp with
200 nm lines and 400 nm pitch was used. The scan direction is perpendicular to
the lines in tapping mode. From an extracted profile (marked in the image), it is
possible to determine the residual layer thickness accurately (here, 19.6±0.5 nm).
In addition to the AFM measurements, the substrate is cleaved afterward perpen-
dicular to the structure direction, and side-cut images of the imprint are taken
using SEM. However, with SEM, it is hardly possible to determine exact layer
thicknesses for non-conductive materials due to a surface charging effect caused
by the e-beam itself. Nevertheless, it was used to check the efficacy of the imprint
on a larger scale.
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Figure 5.10: Residual layer measurement using atomic force microscopy. A silicon wafer with
thermal imprint resist (mr-I 8000R) is structured using a 200 nm line stamps
(400 nm pitch). Parts of the resist are scratched with a scalpel. The residual
layer thickness is the height between the layer thickness in the line cavities and the
substrate.

Table 5.5: Residual layer thicknesses for selected stamp layouts (L=lines, P=pillars).
Stamp

structure
Polymer structure

height (nm)
Initial layer

thickness (nm)
Residual layer
thickness (nm)

Calculated
value (nm)

L200 92.4 60.2 24.7 16.4
L200 94.5 48.7 3.8 3.9
L200 94.5 60.8 22.8 15.9
P75 87.2 80.5 15.1 10.4
P200 87.5 81.0 17.3 15.4
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Figure 5.11: Residual layer measurement using scanning electron microscopy. A silicon wafer
with thermal imprint resist (mr-I 8000R) is structured using a 200 nm line stamps
(400 nm pitch). The substrate is cleaved perpendicular to the line-shaped nanos-
tructures, and a side-view image is taken (a) after the imprint. The residual layer
is visible on top of the substrate. (b) after RI-etching. The residual layer is re-
moved and the subjacent substrate surface is opened.

The residual layer thickness measurements showed a slightly larger residual
layer as calculated with ideal shape parameters. The stamp layout deviated from
the ideal case by terms of edge curvature, which reduces the fill factor (see section
5.2). An additional factor is the not perfectly vertical sidewalls. During etching
of the master and the two-fold replication to produce the working stamp even
small deviations from the optimal case are decreasing the cavity volume. Both
effects are resulting in a thicker residual layer, which has to be taken into account
during its removal.

5.4.4 Residual layer removal

The residual layer has to be removed with minimal lateral etching of the nanos-
tructures. For having a highly anisotropic etch characteristic, chemical dry-
etching is typically used. In the following different approaches are tested for
their applicability of residual layer removal of purely organic polymers.

Oxygen plasma used for thin polymer film etching

Barrel etching A barrel plasma etcher (section 3.3) removes organic polymers
when oxygen is used as process gas. The advantage here is a high selectivity
against the silicon surface. Also, the ignition of the plasma is very stable, while
a relatively slow etching rate offers reasonable control over the etch depth. An
etching rate of 7.8 nm/min (0.13 nm/s) was measured for an rf-power of 300W
with a gas flow of 74 sccm. However, a barrel etcher is typically used to remove
thin contamination layers only or to activate a substrate surface by the generation
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of hydroxyl groups. It was found that the etching rate may change daily, thus a
calibration sample is needed before a process run (yet, this was done anyways).
Samples are not actively cooled during the etching process, thus they heat up
during the process. This can be a problem when the temperature rises above the
glass transition temperature of the imprint polymer. The maximum temperature
was measured using Testoterm thermometer strips. The maximum temperature
was reached after 3-6min and was determined to be 54±5°C for a power of 200W.
For low rf-powers of 100W, the temperature is 40±3°C and does rise to values
of 60±5°C for 600W. All these values are far below Tg = 105◦C of the used
imprint polymer. A major disadvantage of this dry-etching method is the rather
low anisotropic etch behavior, thus the imprinted structures are almost equally
etched laterally and vertically. As a consequence, a barrel etcher was only used to
remove very thin residual layers or when metal substrates are used, which should
not be etched with RIE because of contamination issues.

Reactive ion etching The dry etching method RIE is instead used to remove
the residual layer of the imprint polymer after the pattering step (see section 3.4)
as it favors a more vertical etch profile. A Plasmalab 80 from Oxford was used
during this work. However, even with optimized parameters, it is hardly possible
to reach perfect anisotropy. This is why the etching rates and characteristics are
first analyzed. First, oxygen-only as process gas is used due to the organic-only
containing resists. This enables a residual-free removal of the polymer. Also, it
is perfectly selective to silicon and silicon oxide. A low forward power of 35W
was used with an oxygen flow rate of 30 sccm at a pressure of 15mTorr. These
parameters resulted in a DC bias of 150V (leading to a directed vertical accel-
eration of the oxygen ions towards the substrate). The etch rate of the imprint
polymer mr-I 8000R was determined to be 1.15 nm/s. This rate is very stable
throughout the process but yet slightly too large. As the forward power is set to
a minimal value to reduce the etching rate, the ignition of the plasma gets less
stable and takes up to 3 s, while the etch duration of a 15 nm thick residual layer
only takes 13 s itself. This results in an unwanted uncertainty of a maximum of
19% (for these values).
Liquid nitrogen can actively cool the substrates, which reduces the chemical etch-
ing speed. In Table 5.6, the etch rates are given. When cooling down from room
temperature to -27°C, the etch rate is reduced to 0.99 nm/s.
However, the additional cooling step (and heating step afterward) does extend

the processing time significantly and does not justify the lower etch rates. Instead,
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Table 5.6
Temperature Etchrate (nm/s)
25°C 1.15
-14°C 1.10
-27°C 0.99

a plasma chamber clean was performed before the first etching step stabilizing
the plasma ignition, while also a test sample was etched first to determine the
etch rate.

Additionally, the etch rate for the lift-off resist PMGI SF6 is of interest, as
discussed at the beginning of this chapter. In the best case, the LOR can be
selectively etched both against the imprint polymer and the substrate. If only
selective against the substrate, the etching rate of the LOR should be larger than
the imprint polymer. This enables a very short wet-chemical development time
as the vertical removal of the LOR is then mostly covered during the dry-etching
step, thus the LOR development is only needed to create a lateral undercut (fig-
ure 5.6 (b)). The etching rate of the LOR is determined to be 1.58 nm/s, when
using identical parameters as mentioned above for the imprint resist. This is
slightly larger than the etching rate of the imprint polymer (1.1 nm/s), but not
significantly. In particular, it is not sufficient to entirely remove the LOR verti-
cally. The LOR must be thicker than the metal height of the final nanostructures
(typically 20 nm) in order to guarantee the separation of the metal layer on the
substrate to the imprint polymer on top of the LOR. Taking the measured rates
as a basis, the imprint polymer would also get etched almost the same amount
as the LOR. As a consequence, the dimensions of the structures would change, if
not perfectly anisotropic.

Feature dimension tuning

Feature dimensions are predefined (and fixed) by the master mold, which is sin-
gle time written with e-beam lithography. This is a cost-intensive and time-
consuming process, which usually has to be carried out individually for every size
variation of a sample layout. Using pure oxygen as a process gas, it is possible to
tune the lateral dimensions of the nanostructures during the fabrication process
(figure 5.12). Oxygen ions will certainly also etch sidewalls to some extent, thus
increasing the diameter/width of the openings over time.
This was tested using a pillar stamp with 75 nm diameter. After imprint, the
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Figure 5.12: (a) Feature size tuning during oxygen reactive ion (RI) etching. The diameter of
the Ti/Au disks was tuned during RI etching to (b) 75 nm, (c) 90 nm, (d) 110 nm
as shown in SEM images of lift-off samples fabricated with a 75 nm pillar stamp.
Adapted and reprinted from Nagel et al.13 with the permission of AIP Publishing.

residual layer was etched with pure oxygen gas in a RIE process (35W forward
power, 150V DC-bias, 30sccm, 15mTorr). The etch duration was varied to cover
different etch depths. A thin metal layer was then evaporated on top of the sam-
ple, and nanodisks were fabricated by a lift-off method. The diameter of the final
Ti/Au nanodisks was measured using SEM.
With this tuning, it is possible to increase the feature diameter of initially 75 nm
up to a value of 120 nm (figure 5.12 (a)), which is an increase of 45 nm (+60%).
SEM images of an exemplary diameter tuning from 75 nm to a value of 90 nm
and 110 nm can be found in (figures 5.12 (b)-(d)). With an etch depth of 25 nm,
the diameter is widened by 10 nm (thus, the structures are laterally etched 5 nm
on both sides). The anisotropy of pure oxygen RI-etching is therefore 5:1.
This method is extremely beneficial, e.g., for plasmonic applications where fine-
tuning of the dimensions of metal nanodisks enables precise resonance frequencies
control.

Anisotropic RIE optimization

The removal of a residual layer in the thickness range of 15 nm, would lead to
a widening of the structures by 8% (or 6 nm) for 75 nm disks when using pure
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oxygen plasma. Reducing the residual layer will directly lead to optimized shape
retention, however a fixed over-etching time has to be included in the calculated
duration to cover for residual layer thickness variations over the sample and also
uncertainties in plasma ignition and etching rates of the RIE process. To get
nanometer precision, an optimized anisotropic etching is required.
RI-etching typically consists of a physical and chemical part. The physical part is
based on bombardment of the surface with the accelerated ions generated in the
plasma. The kinetic energy of the ions will result in an ion sputtering and removal
of the surface atoms. By choosing the right process gas, the formed ions in the
plasma can chemically etch the sample surface. As it is not an instantaneous pro-
cess like physical etching, the ions can move after hitting the surface before they
undergo a reaction, thus also removing material from vertical sidewalls. Typi-
cally, physical etching is more directed and thus more anisotropic. A convenient
way to improve anisotropy is to use a chemically inert gas like argon that only
has a physical etching component. Also, increasing the acceleration voltage (DC
self-bias voltage) results in a more directed etch profile. The DC voltage can
be increased by lowering the chamber pressure or by increasing the rf forward
power. A different approach to increase the etch anisotropy can be achieved by
cooling the sample (cryogenic RIE) in order to limit chemical reactions and ion
movement after touching the cooled surface, which produces isotropic etching.
These methods have been tested and showed an improvement in anisotropy com-
pared to the standard oxygen RIE process. Increasing the rf forward power from
35W to 200W leads to a DC bias increase from 150V to 540V and, as a re-
sult, increasing the anisotropy from around 5:1 to 6.9±1.8:1. However, the high
rf-power has the disadvantage of a very high imprint resist etching rate, which
makes it hard to control. Using liquid nitrogen for cooling while keeping the
rf-power at 35W had an even better effect on the anisotropy, reaching a value of
9.3±3.3:1. Cryogenic RIE is therefore a better solution, with the disadvantage of
a longer process, while the value for anisotropy is still not sufficiently high.

As a solution to this problem, a two-gas RIE process for organic materials was
developed, inspired by deep reactive ion etching (DRIE) of silicon using a Bosch-
process53, where a short etching step is followed by the deposition of a passivation
layer, which protects all open surfaces from further etching (figure 5.13). During
the following etching phase, the directional ions that bombard the substrate ver-
tically are attacking the passivation layer at the bottom of the trenches (but not
along the sides).
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Lift-off
resist

Imprint
resist

DepositionEtching

C4F8O2

Figure 5.13: Sketch of a two-gas passivation and etching RIE process. C4F8 forms a passivation
layer on all open surfaces. Accelerated O2 ions will remove this protection layer
only on horizontal surfaces, thus enabling further etching at the bottom of the
patterned trenches.

For organic resists etching, a mixture of oxygen (O2) and Octafluorocyclobutane
(C4F8) is used. The oxygen will chemically etch the organic content, while the
C4F8 source gas is supposed to yields a substance similar to Teflon protecting
sidewalls of the nanostructures (figure 5.13). In contrast to the Bosch-process,
the etching and deposition step is carried out simultaneously.

(a) O2 only O2 + cryo

O2/C4F8 C4F8/SF6

50 nm

Not etched (b) (c)

(d) (e)

Figure 5.14: SEM images of nanoimprints using a 75 nm pillar stamp in mr-I 8020R poly-
mer and etched with different RIE settings: (a) Unetched (b) O2-only (200W,
30 sccm, 540V DC-Bias); dH=29 nm; anisotropy 6.9:1 (c) O2-only + cryogenics
(35W, 30 sccm); dH=31 nm; anisotropy 9.3:1 (d) O2/C4F8 (200W, C4F8: 27 sccm -
O2: 25 sccm, 468V DC-Bias); dH=25.6 nm; anisotropy 15.2:1 (e) C4F8/SF6 (15W,
C4F8: 30 sccm - SF6: 20 sccm, 109V DC-Bias); dH=24.5 nm; anisotropy 31.7:1.

Different gas flow rates and rf-powers were tested and the result was charac-
terized using SEM, AFM, and Ellipsometry with a special interest in the shape
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change caused by the etching. Figure 5.14 shows SEM images of different etch
treatments applied to samples imprinted with a 75 nm pillar stamp into mr-I
8000R. All samples were coated with a thin gold layer in order to get a stable
SEM image. In figure 5.14 (a) the imprint just after imprinted is shown. Pure
oxygen-only processes can be found in (b) and (c), while in the latter cryogenic
cooling is applied. Figure 5.14 (d)+(e) shows procedures, where passivation gas
is additionally used. The respective process parameters are given in the caption
of the figure. It is apparent that the structure edges are very smooth using oxy-
gen only as a process gas. The edge roughness does increase when growing a
passivation layer and also for intense etching steps. This is why the C4F8/SF6

combination was not used for device fabrication.
Excellent results are achieved with an O2 flow rate of 25 sccm, a C4F8 flow rate
of 27 sccm and a rf forward power of 200W. This results in a stable plasma ig-
nition while maintaining a reasonably low imprint polymer etch rate. The edge
roughness is a little bit larger than using pure oxygen, but still on a high-quality
level.
For a 25 nm deep etching using this process, the anisotropy is measured to be
above 15:1. However, these values have substantial error bars typically around
±7. For some etch tests the anisotropy is even above 30:1, yet with error bars
larger than the anisotropy value itself. This has two reasons: First, there is an
almost non-existing diameter increase during the RI-etching using the passiva-
tion layer approach. In most cases, the diameter only increases from 74±1.8 nm
to 75±1.8 nm to be 1±2.6, thus the increase is within the error bar of the mea-
surement and may be larger or even negative. Also, the calculated uncertainty
is larger than the diameter increase itself, which has an even more significant
influence on the calculated anisotropy when approaching values for the diameter
increase close to zero, as it is calculated as the half diameter increase divided
by the etch depth. Secondly, the anisotropy also depends on the etch depth.
While the passivation layer is both grown and etched during the process, only
C4F8 deposition takes place after the end of the process. This leads to a domi-
nant growth of the protective layer. As a result, for very small etch depths, the
diameter change is minimal or can even be negative, as the growth of the layer
decreases the diameter of the nanostructures. For longer etch durations, lateral
etching is getting more and more dominant.
As a consequence, anisotropy should only be compared when having similar etch
depths, and the calculated values are more reasonable for extensive etch depths.
Also, there is an optimum etch depth range for perfect diameter retention, which
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is between 10-25 nm. For deep trench etching, a step-wise process with separated
deposition and etching steps might be advantageous. Then, during the deposition
step, oxygen should be replaced with a different and inert carrier gas like argon.
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Figure 5.15: Characterization of the RIE grown passivation layer using C4F8. The passivation
layer was partially removed using wet chemical etching. (a) Camera picture during
AFM measurement. The passivation layer is visible next to the AFM cantilever.
(b) Extracted height profile. The layer thickness is about 4-5 nm. (c) AFM image
of the height measurement. (d) PhaseTrace image of the measurement shown in
(c). The change in surface composition is clearly visible as the phase changes
during the measurement in tapping mode.

Passivation layer characterization The formed passivation layer that re-
mains on the polymer surface is characterized using AFM. As it also acts as an
inhibition layer for further wet chemical etching or developing steps, it must be
removed from the LOR. For characterization, a sample with a PMGI SF6 layer
is etched with the two-gas RIE procedure and the resulting passivation layer is
cracked and ripped apart using a diluted developer (AZ 400K). A picture of the
sample surface is shown in figure 5.15 (a) during the AFM measurement. The
passivation layer is visible as a slightly darker part of the surface next to the can-
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tilever of the AFM. Figure 5.15 (c) gives the image of the height measurement.
Here, the change between the passivation layer and the opened LOR surface is
hardly noticeable, because the thickness of the passivation layer is small. Phase
imaging, a special AFM analysis technique can be used to make this change more
visible.

Phase Imaging refers to the monitoring of the phase lag between the signal that
drives the cantilever oscillation and its output signal. It is the oscillation "de-
lay" of the cantilever compared to the driving signal while moving up and down
(in and out of contact with the sample). Phase Imaging provides complementary
information to the topography image, revealing the variations in the surface prop-
erties of the sample. It is sensitive to variations in composition, adhesion, friction,
visco-elasticity as well as other factors. It is therefore especially useful for this
application as the fluorine-containing passivation layer has a different adhesion
property compared to the LOR polymer. Figure 5.15 (d) shows the phase image
of the same measurement. The different material compositions are now clearly
visible. The height profile was extracted at this boundary (figure 5.15 (b)), and
the thickness of the passivation layer was determined to be around 4-5 nm.

Reactive ion etching homogeneity

The etching depth must not only be very precise in etching rate, but also in
homogeneity across the wafer. The substrates fabricated for electrochemical ap-
plications typically had a size of 11x11mm2. However, up to nine samples were
etched simultaneously in a single RIE process. Thus, the etch depth was charac-
terized on a full 2-inch silicon wafer. First, a thin layer of imprint polymer mr-I
8020R is spin-coated on the wafer and soft-baked with standard parameters, and
the resulting layer thickness is measured using ellipsometry (figure 5.16(a)) at 25
individual points depicted in the figure as black dots.

Figure 5.16(b) shows the measured etch depth after RIE. A highly homogeneous
etch characteristic is given. For a 42 nm deep etching, the standard deviation over
the entire wafer is only 0.38 nm or 0.9%. Even the minimum to maximum differ-
ence is only 1.4 nm (3.3%) and is most likely caused by a shifted measurement
point between the initial layer and the etched wafer rather than a variation in
RI-etching rate. As a consequence, several samples can be etched simultaneously
in a single dry-etching run.
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Figure 5.16: Reactive-ion etching homogeneity measurement of the imprint polymer mr-I8000R
on a 2-inch silicon wafer. (a) Initial film thickness distribution (b) Etch depth after
oxygen RI-etching. The 25 measurement points on the wafer are marked with a
black dot.

5.4.5 Undercut formation by lift-off resist etching

The formation of an artificial negative slope of the imprinted polymer profile is
achieved by a lateral undercut etching of the lift-off resist. Wet chemical etching
is applied for this reason, as it is typically isotropic. First, a suitable chemical has
to be found, which selectively removes the LOR against the imprint polymer and
also the substrate. AZ 400K from Microchemicals GmbH, Germany fulfills these
requirements (in the following referred to as developer). It is based on buffered
potassium hydroxide (KOH) and can be easily diluted with DI-water to reduce
its etch speed. While silicon can be etched with high concentrated potassium
hydroxide, the etch rate of diluted AZ 400K is negligible, and thus the selectivity
is high. The etch rate of the imprint polymer mr-I 8000R was tested. Even
with undiluted AZ 400K no thickness change of the imprint polymer could be
observed. As a consequence, the selectivity of the developer is high, both against
the substrate and the imprint polymer.

Soft-bake temperature influence on the development rate The devel-
opment rate was determined by measuring the etch depth of the LOR over time
with ellipsometry. For all measurement points, the developer AZ 400K was di-
luted with DI-water in a 1:5 ratio. This dilution is chosen to get a stable process
with a low systematic error caused by uncertainties with the initial dipping and
final rinsing step. The lower the development rate, the smaller is this error. On
the other hand, the total development duration should not be too long for ob-
vious reasons. An etch rate around 1 nm/s is suitable for meeting all requirements.
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Figure 5.17: Soft-bake temperature-dependent development rates of the LOR PMGI SF6 in
AZ 400K:DI-water=1:5. (a) Plot of the etch depth against the etch duration.
For soft-bake temperatures above the glass transition temperature of the polymer
(Tg=180-210°C), the development rate stabilizes with only a slight decrease in
rate with increasing temperature. (b) For soft-bake temperatures above Tg, an
inhibition layer is formed resulting in a dead time of the development, which is
linearly dependent on the baking temperature.

The soft-bake temperature has a direct influence on the etch rate54. The bi-
layer process can be effectively controlled with the LOR soft bake time. Spin-
coated layers of polymer always have a certain remaining solvent concentration.
The soft-bake reduces this content, thus hardening the resist and reducing the
development speed. In figure 5.17 (a) the etch depth over time for different
soft-bake temperatures is given. For baking temperatures below 210-230°C, the
development rate strongly depends on the soft-bake temperature, while for tem-
peratures above 250°C the rate stabilizes to a value of around 0.71±0.02 nm/s
when using a 1:5 AZ 400K dilution. The soft-bake time has a minor influence on
the development rate as long as it removes the solvent as intended52.
Figure 5.17 (a) also indicates a dead-time of the development rate. While for
soft-bake temperatures below 210°C the etch depth is directly proportional to
the etch duration, the etching does not start right away for higher temperatures
but is zero for a certain amount of time. This dead time was extracted from the
graph and plotted against the soft-bake temperature. As can be seen in figure
5.17 (b), starting from a non-existing dead-time at around 210°C, this duration
then linearly depends on a further increase in baking temperature. For the used
developer concentration of 1:5 it can be calculated as

deadtime[s] = 0.49 · T [◦C]− 103 (5.8)
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The value of 210°C matches exactly the glass transition temperature of the lift-
off polymer. When heated above this value during soft-bake, such that it passes
through Tg, the film coating becomes denser and further decreases the undercut
rate54. Secondly, the rate stabilizes and nearly gets constant. Also, an inhibition
layer will be formed on top of the polymer surface, which first has to be removed
when the sample is immersed in the developer solution and causes this dead time.

The inhibition layer negatively influences a controlled removal and undercut
formation in LO-NIL. Although the dead-time can be included when calculating
the perfect development duration, it is in principle better to remove the layer
before this step. However, it does promote the non-intermixing of LOR and
imprint polymer. In the presented LO-NIL procedure, the RIE step to remove
the residual layer of the imprint polymer most certainly also etches inside the
LOR layer. In fact, in an optimized process, it removes as much of the LOR
layer as possible while maintaining shape retention of the nanostructures. As a
minimum, the RIE step must be long enough to at least remove this inhibition
layer of the LOR of 4-5 nm thickness.

0 2 0 4 0 6 0 8 0 1 0 00

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

 O 2 - o n l y
 C 4 F 8 / O 2 - e t c h
 C 4 F 8 / O 2 - e t c h + O 2 - c l e a n

Etc
h d

ep
th 

(nm
)

D e v e l o p m e n t  d u r a t i o n  ( s )
Figure 5.18: Influence of reactive ion etching on the development rates of the lift-off resist

PMGI SF6 using AZ 400K (1:5). The LOR was soft-baked at 255°C for 3min.
With oxygen-only RIE the inhibition layer formed during soft-bake is removed,
and development starts without delay (dead time). With a C4F8/O2 mixture, a
passivation layer is formed, also resulting in a dead time. A short pure-oxygen
cleaning step can remove this passivation layer. The fit of the C4F8/O2-Etch series
only includes data points where the passivation layer is already removed. Data
points with an open symbol were also excluded.

Influence of reactive ion etching on the lift-off resist development rate
The removal of the inhibition layer on the LOR surface can be achieved just by



5.4 Fabrication and Characterization 65

etching far enough inside the LOR when using the dry-etching method to remove
the residual layer of the imprint polymer. However, the RI-etching of the LOR
itself can change the development rate. Figure 5.18 shows the etch characteristic
with oxygen gas-only and with the passivation process described in the previous
section. Therefore samples were coated with LOR and soft-baked at 255°C for
3min. A pure oxygen etching process was performed with standard parameters
(35W forward power, 150V DC-bias, 30 sccm, 15mTorr), but the result is also
valid for any other parameter set as well. Here, the inhibition layer is completely
removed, resulting in the non-existence of the dead time. The development rate of
the LOR is 0.68±0.02 nm/s and thus matches the measured rate without RIE of
0.71±0.02 nm/s. In contrast, with the 2-gas approach using a C4F8/O2 mixture,
the inhibition layer caused by the soft-bake of the LOR is also removed. However,
the passivation layer, which is formed during the RIE process, still results in a
dead time of the development (black circles in the graph) of around 16-20 s.
Furthermore, the development rate of the LOR after the removal of this layer is
0.89±0.06 nm/s, thus slightly higher than before. This rate was determined by a
fit using only the data points after the removal of the passivation layer, where the
development rate is constant. A solution to this problem is to perform a short
pure oxygen gas cleaning step directly after the RI-etching step of the sample
just by changing the process gas during the RIE process. As the passivation layer
thickness was measured to be 4-5 nm thick (5.15 (b)), this step was set to be
5 s long under standard conditions. The development after including this flash
cleaning step is marked with green triangles. Again, no dead time is present, and
the development rate was determined to be 0.83±0.03 nm/s, thus identical within
the error bars to the RI etching without the cleaning step.
Both for the pure O2 and the C4F8/O2 case, the development rate is slightly higher
in the very first seconds (y-axis intercept greater than zero). This is attributed
to the surface roughening of the polymer due to the RIE, which is consistent
with the larger offset using the C4F8/O2 samples. As discussed before, the 2-gas
approach leads to a larger surface roughening compared to the pure oxygen case
(figure 5.14). The origin of the generally higher etch rate remained unclear. It is
assumed to be either a change of the polymer material or a change in developer
efficiency caused by the fluorine content.
In the following, a short oxygen cleaning step was always performed when using
C4F8/O2-RIE, and the development duration was adjusted to the slightly higher
etch rate.

Figure 5.19 shows a LOR development series of an imprint with a 75 nm pillar
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(a) (b)

(c) (d)

(e)

75 nm

Figure 5.19: SEM images of LOR development of imprinted 75 nm pillars with a subsequent thin
gold film deposition. (a) Imprint only (b) Imprinted and RI-etched (residual layer
removal) (c) Short development step in AZ 400K (d) Medium long development
time. A thin LOR residual layer is still visible (e) Sufficiently long development
time. The LOR layer is completely removed in the openings and partially lateral
etched forming an undercut.

stamp characterized using SEM. After the process, a thin metal film is evapo-
rated on the samples (bright parts). Figure 5.19 (a) shows the as-imprinted thus
unetched case. In (b), the residual layer of the imprint polymer is removed with
RIE, where the LOR is also partially removed. In (c), the LOR is shortly devel-
oped with AZ 400K in a 1:5 dilution. The metal structures are still embedded
in the LOR polymer. Sub image (d) shows the case, where the LOR is nearly
removed. Only a thin residual layer is present. (e) The LOR is completely re-
moved, and the imprint polymer is partially underetched. The metal structures
on the substrate are clearly separated from the layer on top of the polymer.

Figure 5.20 shows the difference of undercut profile formation in photolithog-
raphy (a) and LO-NIL (b). In photolithography, the sidewall slope is formed by
a declining UV-exposure dose of the resist resulting in a change of development
rate in z-direction. Figure 5.20 (b) shows a side view of the artificial undercut
formation in LO-NIL using a bi-layer process. The LOR is laterally etched, and
a clear separation of the metal layer is visible. Here, the LOR thickness is around
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Figure 5.20: SEM images of (a) typical negative sidewall profile of an image reversal resist in
optical lithography. (AZ5214E, Microchemicals) (b) Artificial undercut of a bi-
layer lift-off system formed by LOR lateral etching. The separation of the metal
layer (bright layer) on top of the resist and on the substrate is clearly visible
(c) Section of a 200 nm square bi-layer NIL structure before lift-off. Although a
partial coverage of the sidewalls of the imprint polymer with the evaporated metal
is present, metal layer separation is given. (d) Longer development times lead to a
stronger undercut formation (200 nm squares). Adapted and reprinted from Nagel
et al.13 with the permission of AIP Publishing.

30 nm. For longer development times, the undercut gets more pronounced and
the lift-off gets typically more stable (figure 5.20 (d)). The SEM image highlights
the typical T-shape of the polymer.
The feature inter-distance is the limiting parameter of development time. The
lateral LOR etch must be smaller than half the inter-distance (polymer width).
Otherwise, the LOR is completely removed. For minimal distances, this critical
length is in the same range as the LOR thickness (typically starting with the
45 nm structures fabricated in this thesis). Therefore, the LOR height within the
imprinted openings of the resist has to be reduced during the RI-etch step to be
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smaller than this critical value.

5.4.6 Metal layer lift-off process

Lift-off after metal evaporation is performed in N-Methyl-2-pyrrolidon (NMP) us-
ing an ultrasonic bath, which is heated to 60°C. Typically, lift-off in photolithog-
raphy is performed in acetone. While the imprint polymer mr-I 8000R can be
dissolved in acetone, PMGI SF6 used as a LOR stays unaffected. In fact, acetone
can be used to clean the sample only from the imprint polymer layer, when the
imprint or the spin-coating process went wrong. The lift-off has to be carried out
in a fume hood and with convenient protection as NMP has a teratogenic effect!

200 nm

(a) (b)

Metal grains 500 nm

Figure 5.21: SEM images of lift-off process for (a) tuned 75 nm disks. Here, the LOR was
slightly too thin, resulting in grain defects on the metal structures. These grains
are formed during evaporation on the sidewalls of the imprinted polymer (as can
be seen in the inset) and stick to the nanostructures when having contact, thus
appearing only at their edges. (b) 45 nm metal disks are formed after polymer
dissolution in NMP solvent and metal layer peel off.

In figure 5.21 SEM images of the metal layer peel-off are given. In subfigure (a),
the LOR was too thin and consequently the metal layer on top of the resist was
not completely separated from the parts on the substrate. As a result, the final
metal nanostructures have edge grain defects. These grains are formed during
evaporation on the sidewalls of the imprinted polymer (as can be seen in the
inset) and stick to the nanostructures when having contact.
The lift-off can take a few seconds up to several minutes, depending on the LOR
and metal layer thicknesses. Afterward, the samples are rinsed with acetone and
isopropanol and dried using compressed nitrogen.
In figure 5.22 a PVD homogeneity measurement is shown. Especially for nTP

experiments, the metal thickness is crucial as it directly influences the yield. A 2-
inch silicon wafer was full-scale patterned with micrometer-sized structures using
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Figure 5.22: Physical vapor deposition homogeneity measurement of gold layers on a 2-inch
silicon wafer. A total layer thickness of 111 nm was targeted. The 25 measurement
points on the wafer are marked with a black dot.

optical lithography. After PVD, a lift-off was performed, and the metal layer was
measured using a stylus profilometer. The individual measurement points are
marked with black dots. The sample holder was not rotated during the deposition
process. As can be seen, the thickness has a gradient from one side of the wafer to
the other end. Overall the thickness deviates by around ±1.5%. A typical metal
electrode in this thesis had a thickness of 20 nm; thus, the deviation is in the
range of ±0.3 nm, which is acceptable. To improve homogeneity, the substrate
holder should be continuously rotated during evaporation to reduce this effect
substantially.

5.4.7 Characterization of metal nanostructures fabricated
with lift-off nanoimprint technology

The final metal nanostructures were characterized regarding process yield, lateral
dimensions, height, morphology, and defects using SEM and AFM. The yield was
almost exclusively above 99.9%. It was found that the yield was either that
high or the process did not work at all when the LOR layer was not removed
completely. Additionally, point defects within the metal array were little to none
present. Figure 5.23 gives a representation of a LO-NIL process using a 75 nm
pillar stamp. Sub-figure (a) shows a rather large scale overview of the 5x5mm2

patterned area close to one corner. The brighter part of the image is covered
with gold nanodisks. The area marked red in (a) represents the dimensions of
the zoomed-in image of Sub-figure (b). Here, no defects in the more than 11000
disks can be found. The overall yield of the sample exceeded 99.99%. The single
gold disks (figure 5.23 (d)) are having nice roundness, homogeneity, and little
edge defects.
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(a)

2µm

100nm

(b)

(c) (d)

500nm

300µm

Figure 5.23: Large area SEM images of fabricated 75 nm Au disks with LO-NIL. Images (a)-
(d) show parts of the 5x5mm2 structured area with different magnifications. The
area marked red in (a) represents the dimensions of image (b). The total yield of
the sample exceeded 99.99%. Adapted and reprinted from Nagel et al.13 with the
permission of AIP Publishing.

The lateral dimensions were characterized for almost every sample fabricated.
In Figure 5.24 the size distribution for non-tuned 75 nm disks is presented. 12
out of 23 samples (52%) had disk diameters within only a 1 nm range (75±1 nm).
Furthermore, for 20 out of 23 samples (87%) the disk diameter was exact within
a 2 nm range. Surprisingly, one sample showed a decrease in diameter by 5 nm,
resulting in only 70 nm disks. This can be explained with an imperfect RIE
process, where the deposition of the passivation layer was much faster compared
to the standard rates and especially compared to its concurrent etching. Due to
the layer growth, the diameter of the imprinted openings decreases. However,
this behavior was only rarely observed.

A not to be underestimated advantage of LO-NIL is the possibility to work with
very thick metal layers. Just by adjusting the LOR thickness, the metal layer
can be increased by typically the same amount. If the lateral underetching is not
limiting this thickness, the LOR can be widely tuned. A test sample with 200 nm
squares were fabricated, and an in total 61.8 nm thick titanium (3 nm)/gold stack
was evaporated. Still, the lift-off was easily possible. Figure 5.25 shows a slightly
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Figure 5.24: Size statistic chart of fabricated metal disks using LO-NIL with initially 75 nm
diameter. The passivation RIE process with C4F8/O2 gas mixture is used, and the
diameter is determined using SEM.

tilted SEM image of the edge of the fabricated sample. While metal layers that
are thicker than 100 nanometers were not needed during this thesis, these kinds of
thicknesses are generally required for low resistive interconnects and mechanically
stable contact pads. With bi-layer LO-NIL it is possible to reach thickness values
above 100 nm, although the wet-chemical development of the LOR will limit the
minimal feature size accordingly.

100 nm

(a)

500 nm

(b)

Figure 5.25: SEM image of a comparably thick metal layer lift-off. 200 nm squares with 61.8 nm
metal (Ti/Au) layer thickness are fabricated. The images are taken with a slight
tilt of the SEM stage.

All-dry-etching lift-off process

The disadvantages of a wet-chemical underetching of the imprinted pattern can
be overcome by introducing an all-dry-etch LO-NIL process. Here, the under-
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Lift-off resist

Hardmask

Imprint resist

Imprint resist

Hardmask

Lift-off resist
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Lift-off resist

All dry-etch process
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Figure 5.26: All-dry-etch LO-NIL method. (a) Sketch of a tri-layer LO-NIL process, where an
intermediate hardmask is used as an etch-stop layer. (b) Sidecut SEM image of a
tri-layer process with 200 nm squares. The image is taken after imprint and RIE of
the imprint resist and partially etched hardmask. (c) After the pattern is etched
through the hardmask layer, the LOR is vertically removed with pure oxygen RIE
and also laterally etched to form an undercut.

etching is also performed with RIE, which in general is a more controlled and
(more important) a partially anisotropic process. The reason for choosing the
wet-chemical approach is the excellent developer selectivity of the LOR versus
the imprint polymer. For an all-dry-etching step, a polymer and process gas
combination is hard (or even impossible) to find that fulfills the requirements
(listed at the beginning of this chapter). In fact, it is even hard to find materials
where the RI-etching rates are very different. If found, this would enable large
LOR thicknesses and thus deep trench etching, and if also selective against the
substrate (which is easier to achieve) the underetching can be performed slowly
and controlled. Especially when taking the directed RIE process into account,
which results in an underetching rate much slower than the vertical one. This
means that this kind of process would enable very thick metal layers and also
very small feature dimensions and inter distances.
An approach to overcome the limits of organic polymers is to use organic-inorganic
hybrid polymers or to introduce an inorganic hardmask between the imprint poly-
mer and the LOR in a tri-layer process (figure 5.26). In the following, silicon oxide
is used as a hard mask. After spin coating the LOR followed by a hardbake, a
thin silicon oxide layer is sputtered on top of the polymer. As silicon oxide is
not affected by oxygen RIE, this layer can be in principal really thin, however,
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it must be thick enough to form a closed layer during sputtering. On top of this
hardmask, the imprint polymer can be spin coated and imprinted as usual. A
side-view SEM image of the stack with a partially etched hardmask is shown in
figure 5.26 (b) using a 200 nm square structured stamp.
The etching can be performed in a single RIE run just by changing the process
gases in between. The imprint residual layer and the LOR can be etched with
pure oxygen plasma. When the hard mask surface is opened up, the process gas
is switched to a SF6/C4F8 combination to etch through the silicon oxide followed
by a final pure oxygen etching step to remove the LOR vertically and additionally
laterally. Here, the vertical etch rate is much faster than the lateral one. This
leads to rather vertical sidewalls, which additionally makes this approach more
stable regarding small feature sizes. In Figure 5.26 (c) the vertical LOR sidewalls
are visible. As the duration is long compared to the residual layer etching step,
the imprint polymer is most likely completely removed here, and the metal is
evaporated directly on the patterned hard mask rather than on the imprinted re-
sist. Figure 5.26 (c) shows a sample after metalization and right before the lift-off
step. Due to the possible thick LOR layer, the metal on the sample surface and
on top of the sacrificial layer is clearly separated.
However, this process has some drawbacks. First, sputtering a hardmask does
need an additional processing step, which should be avoided if possible as it is a
source for errors, although the introduction of this additional step leads to the
elimination of the wet chemical step. The main issue is found to be the hardmask
thickness. If too thick, removing it must be highly anisotropic to avoid feature
size increase. The bigger problem was the very high edge roughness of the nanos-
tructures. Either the silicon oxide forms larger grains due to the sputter coating
or its RIE resulted in such degeneration effects. If a tri-layer LO-NIL is needed,
these steps have to be optimized (e.g., spin-on hardmask). As the bi-layer LO-
NIL technique worked well for all required samples and structure dimensions, it
was chosen to be the primary fabrication process, and the tri-layer approach was
developed as a proof-of-principal.

5.5 Summary

In this chapter, a bi-layer lift-off process with nanoimprint technology was devel-
oped. A sacrificial layer was introduced between the substrate and the imprint
resist, enabling the formation of an artificial undercut of the imprinted pattern
in an additional developing step. With this procedure, metal lift-off of thicker
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layers is possible with less to none defects and high yield. Furthermore, feature
dimensions can be adjusted intrinsically within the RIE process when using pure
oxygen plasma, thus reducing the number of needed master stamps. Just by
changing to a 2-gas mixture of C4F8/O2, a high-resolution, high-accuracy process
can be achieved, where 87% of the nanostructures only deviate by less than 2 nm
from the original master stamp.



6 Nano-transfer printing for
direct electrode patterning

6.1 Introduction

In this chapter, nano-transfer printing (nTP) is performed and optimized towards
sub 50 nm feature resolution and tested for its applicability in electrochemistry,
organic electronics, and standard semiconductor device fabrication. As a purely
additive printing technique, nTP only deposits metal at predefined locations. It
can generate complex patterns with nanometer resolution over large areas in a
single process step. What makes nTP particularly interesting is the separation
of the patterning and everything which comes along with it (typically, it involves
chemicals and solvents) from the actual device. This is especially important for
applications where harsh conditions should be avoided (e.g., organic electronics).
Besides, it is a very cheap patterning method, which can be easily scaled from
the micrometer range to a full wafer level. Our institute has already demon-
strated ultra-narrow gaps with etched MBE molds55 and transfer printed func-
tioning MIM (metal-insulator-metal) tunnel diodes56. Stamps for nTP processes
are usually one-time-only use due to residual metal on the stamp after printing.
Compared to standard silicon stamps used when starting the work for this thesis,
a comparatively high number of samples were produced using replicated stamps.
The stamp replication technology presented in the previous chapter is used for
this purpose, opening up for large scale devices and reliable results since many
samples for every parameter set can be fabricated and examined.

Silicon was mainly used as a model substrate because the developed photoelec-
trochemical cell (PEC) in section 7.5 exactly matches this design and also due to
its importance in the semiconductor industry and research. In principle, a variety
of substrate materials (glass, plastics, organic polymers, just to name a few) can
be used the same way as presented in the following procedure for metal transfer
printing with replicated stamps, and some examples are presented at the end of
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this chapter.
Parts of this chapter have already been published and taken from these publica-
tions.13,16,57

6.2 Adhesion principles of nano-transfer
printing

Nano-transfer printing is an advanced nanopatterning method, utilizing differ-
ences in adhesion strength of metal layers to different surfaces and materials,
which should be greater on the receiving substrate than on a structured stamp
relief58.

Adhesion
promoter
(titanium)

Anti-sticking
layer

Ti
O
Si

Si substrate

Sacrificial
layer

Linker
moleculeTi

O
Si

Ti
O
SiChemical

bonding

Figure 6.1: Examples of adhesion manipulation in nTP.

The key element for a successful transfer is the control of the adhesion forces.
First, it seems reasonable to minimize the force towards the stamp and to max-
imize it towards the substrate. As the substrate surface is mostly predefined by
the device or sample, manipulation options at this part are somewhat limited, yet
not impossible. The adhesion properties of the stamp can be intrinsically defined
by choosing the right mold material. In addition to that, it can be artificially
lowered by introducing an anti-sticking layer, as described in section 3.5. It has
to be mentioned that it is not sufficient to have only slightly stronger adhesion
forces towards the substrate. The substrate surface is flat in most cases, while
the stamp has a 3D relief. This not only results in a larger surface area and thus
higher forces, but also a metal overgrowth of the stamp protrusions during the
evaporation step can take place, resulting in a clamping effect.
In contrast to using ASL for the reduction of stamp adhesion, it is possible to use
adhesion promoters on the substrate side. For metal evaporation, this is typically
done by adding a thin layer of chrome or titanium after gold evaporation. In this
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work, titanium is typically used. This will result in an antisymmetric metal stack
with the adhesion promoter layer only getting in contact with the substrate.
To increase the metal stack adhesion to the substrate, remaining contaminations
are removed. If possible, it is additionally treated with an oxygen plasma to
remove carbon-based content further, but also to help the bonding by generat-
ing hydroxyl groups59,60. It was presumed that hydroxyl (-OH) groups on the
metal surface (titanol), which is formed in an oxygen plasma with subsequently
exposing the surface to air, and hydroxyl groups on the silicon substrate (silanol)
undergo a condensation reaction at the contact resulting in permanent Ti-O-Si
bonds (figure 6.1)58. However, this has not yet been proven incontrovertibly.
Yet, interfacial chemistry can still be used in the form of making use of SAMs
as covalent "glues". Just like ASL, similar molecular endgroups can be used for
binding to the silicon substrate. Instead of a Teflon-like endgroup a gold binding
one can be used, which is typically based on a molecule consisting of a sulfur
atom. Loo et al. used 3-mercaptopropyltrimethoxysilane (MPTMS) to transfer
gold structures with PDMS stamps61. A major drawback of this approach is the
need to use chemistry on the sample and a linker molecule can harm the electrical
properties and most likely affect its applicability in electrochemistry.

The use of a sacrificial layer between stamp and evaporated gold can be bene-
ficial for a complete transfer. When the stamp is in contact with the substrate, a
suitable solvent can dissolve this layer resulting in an easy peel-off. The disadvan-
tage again is the need for chemistry on the substrate (although solvents should
not be a problem as long as the substrate does not consist of bio-materials). With
this technique, the unwanted metal parts in the cavities of the stamp structure
will also be stripped from the stamp. Thus, thorough rinsing of the sample after
printing is needed.
In addition to the optimal design of the stamp, the materials themselves and their
morphology can be influenced during the nTP process, for example, by changing
temperature and imprint pressure.
In some cases, even one of the presented approaches can be used to increase
transfer yield. For others, several approaches have to be combined. In this thesis,
besides oxygen plasma cleaning, an ASL on the stamp surface and titanium as an
adhesion promoter was used for transfer-printing gold structures for electrochem-
ical applications. By this, contaminations of the device surface were minimized
and it should be possible to transfer the nTP protocol to any other system.
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6.3 Optimization of the nano-transfer printing
process on silicon substrates

The stability of OrmoStamp working stamps, together with their uniformity over
large areas, enables transfer printing of various structures with challenging aspect
ratios and feature sizes. Electrocatalytic systems, in particular, can benefit from
sub 100 nm electrode dimensions. An investigation of the nTP approach used in
this feature size regime is presented in the following.

With decreasing feature size towards the nanometer regime, controlling the
nTP procedure accurately gets more and more important. The boundary length,
on which a metal overgrowth leads to larger and larger mechanical sticking forces
towards the stamp increases drastically compared to the surface area of the metal,
which gets in contact with the target substrate. Hence, a precise knowledge
of the process parameters and their effect on the transfer yield is crucial for
implementing nTP as a stable and high throughput nanostructuring method. In
the following, a thorough investigation and optimization of these parameters are
performed by a quantitative analysis of transfer printed Au/Ti-layers in order to
be able to evaluate the stability of the nTP method using replicated semi-flexible
stamps.

6.3.1 Fabrication

In this part of the work, a silicon master stamp with pillar-shaped structures
of 75 nm in diameter, 150 nm pitch, and 100 nm height was used on a five by
fivemm square structured area. This offers the possibility to investigate the nano-
transfer print (nTP) process of structures in the sub-100 nm range as well as the
homogeneity and stability of the transfer over a comparably large area. According
to the procedure stated in chapter 4.2.2, the master mold was replicated twice
in order to obtain a positive working stamp. Silicon p+-type <100> wafers with
native oxide were used as substrates (SiMat).
If not one of the nTP parameters was varied for parameter influence analysis, the
following standard nTP procedure was being performed.

1. Metallization: The ready-to-use stamp is coated with a layer of 15 nm gold
at an evaporation rate of 3Å/s and an evaporation pressure of 8 · 10−8 mbar
and a 3 nm layer of titanium at a rate of 1Å/s at 4 · 10−8 mbar. This step
is performed in a high-vacuum e-beam physical vapor deposition system
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(Leybold 560). The thin titanium layer improves the adhesion of the gold
layer to the target substrate (silicon).

2. Cleaning: The target substrate is cleaned in an ultrasonic bath with ace-
tone and isopropanol for 5 minutes rinsed afterward with isopropanol and
thoroughly dried with pressured nitrogen. Right before the transfer print-
ing step, the substrate is preconditioned in an oxygen plasma for 6 minutes
(200W, 60Pa, 100 sccm O2). After metal evaporation, the up-facing tita-
nium surface on the stamp is treated with an oxygen plasma for 3 minutes
(200W, 60Pa, 100 sccm O2). The used plasma treatment for device fabri-
cation should be lower (100-200W, 1min)

3. Transfer printing: The stamp is placed with the metal layer facing down-
wards onto the target substrate and put into a pressure chamber (Obducat,
NIL machine). A uniform pressure of 1MPa is applied via compressed ni-
trogen. Now, the temperature is raised stepwise to reach 200°C. Then, the
pressure is raised to its final value of 3MPa and this condition is kept for
4min.

4. Separation: Finally, the stamp is lifted from the substrate. Metal directly
in contact with the substrate will adhere to it rather than to the stamp
surface.

6.3.2 Characterization

The quality of nTP can be evaluated by introducing the yield factor, which is
defined as follows

yield = number of transferred structures
total structures on stamp · 100 (6.1)

Images of transferred pillars were taken using an SEM (Zeiss NVison40), the
number of transferred structures were counted using the image analysis software
ImageJ and related to the total numbers of pillars on the stamp in the corre-
sponding area. With this analyzing tool, the evaluation of the images can be
semi-automated (shown in figure 6.2). Here, the SEM image is first cropped to
an area with a well-known amount of maximum possible structures. Then the
image is converted to a black and white image using a threshold method (the
resulting image may still have to be inverted afterward). Finally, the build-in
"‘analyze particle"’ algorithm can be used to count and outline the actual trans-
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ferred nanostructures (6.2(b)). Particles overlapping with the edges of the image
are neglected.

(a) (b)

Figure 6.2: Evaluation of nTP yield by counting transferred nanostructures in a defined area
of a SEM image typically consisting of above 2000 pillars. (a) subsection of such a
SEM image. (b) the structures are outlined and counted by the software ImageJ.

For quantitative analysis, each image consisted of about 2000 pillars, and for
each sample, five images in total were taken and evaluated (one in the center and
one near to each corner of the squared structured area).

6.3.3 Influence of process parameters on the yield

To gain insight into the behavior and stability of nTP under process parameter
changes, all relevant parameters were varied, starting from the standard nTP
process mentioned above. The process parameters printing duration, applied
pressure, and temperature during the nTP, were chosen to be investigated as
well as the pretreatment of substrate and stamp using oxygen plasma activa-
tion. A statement about the stability and reproducibility of the process could be
made since several samples for each parameter set were evaluated due to the easy
working stamp fabrication using OrmoStamp® technology. The result is shown
in figure 6.3 (a)-(d). In each subfigure, fixed parameters are listed in the lower
right corner.

Temperature Influence

The dependence of yield on the temperature during the nTP process is given
in figure 6.3(a). At room temperature, no metal transfer could be observed. It
can be seen that the transfer of nanopillars with a diameter of 75 nm only occurs
above temperatures of about 50-60 °C. There is a substantial increase in the yield
with increasing temperature reaching values above 99% at 250°C over the whole
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Figure 6.3: Nano-transfer print of 75 nm Au/Ti metal pillars. The resulting transfer yield is
shown as a function of (a) temperature during the imprint process, (b) applied
gas pressure and the calculated effective pressure below the pillar structures, and
(c) oxygen plasma pretreatment duration of the stamp (while keeping a constant
substrate activation duration of 6min). An attempt with neither substrate nor
stamp activation is marked with an open symbol, (d) duration of the nTP process.
Constant parameters are listed in each sub-figure. Adapted and reprinted from16.

transferred area. Thus, temperature is one of the main parameters to improve
the nTP process considerably. For common nanoimprint stamps made out of
silicon or quartz, high temperatures are not an issue, which is not generally the
case for polymer materials. According to the manufacturer’s instructions (micro
resist technology GmbH), OrmoStamp® is chemically and physically stable for
long-term thermal treatments up to 160 °C and short term stable up to 270°C29.
Temperatures up to 250°C were applied in the experiments, yet no changes or
damage to the stamp were identified. However, high temperatures with very
long process durations could affect the properties of OrmoStamp® and should be
avoided. Possible contaminations on the target substrate due to the nTP process
are discussed in section 6.7.
The values in the mid-temperature range (80°C, 130°C, 165°C) have a large error
bar. While the yield is quite consistent from sample to sample, the yield at the
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different measurement points of one sample tends to have a larger uncertainty. A
yield of only 51% for the 80°C samples is already indicating an unstable process;
thus, it is not surprising that this could lead to spots on the target substrate with
very low or even no transfer at all.
While printing temperature might be the dominant factor for a successful nTP,
the conditions for examining the rest of the parameters must be carefully cho-
sen. When sticking to the standard conditions with an optimized temperature of
around 200°C, it is possible that effects from the variation of other parameters
can’t be identified. Consequently, in order to be able to evaluate the influence of
other process parameters on the transfer yield, a temperature of 130°C was chosen
in the following since changes in a specific parameter can lead to a measurable
shift of the yield in this temperature regime (6.3(a)). If not explicitly mentioned
otherwise, all following variations were carried out in an Obducat nanoimprinter
at this temperature with an applied pressure of 3 MPa for 4 min.

Pressure

The imprint pressure of the Obducat nanoimprinter was varied between 1.1 and
7.6MPa (figure 6.3(b)), corresponding to an effective pressure underneath the
protrusions between 6.0 and 38.7MPa due to the fill factor of the stamp of about
19.3% (75 nm pillars, 150 nm pitch). With increasing pressure, only little im-
provement in the yield can be observed. Especially when respecting the rather
large error bars caused by the lower temperatures used in this series. It can be
assumed that sufficient pressure is mainly needed for the formation of intimate
contact between the Au/Ti film and the silicon substrate. The experiments sug-
gest that a pressure of about 1MPa already leads to adequate contact, and it
can be assumed that even smaller pressures are feasible. Haeberle showed in
his thesis, that transfer printing can also be successful even without any applied
pressure when using larger structures with soft and flexible PDMS stamps27.
This finding is a requirement to perform nTP also on unstable substrates and
materials, for which high mechanical stresses can be critical.

Transfer Print Duration

Transfer prints with different process durations have been investigated (figure
6.3(d)). Note the logarithmic scale of the time axis. A significant increase in
transfer yield with increasing process time was found. Starting at low yields
for 1min (35.1± 5.8%) and 3min (61.7± 17%), values of 96.0±3.0% that are
comparable to those at a raised temperature above 200°C can be reached applying



6.3 Optimization of the nano-transfer printing process on silicon sub-
strates

83

only 130°C for a longer time (215min). Yet, the duration of the process needs
to be extended to about 2-3 h, which is contradictory to a fast/high-throughput
process.

Oxygen Plasma Treatment

An oxygen plasma is used to clean the contact surfaces of the substrate and metal
film as well as for the generation of hydroxyl groups on the silicon surface, which
was suspected of favoring a chemical bond between Si and Ti on the elimination
of water by Loo et.al58. In figure 6.3(c), the stamp activation duration (while
keeping a constant silicon wafer pretreatment) and its influence on the transfer
yield are shown. The result suggests that nTP is hardly affected by the oxygen
plasma treatment of the gold/titanium layer. A constant transfer yield was pos-
sible even without an O2-plasma treatment of the stamp. As a consequence, a
mild plasma treatment (100-200W, 1min) is sufficient.
An attempt without substrate oxygen plasma activation is marked in figure 6.3(c)
with an open symbol. As can be seen, with neither substrate nor stamp activa-
tion, the transfer is suppressed reaching only yield values below 10 ± 3%, which
is significantly lower than using the default recipe preparation. Since the nTP
process was started immediately after the evaporation of the metal films on the
stamp, a sufficiently clean surface can already be expected. Transfer prints using
some weeks old, already-metal-coated stamps show considerably lower quality re-
sults. However, after applying 3min oxygen plasma treatment right before the
nTP, the same yield value as with newly evaporated stamps can be achieved. In
contrast, substrate activation was always needed for a high yield.

6.3.4 Transfer printing of gold-only nanostructures

The mechanisms that lead to a successful transfer of metal structures are not yet
fully covered in the literature. Most publications assume a condensation reaction
of titanol and silanol to form a strong Ti-O-Si bond. However, they all refer to a
paper published by Loo et al.58 where the authors just believe this reaction will
take place at the -(OH)-bearing interface. An irrefutable proof of this concept
has not been presented so far. Still, it is in general accepted as correct and has
been seen as the dominant mechanism for nTP in the scientific community.
In this section, the standard nTP process with an antisymmetric Au-Ti metal
stack is compared to a transfer print with a gold-only metal layer. The process is
identical to the one described in section 6.3.1. Just the titanium layer is replaced
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with a gold one to have the same metal layer thickness, which is important re-
garding the transfer yield. Here, as gold does not form hydroxyl groups, the yield
should be considerably lower.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 00
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0
 A u - T i
 A u  o n l y

 

 
Yie

ld 
(%

)

T e m p e r a t u r e  ( ° C )

Figure 6.4: Comparison of nTPs of 75 nm Au/Ti and Au only pillars with 18 nm thickness. The
resulting transfer yield is shown as a function of temperature during the imprint
process. At high temperatures, the yields are equal, while at low temperatures,
gold-only samples show no transfer at all.

Figure 6.5: Morphology of gold-only nTPs of 200 nm squares with 18 nm metal thickness. Im-
ages were taken with SEM.

Figure 6.4 shows the comparison of nTPs of 75 nm diameter disks with 15 nm
gold/3 nm titanium and 18 nm gold-only. For printing temperatures above 130°C,
the transfer yield of gold-only layers compared to ones including titanium as an
adhesion promoter is equal with respect to the error bars. Only in the low-
temperature regime, an additional titanium layer has a considerable impact on
the yield. To determine the origin of this observation, SEM images of the final
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metal structure on the substrate were taken for all different printing tempera-
tures. Here, nTPs with 200 nm squares were performed and used, since changes
in the morphology of an individual nanostructure are more prominent and easy
to detect. In Figure 6.5 a small overview and a zoomed individual metal square
for each temperature are given. Changes in edge roughness and metal cluster
size on the surface can be recognized if one carefully compares the SEM images
between an increasing temperature step. They are visible when comparing the
lowest with the highest process temperature. The metal grain count on the edges
of the structure is reduced with increasing temperatures. Additionally, the cluster
sizes (typically 1-5 nm in diameter) after evaporation increase at the same time.
At 200°C a clear reordering of the gold atoms can be observed.

6.3.5 Discussion

Dissolving an intermediate layer is one way for an easy transfer of metal struc-
tures. This would normally include chemical etching, dry etching, or just standard
solvents to remove a sacrificial layer. In the experiments presented in this chapter,
this approach was not followed because the requirement of using chemicals makes
it less versatile and more complicated (using a dry etching method during nTP is
even more complex). However, it could be possible that the ASL additionally acts
as a sacrificial layer. An end group of this ASL molecule is Polytetrafluoroethy-
lene (PTFE), which can be removed by pyrolysis. It is known that pyrolysis of
PTFE is barely detectable at 200°C, and it evolves several fluorocarbon gases and
a sublimate62. Nevertheless, it is unlikely that this is significant at temperatures
below 260°C. The stamp was tested for an intact ASL after nTP by water contact
angle measurements, and no change was found, thus the ASL is stable throughout
the process and pyrolysis of the ASL is not the origin of the measured increase
of transfer yield.
The concept of the formation of a Ti-O-Si bond under the elimination of water is
adapted from silicon wafer bonding63. Here, two plasma oxidized silicon wafers
in contact will undergo this reaction when high temperatures are applied. An
intermediate (more complex) bonding stage is reached at around 200°C, and the
final Si-O-Si bond is formed at temperatures above 700°C60. This finding is in
agreement with Howlader et al.64 He stated a bonding temperature of 600-800°C.
In wafer bonding, the out-gassing water is critical. While the first bonding state
is water-mediated, this water gets trapped at the interface and will hinder large-
scale bonding if not taken care of. In our case of nanostructure transfer, this water
would only need to diffuse laterally on the nanometer scale and should not be a
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problem. Between 110°C and 150°C adsorbed water becomes significantly more
mobile, which will lead to dehydration of the bonding interface and temperatures
from 150°C to 600-800°C does little to increase the bond strength.63 Only above
this high temperature, the bond strength gets maximized. Some of these findings
are in accordance with the experiments shown in this chapter. The dominant role
of temperature during printing is an indicator. However, following this premise
does not lead to a higher yield in general. First of all, generating a high density of
OH groups on the surface has no observable effect. Using only low intensive and
short term oxygen plasma treatment on the substrate and titanium layer showed
no difference to high intense treatment, also especially compared to other known
methods to create hydroxyl groups like RCA cleaning. During this thesis, samples
fabricated with a variety of these methods resulted in equal transfer yields and
stability. As shown in Figure 6.3, an oxygen plasma treatment only affected the
silicon substrate. While this forms silanol groups, the benefit for nTP can also
be attributed to just a cleaning effect by removing carbon bases contaminations.
Plasma treatment on the titanium up-facing surface of the stamp results in no
improvement of the yield. However, as the titanium surface oxidizes fast already
under ambient conditions, titanol groups will also form naturally.
A conclusive disproof of the premise that this condensation reaction plays the
dominant role in nTP was performed with gold-only transfer prints. Without a
titanium layer and consequently no formation of hydroxyl groups on the surface
of the noble metal gold, if the performed experiment results in a comparable
transfer yield regarding the standard process, it would be an obvious disproof.
The results are surprisingly unambiguous. For higher temperatures, where nTP
is more stable, the yield of Au/Ti samples and Au-only ones are equal to the error
bars (figure 6.4). Only for lower temperatures, the beneficial effect of titanium
as an adhesion promoter comes into play. Here, while Au-only samples show no
transfer at all for temperatures below 80°C, it was still possible to have a transfer
yield up to 50% using a thin 3 nm titanium layer. The mechanism that causes a
successful transfer must be of a different origin.
SEM images of the final gold-only nanostructures on the substrate reveal a change
in morphology (Figure 6.5) and a change in surface roughness and grain size. It
is believed, that this change of the gold layer favors the high yield transfer. When
evaporated on the stamp relief in a vacuum chamber, the metal has the optimal
contact and thus the strongest adhesion to the stamp. In addition, the conical
overgrowth of the stamp protrusions results in a clamping effect, especially if
metal grains growing on the sidewalls of the protrusions get in contact with the
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layer on top. A rearrangement of metal atoms will weaken this connection, thus
lowering peel-off forces. Although the melting point of bulk gold is 1064°C, melt-
ing of gold nanostructures starts at drastically lower temperatures while surface
mobility of gold atoms starts even below that limit. Annealing of thin gold layers
has been extensively studied. Siegel et al. showed annealing induced changes
in morphology and sheet resistance of thin gold layers with annealing tempera-
tures above 200°C.65 Although the changes below 200°C was observed to be very
little, our process environment inevitably promotes changes even at lower tem-
peratures, since added to the temperature high pressures are applied. The SEM
images shown in figure 6.5 prove this assumption. There, a change in overall
grain size can be observed. Starting from 130°C the grain size starts to grow,
which exactly corresponds to the yield improvement at this temperature. Also,
the edge grain roughness is reduced. While below 80°C the metal film has to be
ripped off when the metal layer is too thick, the rearrangement of gold atoms at
higher temperatures already leads intrinsically to a separation of the top metal
layer from parts of the sidewalls. This can be detected as the grain defects at the
edges of an individual nanostructure are more and more reduced, and the metal
boundary is more precise and well-defined. This significantly lowers the adhesion
towards the stamp and results in an easy release.
The duration-dependent increase of the yield (figure 6.3) is consistent with this
picture. At 130°C, the somewhat unstable process can be improved to reach
yields above 96%. While the mobility of gold atoms in this temperature regime is
low, extending the printing duration by orders of magnitude can compensate for
these limitations. Kane et al. discovered an equal effect when studying annealing
effects on gold layers.66 Changes in gold layers, characterized by measuring sheet
resistances, were found during the heat treatment. The identical reduction in
resistance at high temperatures could be achieved with low temperatures just by
extending the treatment.
The result of this chapter is relevant for devices, where high temperatures would
lead to degradation. Although it has to be mentioned, that durations of several
hours for a single sample are contradictory to the wanted development of a cheap
and fast nanostructuring method.

It is important to mention that the values for the absolute yield very much
depend on the target substrate material. However, the basic mechanisms can be
applied to other substrate materials as well (as demonstrated in section 6.8.2.
As a rule of thumb, nTP on soft materials is easier to achieve. A transfer print
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of 45 nm Au/Ti pillars on P3HT (an organic semiconductor) with nearly 100%
yield was possible already at 50°C temperature. Soft material adapts well to the
surface roughness of evaporated metal and has stronger adhesion properties in
general.

6.4 Electrical contact properties and
titanium-oxide growth of Au/Ti nTPs on
silicon substrates

The electrical contact properties of nTP metal electrodes on silicon substrates are
studied in this section. Measurements and samples fabricated with optical lithog-
raphy defined and directly e-beam evaporated titanium-oxide in this section were
carried out by Benedikt Weiler (TUM, Nanoelektronik). Also, when referring to
simulations and fits performed by kinetic-Monte-Carlo (kMC) simulations, these
are based on his work, which can be found in more detail in his Ph.D. thesis67.
Parts of this section are reprinted from57 with the permission of AIP Publishing.
With the standard nTP procedure, plasma activation of the titanium layer is

being performed. The influence of this oxygen plasma treatment on the electrical
contact properties has to be well-known. Oxygen radicals will certainly oxidize
titanium to form an insulation titanium-oxide (TiOx) layer. This may create
issues when charge transfer from the bulk substrate to the metal surface is needed,
as is the case in electrochemistry. The oxidized layer must, therefore, be very thin
or defect rich in order to minimize negative influences.
The electrical characterization was carried out with a 4-point probe station

setup and a low-noise Keithley K2460a. To overcome problems with contact-
ing thin metal layers, a liquid metallic droplet of InGa eutectic was used to
ensure a soft contact. All jV-curves shown in figure 6.6 are statistical averages
of 15-23 individual measurements. Rather large metal pads were fabricated for
these experiments to ensure large currents and thus lower uncertainties compared
to nanometer-sized structures. 200µm x 200µm-sized Au/Ti/TiOx-pillars were
transferred on a p+-Si substrate. The thickness of the titanium layer was chosen
to be 5 nm and 10 nm, while only the 5 nm set is presented in this section. This
is slightly thicker compared to the standard nTP process to account for a possi-
bly large TiOx growth. The titanium layer on the stamp was plasma-oxidized in
an oxygen barrel etcher for different durations and powers. To roughly quantify
the thickness of TiOx , the nTP samples were compared to samples fabricated
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Figure 6.6: jV-characterizations of transfer printed 200µm x 200µm Au/Ti/TiOx/p+-Si junc-
tions with negative bias V at the top contact. An initial 5 nm titanium layer is
plasma oxidized with different rf-powers and durations and compared to measure-
ments of directly evaporated and optical lithography defined Au/Ti/TiOx pads with
TiOx thicknesses of 3 nm, 7 nm or 10 nm. This graph is adapted and reprinted from
Weiler et al.57 with the permission of AIP Publishing.

by optical lithography on identical substrates, where the TiOx layer was e-beam
evaporated directly from a precursor by a process like the one reported in68 in-
stead of being plasma-oxidized grown after evaporation. Samples with 3 nm, 7 nm,
and 10 nm TiOx thickness are shown in figure 6.6. Thus comparing these curves
to the plasma-grown nTP MOS-samples allows estimating the oxide thickness
for different oxygen plasma activation treatments. In figure 6.6 a clear trend of
decreasing current densities with a more intense plasma treatment is visible. This
already indicates the formation of an insulation layer between the semiconductor
and the metal. Its formation depends on the electrical work of the applied oxygen
plasma. The thickness of this layer can be larger than the original titanium layer
as oxygen atoms are incorporated in this layer while titanium is gradually oxi-
dized to amorphous TiOx. In literature, a growth factor of about two is reported
for annealed Ti films69, but in theory, up to a factor of 3 is possible. From the
comparison, samples with the strongest treatment of 1200 s at 600W have an
estimated thickness of about 13±2 nm. This was confirmed by Weiler et al. with
kMC simulations57.
The main problem of too intense plasma treatment is obvious. It reduces the
current density by up to four to five orders of magnitude as electrons have to
tunnel through this insulating layer, whereby the probability for this is exponen-
tially dependent on its thickness. Also, it must be noted, that the current density
decreases the most with additional plasma work when having the weakest treat-
ment. This is due to the self-limiting character of oxide growth, as oxygen atoms
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have to diffuse through the already formed TiOx, which is more and more lim-
ited for thicker layers. However, for samples with the weakest applied oxygen
plasma treatment of 200W for 30 s the TiOx layer was simulated to be negligi-
bly thin if present at all. This was also concluded from its Schottky behavior, a
linear j-V1/2-plot for low Voltages followed by a linear ohmic characteristic and
finally a space-charge-limited current characteristic with a linear j-V1/2 depen-
dency57. This usually indicates a metal-semiconductor contact (MS-contact) or
MOS-contacts with a very thin and defective interface.
As a result of this experiment, the intensity of plasma activation in nTP for
electrochemical and photocatalytic applications should be kept as low as possible
(100W for 1min should be sufficient). This is in accordance with the finding of
the yield experiments presented in the previous sections since activation of the
titanium layer plays a subordinate role in nTP. Thus plasma treatment can be ad-
justed to be low intense without affecting nTP yield and properties. However, for
applications where MOS-structures are needed, this is an advantageous method
to produce devices with well-defined oxides just by varying oxygen plasma work.

6.5 Nanostructure shape retention

The developed nTP method includes a twofold replication starting from a master
mold and additionally a final transfer print. Therefore, it is important to examine
how the dimensions of the final shape on the target substrate change compared to
the original one. Shape retention of the working stamp nanostructures compared
to the silicon master has already been shown in the previous chapter. In figure
6.7, a comparison of (a) the master and (b) the final metal transfer is given. The
diameters of the pillar structure just slightly increase from 73.4 ± 0.9 nm (silicon
master) to 75.3 ± 1.6 nm (transfer-printed metal) (Table 6.1). This increase is
contributed to the expected conic growth of the deposited metal layers during the
evaporation rather than a pillar diameter change during the replication process.
Also, the measured increase in diameter by 1.9 nm is just close to the uncertainty
of 1.8 nm. The thickness of the metal film evaporated on the stamp was measured
with an AFM and compared to the transferred metal structure height on the
target substrate. In both cases, the same thickness of 20.3 nm was found within
an uncertainty of ±0.7 nm. This proves a complete transfer of the metal from the
stamp to the target substrate as well as a working anti-sticking layer, which was
applied on the stamp surface. Overall, shape retention is almost perfectly given.
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Figure 6.7: Shape retention characterization. SEM image of a pillar structured (75 nm diam-
eter and 150 nm pitch) (a) silicon master and (b) transfer printed Au/Ti pillars.
Reprinted from16.

Table 6.1: Diameter change.
Master nTP

Diameter (nm) 73.4±0.9 75.3±1.6
Difference (nm) 1.9±1.8 (+2.6%)

6.6 Common defects and defect tolerance in
nano-transfer printing

6.6.1 Defect tolerance using semi-flexible hybrid
templates

Even when working in a cleanroom, contamination of surfaces cannot be avoided
completely. Already small particles can lead to a breakage of rigid stamps or
substrates. The advantage of the used stamps made out of OrmoStamp® is their
semi-flexibility. While the polymer can sustain its high aspect ratio pattern on
the nanometer scale without roof- or lateral collapse, it is still flexible enough
on larger scales to overlay even micrometer-sized particles. This defect tolerance
leads to defect areas only in close vicinity of these contaminations (figure 6.8 (a)),
thus increasing the yield of the transfer print or imprint. The defect area depends
on the height of the particle. As observed, the unstructured distance from the
contamination is on the same length scale as their height.

6.6.2 Common defects in nTP

Imperfect nTP conditions can lead to different types of defects. The most common
ones are presented in the following.
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Figure 6.8: SEM images of (a) defect tolerance of nTP (75 nm pillars): The transfer is only
hindered in close vicinity of impurities. (b) grain defects on the edges of transfer
printed 40 nm wide gold lines and interruptions if the metal layer is too thin. (c)
rip-off of large area pads and hole defects within a gold layer. Adapted and reprinted
from16.

Grain defects

Grain defects typically occur only on the edges of the transferred structures.
Figure 6.8 (b) shows such defects (marked by an arrow). They are caused by
metal evaporated on the sidewalls of the protrusions of a stamp. There, a small
amount of metal does not form a closed layer but individual grains. If these
grains have contact with the top metal layer, they will stick to it and thus are
transferred to the substrate. This is why these defects are only observed at the
edges. In most cases, they will not influence the properties of the device. Only if
a well-defined and known morphology is needed, the resulting change in surface
area and maximum curvature may be an issue.

Change of shape

A change of shape of the final metal structure compared to the master can have
different causes. As described in section 6.3.4, gold atom reordering due to high
temperatures and pressures can lead to changes from the original shape (figure
6.5), where typically sharp edges are smoothed, and the total surface area shrinks.
The reduction of corner sharpness can also be caused by metal evaporation since
a lateral growth for thicker metal layers has the same effect.

Hole defects

Hole defects were only found for large metal layers and structures above 500 nm
width. It is believed that lateral mechanical stress induced by thermal expansion
during the process will result in relaxation by forming these holes. In figure 6.8
(c) an SEM image of a metal pad is given with a high density of such defects.
The stress in separated nanostructures is minimal, and consequently, this type of
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defect is unlikely to occur.
For a very small feature width below 50 nm, interruptions can take place (6.8 (b)),
which are critical for electrical interconnects. It can be avoided by increasing the
metal thickness.

Delamination and layer rip-off

On a larger scale, two defect types are often seen: First, if the adhesion towards
the substrate is weak, the transferred metal layer can delaminate even if the nTP
process was successful. Most commonly, delamination is caused by mechanical
stress induced by scratching/touching the surface, but also when post-cleaning a
sample by rinsing with acetone/isopropanol.
A layer rip-off can occur when separating the stamp from the substrate after
nTP, and it is caused by a weak cohesion of the metal layer. Especially when
the adhesion towards the substrate is low or high towards the stamp surface. In
figure 6.8 (c), such a defect of a contact pad is given. High-density hole defects
can result in an increased probability of this defect occurring.

6.7 Contamination-free sample fabrication for
electrochemical applications

As shown in the previous chapters, nTP opens up the possibility to fabricate large
areas with sub-50nm metal structures. For usage in electrochemistry, special re-
quirements have to be fulfilled. As electrochemistry and photoelectrochemistry
presented in this thesis are, in most cases, heterogeneous catalysis, chemical con-
versions happen in direct contact with a surface of the fabricated device. Thus,
the systems react very sensitively to material changes, surface changes, and sur-
face contaminations. In the following, surface contaminations formed during the
nTP process using replicated Ormostamps are examined.
A convenient tool used for this purpose is X-ray photoelectron spectroscopy
(XPS), a surface-sensitive quantitative spectroscopic technique. When a spec-
imen is irradiated with a beam of X-rays, XPS detects only those electrons that
have actually escaped from the sample surface into the vacuum of the instrument
and reach the detector. Photo-electrons generated deeper within the sample must
therefore travel through the sample and can undergo for example inelastic colli-
sions, recombination, recapture, or trapping in various excited states within the
material. These effects appear as an exponential attenuation function as the
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depth increases, resulting in an exponentially surface-weighted signal. The XPS
spectra obtained are thus typically from the top 0-10 nm of the material being
analyzed, making it especially useful for studying surface contaminations after
the nTP process.
If the sample is non-conductive, a calibration of the spectra is needed surface
charging leads to a shift of the measured peaks. This is done using carbon-based
and oxygen-containing contaminations, which usually all samples contain when
exposed to the lab environment. Here, additionally, a silicon dioxide peak was
used, since all samples at least partially containing this material, and the resulted
peaks are well-defined, because of the rather high amount of SiO2.

Figure 6.9: XPS spectra of a carbon-fluorine chain (CF2) peak. The peaks in (a) provide in-
formation about the presence of residual anti-sticking molecules. As a reference,
a native silicon wafer shows no intensity at this binding energy. (b) study of the
cleaning process after nTP. A standard O2 plasma clean completely removes those
contaminations.

Eight samples are shown in Figures 6.9 and 6.10. First, as a reference, an
out-of-the-box silicon wafer (including a native oxide layer) is cleaned and is de-
picted as Sample S1. A second wafer is coated with Perfluorooctyltrichlorosilane
(anti-sticking layer) named S2 and a ready to use OrmoStamp working stamp is
characterized as Sample S3.
Then, nano-transfer printing is performed using 75 nm Pillars on a 5x5mm2 area
with evaporated 15 nm gold and 3 nm titanium under standard conditions (200°C,
30 bar, 4min) without a further cleaning step (Sample S4) and with an additional
O2 plasma cleaning step (200W, 3min) (Sample S5). To distinguish contamina-
tions originating from the ASL, an nTP using an OrmoStamp without an ASL is
performed (Sample S6). In order to estimate the thickness of the contamination
layer, a sample (Sample S7) was treated in situ with argon sputtering inside the
vacuum chamber while measured with the XPS (Sample S8).
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Figure 6.10: XPS spectra of a) a silicon oxide peak and b) a gold peak. The SiO2 peak was
used as a calibrating spectrum of non-conductive materials. The gold peaks in b)
prove a degradation-free cleaning method using 2 plasma.

Only the OrmoStamp sample S3 is non-conductive and must be corrected for data
evaluation. As shown in figure 6.10 (a), a constant shift of 1.6 eV is present, and
the binding energies of the peaks are corrected accordingly. All other samples are
already perfectly calibrated.
To identify contaminations caused by the stamp, a unique identifier in the stamp
material has to be found. A sulfur peak could be identified in the OrmoStamp
material. Yet, this peak was minimal, and it would hardly be possible to get a suf-
ficiently large signal from monolayer contaminations on the sample. The biggest
signal originated from fluorine content. OrmoStamp has special molecules imple-
mented, acting as release agents during the demolding step. These molecules have
a Teflon-like character and thus are based on polytetrafluorethylen (PTFE) with
a high amount of fluorine atoms. The individual peaks at around -689 eV can be
found in figure 6.9. The disadvantage of this identifier is the indistinguishability
of the stamp material from the ASL, whose endgroup is also based on the same
fluorocarbon. To account for this problem, an nTP using a stamp without ASL
is performed and discussed later in this section.
Using this peak, the origin of the contamination can be identified. With a blank
and cleaned silicon wafer (S1), used as a target substrate for all further nTPs
in this experiment, no fluorocarbon content is being found. This is an essen-
tial requirement for the interpretation of the measurement and shows that these
molecules can not be attributed to lab environment contaminations. As a refer-
ence, sample S2 shows a defined fluorocarbon peak, proving the effectiveness of
the ASL process.
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6.7.1 Discussion

First, the standard nTP process (S4) with the resulting transfer printed 75 nm
titanium-gold disks shows a small fluorocarbon peak in the XPS signal (figure
6.9 (a)+(b)). Although the OrmoStamp material should be temperature stable
at 200°C and even short term stable at 270°C (according to the manufacturer
processing guidelines29), a degradation of the stamp material can’t be excluded
due to the high-pressure environment during printing. As an unstable ASL would
result in the same type of contamination, an nTP without ASL is shown in fig-
ure 6.9 (b) as sample S6. Again, contamination of the silicon surface was found.
Consequently, the contaminations after nTP originate from the stamp material
or a combination of stamp material and ASL molecules. This unwanted degra-
dation not only is a general problem for metal nanostructuring. Especially for
heterogeneous electrochemical applications, this can have a huge impact on the
functionality of the device, as EC is a highly surface-sensitive physical chemistry.
While OrmoStamp itself is chemically inert, the surface coverage due to the con-
tamination leads to a shielding effect and unevaluable measurements. To work
around this problem, an nTP at lower temperature and lower printing pressure
was tested. Yet, reducing the temperature from 200°C down to 155°C and the
pressure from 30 bar to 20 bar, respectively, does not have a greater impact on the
reduction of contaminations, as shown in figure 6.9 (b). Still, a defined fluoro-
carbon peak is present. Unable to further reduce the process parameters without
affecting the transfer yield (section 6.3.3), the post-cleaning of the samples was
examined. Standard solvent cleaning of the sample can’t be applied as cured
OrmoStamp isn’t solvable (only a peel-off can be triggered). Hot piranha etching
is an option for removing but not suitable here. First, it could harm the nanos-
tructures, and secondly, it will certainly oxidize the silicon surface. In this work,
cleaning based on a dry etching method was chosen, having the advantage of a fast
and controllable process. For that reason, it is especially important to know the
thickness of the contaminations in order to choose correct etching durations. If
the contaminations form clusters, dry etching might not be applicable. This was
checked by in situ argon sputtering while measuring with the XPS. Transfer print
sample S7 was used for this purpose after the initial XPS characterization. While
still inside the vacuum chamber, an argon sputtering procedure was performed
corresponding to a removal of <10 monolayers of soft material. Directly after
this treatment, the XPS characterization was again performed (Sample S8). As
can be seen, the contaminations were removed entirely during this short cleaning
procedure, proving the existence of only a very thin contamination layer without
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bigger clusters.
Besides using Argon plasma, oxygen plasma cleaning can also be utilized. As this
is one standard cleaning process for substrate cleaning, it would be beneficial to
stick to this type as it is well known and already used in steps before and after the
nTP step. In figure 6.9 (b), Sample S5 shows a standard nTP sample after a mild
O2 plasma cleaning step using a barrel etcher. Like with argon, the sample can
be perfectly cleaned from stamp material contaminations. As an important note:
Typically, pure oxygen plasma should not be used to etch OrmoStamp as porous
SiO2 will be formed. For such a thin layer this is not an issue, since within a
barrel etcher, oxygen plasma not only etches chemically but additionally to some
fraction in a physical manner (sputtering).
It is important to check the gold nanostructures for degradation after this clean-
ing step. Therefore, the gold XPS peak Au 4f5/2 and Au 4f7/2 before and after the
process was compared. In figure 6.10 (b) it can be seen that the gold peaks are
nearly identical before and after the plasma treatment. In fact, after the cleaning
step, they are slightly larger. Although an accurate quantitative analysis of signal
peaks of different measurements with XPS is complicated and thus this observa-
tion has some error margins, qualitatively speaking it is not surprising that for
samples with no nanostructure degradation the peaks after cleaning are larger,
since the removal of a surface contamination layer leads to a stronger XPS signal
due to a reduced damping caused by it. In addition, images were taken with SEM
and AFM, and no change of shape or height of an individual gold structure was
observed.
Consequently, an O2 cleaning step was performed after each nTP, leading to a
ready-to-use sample for (photo-)electrochemistry.
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6.8 Nano-transfer printing with optimized
process parameters

6.8.1 Sub-50nm structures

500 nm

100 nm

1 µm

(a) (b)

(c) (d)

100 nm

Figure 6.11: Nano-transfer print of various Au/Ti metal structures on a Si substrate with native
oxide. (a) 40 nm line width and 80 nm pitch, (b) 45 nm pillar diameter, 90 nm pitch,
(c) 200 nm line width, 400 nm pitch, and (d) 75 nm pillar diameter, 150 nm pitch
(standard stamp used for process parameters evaluation). Reprinted from Nagel
et al.16

In figure 6.11, SEM images of transferred Au/Ti lines and pillars with differ-
ent dimensions are shown. Optimized process parameters found in section 6.3
(200°C, 3MPa applied pressure, 4min printing time, plasma activation: 3min
stamp/6min substrate) were used, and homogeneous transfer of the entire struc-
tured area was obtained. Lines with 40 nm width and 80 nm pitch can be easily
achieved, demonstrating the potential of the nTP process with cheap semi-flexible
replicated stamps in the sub-50 nm range. For electrochemical experiments, lines
with widths between 40 nm and 500 nm (width:inter distance = 1:1) were fabri-
cated on a 5x5mm2 structured area, and circular pillars of 45 nm and 75 nm in
diameter (diameter:inter distance = 1:1) as well as squares between 200 nm and
1400 nm width (the inter distances of the squares were designed to match the
filling factor of the pillar stamp of approx. 19.6%).
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6.8.2 Large Area Transfer Print
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Figure 6.12: Large area nano-transfer print of 350 nm squares on a 1x1cm2 area. (a) SEM
image of part of the sample shown in b. (b) Photo of the full area nTP on a silicon
substrate. (c) Photo of an nTP on a glass substrate. Reprinted from Nagel et al.16

A great advantage of the developed nTP process is its more or less easy scal-
ability towards large areas. To demonstrate this, a stamp with 350 nm squares
was used to transfer its structure over a comparably large area of 1x1cm2. Figure
6.12 (a) shows a large area SEM image of the nTP on a scale, where single metal
squares can still be distinguished. Characterized by SEM, the yield on the entire
structured area was analyzed to be above 99.9%, where most of the imperfections
were located almost exclusively near the edge of the patterned area. The complete
transfer is shown in figure 6.12 (b). Here, firstly silicon with native oxide as the
target substrate was used. One can clearly see that the transfer is homogeneous
and defect-free also over larger scales. To demonstrate that the same process can
be successfully applied to other substrate types, an nTP was carried out on a
standard borosilicate glass microscope slide (figure 6.12 (c)). The response and
reflection of light in the visible regime with the metal nanostructures indicate an
effective transfer.

6.8.3 nTP for organic electronic devices

The nTP technology was also tested with organic electronics. Here, it is especially
important to avoid any kind of chemicals on the organic device, which is given
with nTP. In figure 6.13, an AFM image of 45 nm gold disks on a layer Poly(3-
hexylthiophene)(P3HT) is given, which was part of an organic solar cell made by
Morten Schmidt (TUM). The transfer worked perfectly over the entire patterned
area of the stamp. It is important to mention that in this case, the sample was
only heated to 50°C during the nTP as organic layers may degrade rapidly in an
oxygen atmosphere and under high temperatures. However, the yield was as high
as for nTPs performed on silicon surfaces at 200°C. The difference originates
from the softer organic material, which has an intrinsically higher adhesion to
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200 nm

Figure 6.13: AFM image of a nano-transfer print of 45 nm gold disks on a P3HT layer of an
organic solar cell. The height scale ranges from black: 0 nm to white: 23 nm.

gold and, in addition, perfectly adjusts to surface and grain roughness of the gold
film, also resulting in higher adhesion forces. Polymer layers often have a low
glass transition temperature, which can lead to interfacial fusion with the metal
electrode70. As a result, only very low temperatures are needed for a successful
transfer. Nano-patterned layers can also be used to fabricate transparent but
highly conductive electrodes71,72. A thorough characterization of the organic
solar cell and the effects of metal nanoparticles in intermediate layers of such a
device can be found in the thesis of Morten Schmidt73.

6.9 Summary

In this chapter, nano-transfer printing with replicated semi-flexible, hybrid poly-
mer stamps down to 40 nm feature size was demonstrated. Typical problems
regarding nTP, such as master reusability, defect tolerance, process cost, and
speed, have been solved utilizing this replication technique. Working stamps
based on OrmoStamp® material are flexible enough to ensure intimate contact
with the underlying substrate over large areas, even in the presence of contam-
inating particles. Yet, the polymer is rigid enough for printing features in the
sub-50 nm regime without lateral or roof collapse of the structures. Temperature
and contact duration have been found to be the main process parameters influ-
encing the yield of nTP on silicon substrates. It was found that at temperatures
above 130°C, gold atoms will be mobile and get rearranged on the surface, thus
minimizing release forces from the stamp. Using the optimized procedure pre-
sented in this work, a high yield above 99% has been achieved repeatedly.
Stamp and process-based contaminations on the substrate were found after nTP,
which can be removed by a mild oxygen plasma post-clean (100W for 1min).
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nTP works stable and reproducible, and there is evidence that nTP is only lim-
ited by the resolution of the stamp. The transfer quality can be tuned by varying
temperature and printing duration. Although it is possible to reduce the ap-
plied temperature when using longer process durations, this is contrary to the
advantage of a fast nTP process. However, this is a promising approach for
temperature-sensitive substrates and, after all, faster and cheaper than conven-
tional nanolithography techniques like e-beam lithography.





7 Photoelectrochemical
reactivity of nanostructured
electrodes for catalytic energy
conversion applications

7.1 Theoretical background of heterogeneous
electrocatalysis

In this section, a short overview of the most important electrochemical processes
and mechanisms of heterogeneous catalysis is given. The (photo-)electrochemical
experiments performed in this thesis are based on heterogeneous catalytic reac-
tions on metal-supported semiconductors. Thus the theoretical background is
limited to this particular case. Also, the focus will only be set on an electro-
chemical half-cell, the most well-known metal-electrolyte interface, which will be
discussed in the following.

7.1.1 Electrode potential and electrochemical double layer

Any combination of two electrodes in an ion-conductive electrolyte is called a gal-
vanic cell. On each electrode surface, an electrochemical half-cell reaction takes
place, resulting in an electronically neutral overall reaction. Here, reactions are
always connected to a charge transfer process. When electrons are emitted from
the electrode, it is called the Cathode, and when electrons are collected (positive
charge carriers emitted), it is called the Anode. When a molecule accepts an
electron from the electrode, it is called a reduction reaction, otherwise, it is an
oxidation reaction.
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The Nernst-equation First, one of the fundamental equations in EC is the
Nernst-equation. It relates the potential of an electrochemical reaction containing
oxidized and reduced species to the standard electrode potential, temperature,
and concentrations (or activities when not approximated to concentration coeffi-
cients) of the chemical species at equilibrium:

∆E = ∆E0 −
RT

nF
ln

∏
cOx∏
cRed

(7.1)

where E0 is the potential of a reference electrode, R the ideal gas constant, T the
temperature, n the number of exchanged electrons in the reaction, F the Faraday
constant, cOx and cRed the concentration of the reduced and oxidized species.
In this thesis, EC measurements are either related to the Standard Hydrogen
Electrode (SHE) or Reversible Hydrogen Electrode (RHE). The SHE consists of
a platinum wire in a hydrogen purged acidic solution with an activity of aH+ = 1.
The difference of RHE compared to SHE is that the measured potential is not
dependent on the pH-value and can be directly used in the electrolyte as it is
corrected by the term: −0.059V · pH at room temperature.

The electrochemical double layer Close to the metal-electrolyte interface,
the potential drop can be described by the Helmholtz model or double-layer model
(figure 7.1). Ions in the solution are attracted by the applied potential at the
electrodes. As the ions in the electrolyte are surrounded by polar water molecules,
their nearest approach to the surface is restricted by this shell. Thus they form
a packed layer close to the electrode. The potential drop in this Helmholtz plane
is linear, while in the diffuse layer, the potential drops exponentially.
As a conclusion of this model, this layer system can be regarded as a parallel

plate capacitor, where the final double layer capacitance can be calculated as a
series of the Helmholtz capacitance and the diffusive layer capacitance. When
changing the applied surface potential, a current will flow originating from charg-
ing or discharging of this capacitor.

7.1.2 Kinetics of metal/electrolyte reactions

The reaction rate and thus, the measured current is restricted by several param-
eters. It depends on the diffusion of reactants in the "bulk" electrolyte, on the
chemical reactions themselves (which can consist of multiple intermediate steps),
and on adsorption/desorption processes of reactants/products on the metal sur-
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Figure 7.1: Schematic of the electrochemical double layer and the potential distribution at a
metal-electrolyte interface. Depending on the applied voltage, the metal is positively
(or negatively) charged. Thus anions (or cations) in the electrolyte solution are
forced towards the interface. The potential ϕ drops linearly in the Helmholtz layer
and exponentially in the diffuse layer.

face. The charge transfer characteristic can be described by the Butler-Volmer
formulation as a function of the applied potential. The total current density j is
a sum of the cathodic current density and the anodic one74.

j = j0 ·
{
exp

[
αox · n · F
R · T

· (E − Eeq)
]
− exp

[
αred · n · F

R · T
· (E − Eeq)

]}
(7.2)

with j0 the exchange current density (A/m2), E the applied electrode potential,
Eeq the potential at equilibrium (in the following, the potential difference is called
the overpotential), n the number of exchanged electrons, F the Faraday constant,
R the universal gas constant, T the temperature and αox and αred the anodic and
cathodic charge transfer coefficient.
The electrode current density is therefore exponentially dependent on the applied
overpotential (see equation 7.2). This equation is valid in a well-stirred electrolyte
for low current densities where the surface concentration is always equal to the
bulk concentration of the reactants. Otherwise, the total current density is lim-
ited by different processes. First, the mass transport of the reactants from the
bulk solution towards the interface can be a limiting factor. The mass transport
typically consists of a diffusion part (caused by a concentration gradient), a mi-
gration part (caused by an electric potential gradient), and a convection part (the
bulk motion of the fluid). The influence of the mass transport can be reduced by
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choosing a highly concentrated electrolyte, by sufficiently stirring the solution,
by performing short pulse measurements with a sufficiently long relaxation time
between the pulses, or just by using low overpotentials.
Among other factors, the current itself can be limited by increasing resistance or
by a limited amount of available charge carriers when a photoelectrode is being
used, where a defined photoelectron generation is achieved by an incoming photon
flux. In the latter case, the current density will saturate at high overpotentials
due to this limitation.

7.1.3 The semiconductor/metal/electrolyte interface

When a metal comes in close contact with a semiconductor, it forms an electrical
junction (metal-semiconductor junction (M-S)). It is one of the first semiconduc-
tor devices ever built. In contact, the junction can be non-rectifying, forming an
ohmic contact, or rectifying by forming a Schottky barrier. The resulting behav-
ior depends on the barrier height of the junction. To build a Schottky diode, the
barrier has to be sufficiently larger compared to the thermal energy kBT , which is
roughly 25mV at room temperature. In principle, the type of contact depends on
the difference in the vacuum work function of the metal to the vacuum electron
affinity of the semiconductor and the doping type of the semiconductor, as listed
in table 7.1.

Table 7.1: Contact type of an MS junction.
Semiconductor doping work function contact type

p-type χSC<WM Ohmic contact
χSC>WM Schottky contact

n-type χSC<WM Schottky contact
χSC>WM Ohmic contact

In reality, this assumption of an ideal case often fails. In most cases, one gets
current-voltage characteristics that don’t follow the theory of an ideal Schottky
diode. At the interface, a semiconductor often has a high density of surface states
both on an open surface and at the interface with a metal. These states occupy
a narrow band of energies, and the Fermi level always lies within this narrow
band because it is hard to put enough charge carriers into the surface to fill (or
empty) the band. This is called the "Fermi level pinning", which results in al-
most complete insensitivity to the metal’s work function and leads to a barrier
height of roughly half the bandgap height of the semiconductor. One solution to
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this problem is to introduce an ultra-thin insulating layer, which can drastically
reduce this effect75.
Similarly, an ohmic contact is typically not achieved by just depositing a well-
chosen metal on a semiconductor surface. Instead, an ohmic contact can be
formed by growing a thin, highly doped semiconductor layer between the metal
and the bulk semiconductor. By that, the space-charge region is so thin that it
can be neglected as charge carriers are able to tunnel through this barrier (fig-
ure 7.2). A second approach is to perform a thermal annealing step after metal
deposition so that the metal alloy with the semiconductor or to reduce the un-
intentional barrier at the interface. Because of the simplicity of the procedure,
the annealing step was chosen in this work to fabricate ohmic backside contacts
using aluminum both for n-type and p-type semiconductors.

When this MS system is placed in an electrolyte solution, the energy level has
to align with the chemical energy level of the solution. The energy diagrams of
the semiconductor photocatalysts, the metal, and the redox group in the solution
are illustrated in figure 7.2 before and after contact. The Fermi level is close to
the valence band for a p-type semiconductor and close to the conduction band
for an n-type one. ECB denotes the conduction band energy, EV B the valence
band, and Ef the Fermi level of the semiconductor photocatalyst. W is the work
function of the metal and Eredox, the electrochemical potential of the redox group
in the electrolyte. The scheme is drawn for an assumed case, where the work
function of the metal is in between the Fermi level and the chemical potential of
the electrolyte.

When they come into contact, the electrons and holes flow according to the
potential differences and build up a new state, in which Ef , W , and Eredox are
equilibrated. For gold (or other metal) nanostructures on a photon absorbing
semiconductor in a photocatalytic system, the energy states are much fewer than
those in the solution. As a result, Ef and W aline with Eredox, which itself does
not change much. For p-type silicon (figure 7.2 (b)), the electric field in the space
charge region actually helps to separate electrons and holes, that are generated by
absorbed photons, and the photoelectrons are transferred to the metal catalyst
where a chemical reaction is triggered at the interface to the electrolyte. Besides
others, this is one advantage of using the catalyst metal to form a Schottky diode.
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Figure 7.2: Energy diagrams of semiconductor/metal electrodes in different states. (a) before
contact and (b) after contact both shown for n-type and p-type semiconductor
photocatalysts. ECB denotes the conduction band energy, EV B the valence band,
and Ef the Fermi level of the semiconductor photocatalyst. W is the work function
of the metal and Eredox, the electrochemical potential of the redox group in the
electrolyte. The scheme is drawn for an assumed case, where the work function of
the metal is in between the Fermi level and the chemical potential of the electrolyte.

7.1.4 Hydrogen reactions and CO2 reduction mechanisms
on catalytic surfaces

The hydrogen evolution reaction (HER) and the hydrogen oxidation reaction
(HOR) have been intensely studied for many decades. At first glance, the hydro-
gen reaction seems to be a very simple one, explaining it to be present in many
systems. However, as it takes place at the electrode surface it depends very much
on the electrode material and the state of the surface, and it is, for that reason,
still investigated intensively.
There are two different reaction pathways, while in acid media, the first step of
hydrogen evolution is always the Volmer reaction. It is the electrochemical hy-
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drogen adsorption Had on the electrode surface that includes the transfer of one
electron:

Volmer reaction: H+ + e− 
 Had (7.3)

For the second step, there are two possibilities:

Tafel reaction: Had +Had 
 H2 (7.4)

Heyrovsky reaction: H+ +Had + e− 
 H2 (7.5)

Thus, the formation of a hydrogen molecule is achieved by either recombination
of two adsorbed hydrogen atoms (Volmer-Tafel) or a combination of an adsorbed
hydrogen atom and one in solution with the use of one electron from the electrode
(Volmer-Heyrovsky). The overall reaction is 2H+ + 2 e– H2.

Table 7.2: Half cell reactions and potentials vs. SHE.
Reaction E0[V]

2H+ + 2 e– H2(g) 0.00
O2(g) + 4H+(aq) + 4 e– 2H2O -1.23

CO2(g) + 2H+(aq) + 2 e– CO(g) + H2O -0.11
CO2(g) + 8H+(aq) + 8 e– CH4(g) + 2H2O 0.17

The formation of carbon fuels (methane, ethanol, ...) and the base chemical
ethylene by the chemical reduction of carbon dioxide is more complex than HER.
It includes several intermediate steps, where the corresponding reaction pathways
are still under research. A short sketch of the most important steps is shown in
figure 7.3. Here, "RDS" denotes the rate-determining steps - the slowest inter-
mediate step, which limits the overall reaction rate. The figure is based on the
reaction pathways proposed by Kortlever et al.76 In contrast to the HER, the re-
action of CO2 to CH4 includes the transfer of 8 electrons from the catalyst metal
to the molecule and intermediates.

7.1.5 Sabatier principle in chemical catalysis

The exchange current density of a single reaction is not constant for all electrode
surfaces and materials. The strength of the adsorption and desorption step for
a given set-up is typically not equal. Thus the overall reaction is limited by the
slower process. The Sabatier principle states that optimal catalysis occurs when
interactions between catalyst and substrate are of intermediary strength, neither
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Figure 7.3: Possible reaction pathway for the electrocatalytic reduction of CO2 CO on
transition metals and intermediate steps to form methane CH4 proposed by Ko-
rtlever et al.76

too strongly nor too weak77. This can be explained as follows: if the desorption
rate is too high (adsorption rate low) for a used catalyst material, the surface
concentration of adsorbed molecules is low, thus the probability of an ongoing
reaction is low (e.g., in HER, two Had hydrogen atoms have to be in close contact
to form an H2 molecule(Tafel reaction)). On the other hand, if the adsorption
is too strong, the energy required for a desorption step is high, thus the activity
is low. The adsorbed molecules will shield the catalyst surface. The Volcano
plot visualizes this principle by relating the exchange current density, which is
proportional to reaction rate, to adsorption energy or bond strength. In figure
7.4, it is shown for the HER. The Sabatier principle illustrates the dominant role
of platinum as a catalyst for HER. It is close to the optimum, where ∆G ≈ 0 and
the rate passes through a maximum.

7.1.6 Carbon-dioxide reduction on copper surfaces

For the conversion of CO2 to carbon fuels, copper as catalyst material shows a
reasonable selectivity. Hori et al. investigated different materials for the electro-
chemical reduction of CO2

79, some of which are listed in table 7.3. It is clearly vis-
ible how the resulting products depend on the used catalytic material. Platinum,
as an example, has a high-efficiency hydrogen production rate, with a comparably
low needed potential. However, it cannot be used for carbon-dioxide reduction.
Copper, on the other hand, has one of the highest faradaic efficiencies for reduc-
ing CO2 to methane. However, the selectivity is not very high, as ethylene is
almost equally produced. This selectivity also depends on other parameters that
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Figure 7.4: Scheme of a Volcano plot for hydrogen adsorption in acid solutions. Reaction in-
termediates, such as adsorbed hydrogen atoms in the HER, should neither bind too
strongly nor too weak on the electrode surface in order to achieve a high activity.
Reproduced from Quaino et al.78

can be used to improve it. First, the used overpotential can drastically change
the activity and selectivity. Hori et al. demonstrated how the selectivity towards
methane rises with increasing overpotential while the hydrogen faradaic efficiency
decreases. However, this means that the conversion process itself is no longer ef-
ficient.
The pH value of the electrolyte has a direct influence on the reaction pathways
and, therefore, on the product selectivity. It is assumed that the pH affects re-
action intermediates differently76. As a result of this finding, product analysis
experiments were typically performed in pH buffered solutions.
The preference of single reaction pathways and catalytic activities can also de-
pend on geometric properties of the electrode material, such as surface roughness
and cluster size and shape. This approach will be examined in more detail later
in this chapter.

Table 7.3: Faradaic efficiencies of various products from the electrochemical reduction of CO2
on different catalytic materials using a current density of 5mA/cm2. Taken from
Hori et al.79

Electrode Potential vs NHE [V] Faradaic efficiency [%]
H2 CO CH4 C2H4

Au -1.14 10.2 87.1 0.0 0.0
Pt -1.07 95.7 0.0 0.0 0.0
Cu -1.44 20.5 1.3 33.3 25.5
Pd -1.20 26.2 28.3 2.9 0.0
Ti -1.60 99.7 0.0 0.0 0.0
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7.2 Stability of nanostructured resist on gold
surfaces for electrochemical experiments

Nanostructured electrodes can be used to increase the efficiency of chemical reac-
tion rates80,81, to alter the selectivity of reaction pathways79,82,83 or to investigate
fundamental processes on the nanoscale. The latter was performed to investigate
the spill-over effect of adsorbed hydrogen atoms from a platinum catalyst mate-
rial towards a gold substrate. A deeper look into the performed experiments and
results can be found in the work of Cornelia Ostermayr84. The basis of these
experiments is the stability of the nanostructures against aggressive acids and
especially their long-term stability. This has been investigated in the following.

7.2.1 Experimental set-up and materials

The experiments were carried out in an electrochemical cell with a three-electrode
configuration (section 3.6). An Autolab potentiostat (PGStat30N, Metrohm,
Germany) was used for potential or current control. All glassware was cleaned
in Caro’s acid and thoroughly washed with distilled water. A gold wire (99.99%
purity) was used as a counter electrode. A mercury sulfate electrode (MSE) was
used as a reference electrode and a 1M perchloric acid (HClO4) solution as the
electrolyte. The shown CVs are plotted against SHE rather than MSE thus, they
are shifted by EMSE(1M) = 0.675V vs.SHE.

7.2.2 Sample preparation

The working electrodes consisted of a 250±50 nm thick Au layer with a 2.5±1.5 nm
chromium layer as an adhesion promoter on a borosilicate glass (Arrandee, Ger-
many). They were cleaned with isopropanol and acetone and rinsed with DI
water. For gold surface measurement calibrations, the sample was covered in a
spin-coating process with a 1.6µm thick layer of photolithography resist AZ5214E
and structured with a 2x2mm2 square opening as described in section 3.1.1.
For nanostructured samples, the gold substrates are covered with imprint polymer
(mrI-8020R): Typically, a 1:1.35 solution is used and spin coated with 3000 rpm
for 30 s. Depending on the stamp geometry, these parameters were varied slightly
to minimize the residual layer thickness. Then, the polymer layer is soft-baked
at 100°C for 1min. A line stamp with line widths between 50-500 nm is used
for nanostructuring, where the inter distances of the lines are always equal to
their width. The imprint is performed under standard conditions (described in



7.2 Stability of nanostructured resist on gold surfaces for electrochemical
experiments

113

the previous chapters) to reach 165°C at 30 bars for 3min. After cooling down,
the stamp is then lifted from the substrate, and the residual layer is removed
with oxygen plasma in a dry-etching process. Here, it was taken care to minimize
over-etching, in order to obtain a maximum and always even thick final layer. A
small area of resist on one side of the sample is then stripped with a q-tip and
acetone, and a gold wire is placed on the opened gold surface which is connected
to the potentiostat. Both the sample and the connecting wire are then covered
with Teflon tape (CMC Klebetechnik) while the structured areas of the resist
(and thus the gold surface) were left open. Some samples showed a peel off of the
Teflon tape close to the structured areas of the resist for long-run measurements.
As a consequence, the edges of the hole punched Teflon tape were additionally
protected using a chemically inert 2-K epoxy glue. An image of such a sample
can be found in figure 7.5.

Line structured area

Contact pad
Potentiostat(a) (b)

Teflon tape

Imprint
resist

Gold

Glass

Figure 7.5: Nanostructured electrode sample on a gold substrate. (a) Sketch of the sample
layout. Only the patterned area has contact with the electrolyte. (b) The image
was taken before covering with Teflon tape.

7.2.3 Electrochemical characterization measurements

The sample was immersed in the electrolyte (1M perchloric acid), and the cell
was purged with argon (purity 4.8, Linde, Germany) for 1 hour until all oxygen
was removed. Each sample was then cycled several times between -0.08V and
0.92 V vs. SHE until a stable voltammogram was obtained. This procedure re-
moves contaminations from the gold surface and additionally brings the surface
to a defined state, which may have been altered during oxygen plasma treatment
to remove the residual layer of the imprint resist.

In figure 7.6, an example of such a measurement is given for an optical litho-
graphically defined sample for a gold surface area calibration. Two prominent
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Figure 7.6: Cyclic voltammogram of an optical lithography defined reference sample. There are
two prominent peaks for the gold oxidation charge(AuOx) in positive scan direction
and one for the gold-oxide reduction charge (AuOx Red). The CV is overlayed with
a small and constant double layer (de-)charging current.

peaks are visible. For positive currents and potentials, a current is measured due
to a gold oxidation charge transfer. Au oxidation starts at around 1.2V vs. SHE.
The oxidation regime exhibits one or more peaks, depending on the properties of
the surface, such as crystal orientation. If the potential is increased to higher val-
ues, as shown in the figure, oxygen evolution starts to dominate. By integrating
this AuOx Peak, the gold surface area can be determined, however, the peak has
to be double-layer corrected, in any case. This constant current originates from
the charging of the double-layer capacitance (section 7.1), which depends on the
scan rate and the surface area.
AuOx reduction can also be used to determine the Au surface area, which is the
reversed action as the AuOx process. As this takes place at lower potentials, it
is less likely that the current is overlayed by ongoing oxygen evolution reactions
(OER). However, the extracted total charge of the reduction peaks also depends
on the maximum applied potential during AuOx. Thus, the maximum potential
was kept fixed for the calibration and all further measurements.

7.2.4 Stability and usability of imprint polymer as a mask
to form nanostructured electrodes

The direct use of imprint polymer as a stable mask to form nanostructured elec-
trodes was tested. The samples are prepared as described above.
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First, the open gold surface area was determined through AuOx and AuOx-red
peak-integration of taken CVs for Line-structured patterns between 50-500 nm
line widths (filling factor 50%) on a 2x2mm2 area. This leads to an open gold
surface area of 2mm2. The determined charge transfer can be converted to an
area with the relation q = 600µC/cm2, also found in literature84. For the calibra-
tion sample with a defined opened area of 2mm2 (optical lithography) an AuOx
charge of 11.33µC and an AuOx-red charge of -12.28µC was measured. This
corresponds to a determined area of 1.89mm2 and 2.05mm2, respectively. Here,
the integration of the AuOx peak had a high error, due to the reasons mentioned
above. The AuOx-red calibration leads to a conversion value of q = 614µC/cm2

being close to the literature one.
Measurements with structured electrodes using the imprinted resist mask showed
very stable and similar results for the 100 nm - 500 nm lines. The 500 nm lines
had an average AuOx charge of 12.21µC corresponding to a gold surface area
of 1.99mm2 (using the calibrated conversion factor) and an AuOx-red charge of
-12.38µC with a calculated area of 2.02mm2. This measurement was repeated
after being immersed continuously in 1M HClO4 for 6 hours while performing
several measurement cycles. No change was observed. Additionally, the same
tests were done in 1M H2SO4, proving the same effectiveness of the mask.
The stability was as well checked with SEM images. In figure 7.7, such an image
after a long term EC-measurement is presented. Although using only 100 nm
wide lines, the mask does not show any form of degradation.

200 nm

Resist

Gold

Figure 7.7: SEM image of an imprint resist mask with 100 nm lines and 100 nm inter distance on
a gold substrate after being immersed in 1M HClO4 for over 6 hours. The dark areas
are covered with resist. The nanostructures do not show any form of degradation
after multiple measurement cycles.

However, for the smallest feature sizes of 40 nm line width, the determined
gold surface area was larger than the expected value of 2mm2. As the structures



116Chapter 7 Photoelectrochemical reactivity of nanostructured electrodes
for catalytic energy conversion applications

themself remained unaffected, the layer thickness of the resist could be the cause
of this finding. The stamps used for fabricating these samples have a smaller
structure height compared to stamps with 100 nm line width and above due to
fabrication problems. As a result, the resist thickness in the non-patterned ar-
eas is thinner. SEM images revealed small holes in the closed resist films. It is
believed that these holes are formed by a de-wetting effect, as the adhesion to
gold is typically very low. As the resist gets thinner, the cohesion of the film gets
weaker, leading to the formation of more and more of those holes. This increases
the unintentionally exposed gold surface, causing a leakage current. Figure 7.8
shows the CVs of closed films with varying thicknesses of imprint resist and a
CV of a reference sample (orange) as a comparison. The leakage current is small
compared to the reference. However, it cannot be neglected at some point. The
inset of figure 7.8 (a) clearly shows the decrease of leakage current with increasing
resist thickness. The evaluated open gold surface areas are shown in Figure 7.8
(b). They are related to the total area of the same sample area. The part of
the current, which originates from these defects, increases exponentially with de-
creasing layer thickness. This has to be kept in mind when designing experiments
with directly patterned nanoelectrodes. For standard imprint conditions used in
this thesis, the final resist layer is 100 nm and above. Thus the leakage current
percentage is small with a value of around 0.1%.
It has to be noted, that this small percentage still can lead to a high error in the
measurement, as the imprinted area typically is considerably smaller than the
remaining areas of the sample (figure 7.5 (b)). This means, that the area covered
by a resist layer can contribute to the total current by a much higher percentage.
This finding has been taken care of by sealing the whole sample in Teflon tape,
while only the patterned area of the sample is opened up using a small hole punch
in the Teflon tape (figure 7.5). When taking care while positioning this tape, the
area of the sample with contact to the electrolyte is minimal, and the leakage
current can be neglected.

This method of sample fabrication for electrochemical applications is very fast
and easy. It has limited process steps. Thus, the risk for contamination is small.
It can be used for experiments, where nanostructured electrodes may lead to new
physical effects, or to separate and analyze effects which are close to the measure-
ment noise. It has been used in collaboration with the group of Prof. Stimming
for research on the topic of hydrogen spill-over effect, studied by Cornelia Oster-
mayr84.
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Figure 7.8: (a) Cyclic voltammogram of a gold reference sample defined by optical lithography
compared to measurements with closed imprint resist layers with varying thick-
nesses. For very thin layers, a small gold signal in the CV is present, giving rise to
a leakage current. (b) Percentage of measured exposed gold surface with respect to
the total area. With thinner layers, the leakage current increases exponentially.

7.3 FEM simulations of light-matter interaction
at nanostructured metal electrodes

The response of nanostructured metal arrays on top of a semiconductor substrate
to an electric field is examined using a Finite-Element-Method (FEM) simulation
model. This model helps to interpret experimental data in the following sections
and is additionally useful to optimize structure shape and dimensions towards
high E-field enhancements to drive chemical surface reactions efficiently. In this
section, the FEM model is presented, and simple design rules of the nanoelec-
trodes are given.

7.3.1 Localized Surface Plasmon Resonance

A prominent phenomenon when light interacts with metal nanoparticles is the
Localized Surface Plasmon Resonance (LSPR). It is the collective excitation and
oscillation of electrons of a conduction band in metal in phase with the varying
electric field of the incident light (figure 7.9).
As a result, the nanoparticles exhibit enhanced near-field amplitude at the

resonance wavelength. This field is highly localized at the nanoparticle surface,
making it an ideal effect to be utilized in heterogeneous catalysis. In contrast
to SPR, the E-filed decays rapidly away from the nanoparticle into the substrate
background. On the one hand, this means that far-field scattering by the particle
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Figure 7.9: Sketch of Localized Surface Plasmon Resonance. An incident E-field can excite col-
lective electron oscillations. A strong near-field amplitude enhancement is observed
at the resonance frequency.

is also enhanced by the resonance and on the other hand it is not necessary to
have a complicated optical set-up to couple in light for LSPR.
The restoring force of the separated charges depends on the size of the parti-
cle, and as a consequence also the resonance frequency is size-dependent. De-
spite that, also other parameters are heavily influencing LSPR, such as shape,
structure, and material of the metal particle but also the surrounding medium.
Changes will lead to a strong shift, which can be used to characterize samples
and interfacial properties.

7.3.2 FEM model using Comsol Multiphysics

Simulations have been carried out using Comsol Multiphysics. For modeling
LSPR, the RF-module has been used to simulate electromagnetic waves in the
frequency domain. A sketch of the domain layout can be found in figure 7.10 (a).
It mainly consists of three parts (with additional sub-layers): the metal electrode
in the center of the model, the substrate in the lower part, and the environment
on top. The top boundary surface is chosen as a port for wave excitation with
a linearly polarized EM-Wave traveling in the z-direction and only having an E0

amplitude value in the x-direction. The lower boundary surface is defined as an
outgoing port calculating S-parameters, which are the elements of a scattering
matrix necessary to extract reflectance and transmittance percentages. The sub-
strate and environment domains have to be rather large in height as at least a full
wavelength must fit inside these boxes. Since also resonance frequencies in the
near-infrared regime were calculated in this section, these domains then have to
be some micrometers in height. In figure 7.10 (a), the electric field of an incoming
wave is additionally visualized.
Opposing sidewalls are defined as periodic boundary conditions using Floquet
periodicity85. This way, the model represents an infinite array of nanoparticles
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Figure 7.10: FEM model of light-matter interaction at nanostructured metal electrodes on a
substrate (here mostly silicon). (a) Full domain elements of the model with three
2d slices of the electric field distribution (x-y, x-z, and y-z plane). (b)+(c) Mesh
elements of the domains. The mesh is gradually refined towards the structure
edges. An extra fine grid is added at the metal surface.

both in x and y direction, while minimizing needed mesh elements and computa-
tion time. The electric displacement field model was used for all domains using
the relative permittivity values εr from the corresponding material. An addi-
tional thin native oxide layer on top of the substrate and a titanium adhesion
promoter between substrate and gold nanostructure have been included for the
final model.
The real- and imaginary parts of the relative permittivity are based on liter-
ature values. The values for gold and titanium were taken from Johnson and
Christy47, values for silicon from Green et al.45, and silicon-oxide from Gao et al.
and Rodriguez-de Marco et al.86,87.
The meshing type has to be controlled individually for each domain, however,
changes in shape and dimensions are still automatically adjusted. First, an ad-
ditional domain is added being 2 nm larger than the metal domain and defined
as "air" (or the used environment material) just to force a refined mesh-element
increase in the immediate vicinity of the metal, where changes in E-field are
strongest (figure 7.10(c)). A normal tetrahedral mesh would lead to problems
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for large but very thin domains, such as the native oxide layer or the titanium
adhesion layer. Therefore, the top surface of the metal is covered with a free tri-
angular 2D mesh, while a curvature factor of ≈0.08 is included in order to obtain
a high-density mesh at the edges and a lower dense one in the center. This mesh
is copied in multiple symmetric layers within the metal domain using a "Swept
mesh". Typically, one layer every 3 nm height was used for the plasmonically ac-
tive material and one layer every 1 nm for the very thin titanium adhesion layer
(figure 7.10(b)). The same method is applied to the native oxide layer, where at
least two mesh layers are used. After that, all elements are converted to tetrahe-
dral ones.
Opposing sidewall boundaries are also first meshed with a 2D triangular method,
where only one side was meshed first, which is then copied to the opposing side.
This has been done to respect the floquet boundary conditions mentioned above,
where the E-field must be identical and symmetrical at every single point of
opposing sides and can cause trouble if the meshes are not identical. All remain-
ing volumes are then filled with a free tetrahedral mesh, where the element size
gradually increases when further away from the metal nanostructure in order to
optimize the total element count.
This total count does depend strongly on the nanostructure size and thus on the
total model volume. For a 75 nm disk with 150 nm pitch, typically 130k elements
are generated.

x

y

(a) (b)

x

z

Figure 7.11: E-field distribution extracted of a FEM Simulation of a 75 nm disk (18 nm Au/2 nm
Ti) on top of a silicon substrate with a 1.5 nm thin SiO2 layer in air. (a) normalized
E-Field in linear scale on top of the SiO2 surface (x-y plane). (a) normalized E-
Field in a logarithmic scale of the side-view of the metal antenna (x-z plane).

Figure 7.11 shows the E-field distribution of a simulated 75 nm gold disk on
a silicon substrate with a 1.5 nm thin SiO2 layer in air. Subfigure (a) shows a
top-view (x-y plane) of the disk on a linear scale. The increased electric field at
the edges in the direction of the incoming E-field of the light is clearly visible.
This "antenna effect" is more prominent in subfigure (b) where a side-view of the
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z-x plane is shown with a logarithmic scaling of the electric field. The strongest
E-field enhancement is reached at the top and bottom edges of the particle and
especially at the metal-SiO2 interface.

7.3.3 Influence of design parameters on LSPR
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Figure 7.12: Reflection Peak positions of FEM simulated LSPR of gold nanodisk arrays on a
glass substrate with following standard parameters (if not varied): 75 nm diameter,
150 nm pitch, 20 nm gold height (n=1.465). Results are shown for varying (a) disk
height, (b) inter distance of individual disks (shrinking pitch), (c) disk diameter
(while keeping pitch:diameter=2:1), (d) substrate refractive indexes.

In figure 7.12, the LSPR shift for changing design parameters is given, which
were simulated using the FEMmodel. Transmittance, reflectance, and absorbance
of the nanostructure were calculated using the S-parameters for all simulated
wavelengths of the incoming light, and the maximum (or minimum) of the peaks
were extracted. Here, 75 nm gold disks with 20 nm height are being shown as
standard parameters. The substrate was initially chosen to be glass, as it is
transparent in the LSPR range. Thus it is possible to measure both reflectance
and transmittance experimentally. The general dependencies of the results also
apply to other substrate materials, although they then scale differently.
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It is clearly evident, that the resonance frequency strongly shifts with various
parameters. The LSPR drops from around 680 nm to 575 nm for gold thicknesses
of 10 nm and 45 nm, respectively. It then saturates at this level or even slightly
increases when the thickness reaches the disk diameter (figure 7.12(a)). When
the distance between the nanostructures is reduced, the resonance gets red-shifted
(figure 7.12(b)). However, this effect only becomes relevant when distances are
below 10 nm.
The greatest changes can be achieved by increasing the feature sizes or by chang-
ing the substrate material (figure 7.12 (c)+(d)). Although this is also true for
the environment (the upper domain of the model), a change from an air (n=1)
to a water-based electrolyte (n=1.33 in the visible range) would not change the
frequency too much.
With the nanopatterning process presented in this thesis, LSPR starting from
550 nm up to the near-infrared region can be achieved on glass substrates. The
resonance is strongly red-shifted with larger structure dimensions. Additionally,
it is strongly red-shifted with increasing refractive index of the substrate. This
is why the LSPR is mainly found in the red to the infrared region on silicon
substrates.
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Figure 7.13: Reflection Peak positions of FEM simulated LSPR of 75 nm gold nanodisks (20 nm
height) on a silicon substrate for varying native silicon oxide thicknesses.

Although the strong dependency on the substrate type has been shown, it is
still interesting to see how small local changes of this parameter close to the
metal antenna can affect the resonance. For this reason, a simulation has been
performed, implementing a thin native oxide layer on top of a silicon substrate
(below the metal nanostructure). The dependency is shown in figure 7.13. Even
with a minimal oxide layer (changing the refractive index to SiO2 n=1.46 at
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900 nm wavelength87) the LSPR drops drastically from a value of around 980 nm
without an oxide layer, to 810 nm for a layer thickness of 1.5 nm, which is a typical
value for silicon under ambient conditions. This shows that LSPR is extremely
sensitive to changes in even only the surroundings of the metal antenna. This
sensitivity is in the same range as the E-field enhancement shown in figure 7.11
and is a further reason why LSPR is important for sensing applications.

7.4 Comparison of nanotransfer printing and
lift-off nanoimprint lithography for
electrochemical applications

7.4.1 Introduction

In this section, the applicability of nTP and LO-NIL for the structuring of low-
cost, large-area photoelectrodes is presented, with special emphasis on the differ-
ence between the electrochemical properties of nanostructures produced by both
methods. The interfaces are characterized by the use of plasmonic resonance ef-
fects of the nanostructures when illuminated with light in a well-chosen spectral
range. This does shed more light on the role of the metal-semiconductor interface,
and additionally, this is a proof-of-principle for plasmonic photoelectrochemical
solar cells, potentially enabling higher efficiencies and product selectivity. Pho-
toelectrochemical measurements will be presented and discussed considering the
results of electrical measurements respecting the interfacial properties (section
6.4).
The beneficial effects of surface plasmon resonances on photoelectrochemistry
have already been proven in literature88,89. It is possible to transfer the results
to a copper system, which has been shown to yield a rich product spectrum con-
taining methane and ethylene82 (see also table 7.3).

In this section, arrays of gold nanodisks and nanosquares supported on p-type
silicon (p-Si) are studied, which are a promising system for the photoelectrochem-
ical reduction of carbon dioxide (CO2)7,83. In figure 7.14, a layout of the sample
design is given. Gold as an electrode material is chosen for several reasons:

1. Because of its stability in air

2. Because of the well-known plasmonic response under illumination in the
visible spectrum
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Figure 7.14: Sketch of the sample design used in this section. Ti/Au metal nanoelectrodes are
fabricated with nTP and LO-NIL on a p-type silicon substrate with a thin SiO2
layer. The back contact consists of aluminum, while the sample is illuminated from
the top through the electrolyte. (b) SEM image of a slightly tilted sample surface,
decorated with disks of 75 nm diameter and 150 nm inter distance.

3. It has the advantage of not having to change the developed and well-
characterized manufacturing process described in the previous chapters (Al-
though evaporating a different kind of metal isn’t a problem)

4. Additionally, it is a promising catalyst for the electrochemical reduction of
CO2 since it yields the product carbon monoxide (CO) with high selectivity
and a comparatively simple electrochemistry82.

Parts of the following experiments have already been published, and sections are
taken from these publications13,90.

7.4.2 Substrate preparation

P-type silicon (CZ(111) ±0.5, 5-25 Ωcm, Boron doping: 5 · 1015 − 4 · 1016cm−3,
Si-Mat, Germany) is used as a substrate. The backside of the semiconductor is
prepared with an aluminum (Al) back contact. Here, in a first step, the natural
oxide is removed by a buffered oxide etch (BOE), a 6:1 mixture of 40% NH4F
and 50% HF solution. Then, a 200 nm thick Al layer is deposited onto the etched
surface via PVD and subsequently annealed at a temperature of 400°C for 30min
in a nitrogen atmosphere. The front side is oxidized in an oxygen plasma for
5min, to remove all organic contaminations and also to grow a thin oxide film if
a natural oxide is not already present on the silicon wafer. It has to be stated,
that plasma growth of silicon-oxide using a Barrel etcher (see section 3.3) is
rather limited and typically stops at only 1-1.5 nm thickness. This oxide layer is
etched in a BOE solution until the plasma-grown oxide is completely removed,
indicated by a clearly visible change to a hydrophobic surface. This is done
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to remove metallic surface contaminations, which can not be removed with an
oxygen plasma treatment. Depending on the experiment, the surface is then
oxidized again. The clean surface is covered with a layer of photoresist (spin-
coated) to protect it from cleavage dust. The wafer is cleaved into 11.5x11.5mm2

pieces and cleaned with acetone, isopropanol, and deionized water.

7.4.3 Nanopatterning procedures

Nanotransfer printing

The samples are prepared, as developed in chapter 6. In short, the following
production steps are carried out:

1. A gold/titanium metal layer is deposited on the ready-to-use stamp in a
high-vacuum physical vapor deposition (HV-PVD) system (Leybold L560,
Germany) at an evaporation pressure of 6 ·10−8 mbar. First, an 18 nm gold
layer is evaporated at a rate of 3 Å/s followed by a 3 nm thin titanium layer
evaporated at a rate of 1 Å/s.

2. Right after metal evaporation (but before taking the stamps out of vacuum
conditions), the target substrate is cleaned (acetone/isopropanol) and pre-
conditioned in an oxygen plasma (600W, 2min, 100 sccm, 100Pa). Then,
the exposed titanium surface on the stamp is activated with a mild oxygen
plasma (100W, 1min, 90 sccm, 100Pa).

3. The stamp is placed on the target substrate and put into an imprint machine
(Obducat imprinter 2.5, Sweden).

4. A uniform pressure of 3MPa is applied via compressed nitrogen for 3min
at a raised temperature of 200°C

5. While still hot, the stamp is lifted from the substrate.

Lift-off Nanoimprint lithography

The samples are prepared, as developed in chapter 5.

1. The lift-off resist (PMGI SF6) is diluted in a ratio of 1:4 for small feature
sizes, then spin-coated on the wafer at 4000 rpm for 45 s. The resulting layer
is soft-baked at 255°C for 3min which gives a thickness of ≈30 nm. The
LOR thickness was increased by using thicker metal layers. Then, a layer
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of imprint resist (1:1.35 dilution) is directly spin-coated on top of the LOR
at a spinning speed of 3000 rpm for 30 s. It is soft-baked at 100°C for 1min,
resulting in a layer thickness of ≈77 nm.

2. It is then patterned in a thermal imprint process at a temperature of 165°C
and a pressure of 30 bars for 3min. The sample is cooled down to 90°C and
the stamp is demolded from the substrate using a sharp razor blade.

3. The residual layer is removed using anisotropic reactive ion etching (RIE)
(PlasmaLab 80 Plus, Oxford Instruments, UK). A passivating RIE process
with a gas mixture of O2 (27 sccm) and C4F8 (25 sccm) is used at a plasma
rf-power of 200W as a highly anisotropic etching step and thus high shape
retention. A short oxygen plasma etching step (5s) is performed to remove
the fluorinated inhibition layer (section 5.4.4) Pure oxygen plasma etching
(O2 (25 sccm) at a plasma rf power of 35W) is used for feature diameter
adjustment.

4. In case of the existence of an aluminum back-contact, it is covered by a
piece of wafer tape (Icros SB-085L-BN20-R2, Mitsui chemicals, Japan) as
Al is etched by the developer solution.

5. The under etching of the imprint resist is performed in an isotropic wet-
chemical developing step using a buffered potassium hydroxide (KOH) based
developer (AZ400 K, Microchemicals, Germany) in a 1:5 dilution followed
by thorough rinsing with deionized water. The lateral etching of the LOR
is the most critical step. The development time varied between 17-25 s,
depending on the individually measured LOR thickness. The complete re-
moval of the LOR in the openings is indicated by a strong contrast change
of the patterned area. In most cases, this visual change was the better way
to define the etching time.

6. The target metal stack is evaporated using the same parameters and con-
ditions as for the nTP process. Only the layer order is inverted as it is now
directly evaporated on the substrate.

7. Lift-off is carried out in N-Methyl-2-pyrrolidon (NMP) (Merck, Germany) at
a temperature of 50°C inside an ultrasonic bath until the LOR and imprint
resist is completely removed and only the patterned metal nanostructures
remained on the substrate.
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7.4.4 Photoelectrochemical measurements

Electrochemical measurements in these sections were performed by the group of
Prof. Krischer (Chemical Physics Beyond Equilibrium) in the person of Simon
Filser. The electrochemical experiments were performed in a one-compartment
cell made of polytetrafluoroethylene (PTFE) and quartz glass, sealed with fluo-
roelastomer o-rings. The reference electrode used is a saturated mercury sulfate
electrode (sat. MSE), and a glassy carbon rod is used as the counter electrode.
For better comparability, electrochemical potentials in the following are given
versus the reversible hydrogen electrode (RHE). The EC-cell is cleaned in con-
centrated caroic acid and the samples in acetone and ethanol before use. The
electrolyte is 0.1M KHCO3 at pH 6.8 saturated with CO2 (purged with CO2,
purity 4.5), which is a common electrolyte for CO2 reduction reaction (CRR)82.
Here, it is buffered with a 0.1M phosphate buffer at a pH of 6.8 obtained by the
addition of 50mM K2HPO4 and 50mM KH2PO4. It is mixed using Normapur
(VWR, USA) or Suprapur (Merck Millipore, Germany) purity grade chemicals
in ultrapure water (18.2Ωcm). For the photoelectrochemical measurements, a
Zennium potentiostat is used. The sample is illuminated from the front through
the electrolyte by a TLS-03 tunable light source (Zahner, Germany). The cyclic
voltammograms (CVs) are corrected from electronic artifacts by subtraction of a
linear slope and smoothing with a 5 point adjacent averaging filter.

7.4.5 Differences in photoelectrochemical properties of
nTP and LO-NIL nanostructures

The possible performance of samples with gold photoelectrodes fabricated by
nTP and LO-NIL is first evaluated with simple photoelectrochemical measure-
ments. Figure 7.15 shows cyclic voltammograms recorded under illumination
with a wavelength of 848 nm and an intensity of 5W/m2, using a buffered 0.1M
KHCO3 electrolyte at pH 6.8 saturated with CO2. The chosen pH value is pre-
venting the degradation of the silicon surface. They show several features that
give hints about the different performance of the samples (and are marked in the
figure):

1+2 The typical gold oxidation and gold oxide reduction features are clearly
visible in the CV of the LO-NIL sample. For most nTP samples, these
features are not visible, which is interpreted as a disturbed current transfer.
This is in contrast to the LO sample that clearly shows the features. It has
to be mentioned that some of the nTP samples do show these peaks, but
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Figure 7.15: Cyclic voltammograms in buffered 0.1M KHCO3 saturated with CO2 and under
illumination with a wavelength of 848 nm and an intensity of 5W/m2. An nTP
sample (black) and LO-NIL sample (red) are shown. Compared to the nTP sample,
the over-potential of CO2 reduction and hydrogen evolution on the LO-NIL sample
is reduced by almost 400mV, the typical features of gold oxidation and gold oxide
reduction are clearly visible.

most of them are not.

3 The onset potential of the reduction reactions on the nTP sample gets
more negative after each scan, which is interpreted as a degradation of the
structures. The LO-NIL sample is much more stable in this respect.

4 Most importantly, the onset of the hydrogen evolution (HER) that happens
simultaneously to the CO2 reduction (CRR) is shifted by approximately
400mV to a lower overpotential for the LO-NIL sample compared to the
nTP sample.

5 A saturating reduction current density is reached for larger negative po-
tentials due to a limitation in electrons, which are generated by absorbed
photons. The attainable current density is in good approximation pro-
portional to the number of photoelectrons and, thus, to the illumination
intensity. The LO-NIL gold structures shown here are slightly larger than
the nTP ones. As a result, the number of photons actually reaching the
absorbing silicon, and therefore the saturation current density for negative
potentials is reduced.

In the following, the root cause of these differences is analyzed.
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7.4.6 Roughness and defects comparison of nTP and
LO-NIL

Differences in EC reactivity of samples made by different fabrication methods can
be caused by changes in surface morphology of the metal electrodes, in particular,
the surface and edge roughness. For example, it is reasonable to assume that
the direct deposition of metal under high vacuum conditions results in a well-
defined metal/air surface and a substrate/metal interface. Additionally, different
methods may lead to more defect sites on the atomic scale, which are known to
increase EC reactivity.
Thus, the morphology was examined with high-resolution AFM measurements
using RMS roughness evaluation. Therefore, 200 nm squares (3 nm Ti - 18 nm
Au) were fabricated with nTP and lift-off nanoimprint lithography (LO-NIL).
Atomic force microscopy was performed using ultra-sharp tips with a tip radius
of <1 nm (SHR 150, budgetsensors, Bulgaria) for high-resolution measurements.
An RMS roughness of ≈ 1.7± 0.7nm was extracted for nTP samples and a value
of ≈ 0.4± 0.1 nm for the LO-NIL ones (Figures 7.16(b) and 7.16(c)).
Additionally, the line edge roughness (LER) was extracted from SEM images,

which is calculated as the standard deviation of the distances between the indi-
vidual edge locations from the fitted edge line. For the transfer printed samples,
a value of ≈ 4.8± 0.9nm and for the lift-off samples, a considerably smaller value
of ≈ 2.0± 0.5nm were found.
As already discussed in chapter 6, the sidewall coating of the stamp protrusion
cannot be avoided with nTP. This leads to the formation of metal dots, which will
eventually stick to the edges of the transferred metal layers resulting in ear de-
fects visible in figure 7.16(a). Less to none ear defects with the lift-off technique
is observed. On a larger scale, metal contact pads (micrometer-sized) tend to
have small holes if the metal layer is very thin. This can be attributed to thermal
and mechanical stresses during the transfer process but does not affect smaller
structures. Overall, samples fabricated with LO-NIL exceed the nTP prepared
samples in feature accuracy and surface properties.

7.4.7 Interfacial properties of metal-/semiconductor
contacts fabricated with nanoimprint technologies

The properties of the metal-/semiconductor interface are examined in this section.
A typical characterization method for this purpose can be transmission electron
microscopy (TEM). While this offers high-resolution images of the interface, the
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Figure 7.16: Roughness characterization of nTP and LO-NIL samples. (a) SEM top-view image
of 18 nm Au/3 nm Ti 200 nm squares on a silicon substrate, (b) AFM image of a
single metal nano-pad. The RMS roughness was measured to be ≈ 1.7 ± 0.7nm
(nTP) and ≈ 0.4± 0.1nm (LO-NIL). (c) Center height profile extracted from the
AFM images in (b). Reprinted from Nagel et al.13 with the permission of AIP
Publishing.

preparation is complicated, and only slices of the sample can be characterized
(also destroying the sample). Here, plasmonic resonances are used instead as a
non-invasive technique.
In order to obtain a meaningful evaluation of the interfacial properties with a plas-
monic experiment, a variety of different samples have to be recorded. Plasmonic
properties, in particular the wavelength of the major resonance, are depending
on many parameters. The results are compared to simulations based on FEM
Simulations (Comsol Multiphysics) (see section 7.3) and on FDTD simulations
(Lumerical Solutions) by the work of Tianyue Zhang from the group of Prof.
Feldmann (Ludwig-Maximilian’s Universität München). Since Si is not transpar-
ent in large parts of the relevant spectrum, only reflectivity measurements were
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performed for the structures on Si. All spectra are normalized to blank substrates
without nanostructures, while the simulations are normalized relative to reflec-
tivity values from Chelikowsky and Cohen91.
The optical characterization of the samples was performed using reflectivity spec-
tra. They were recorded on a Perkin Elmer UV-VIS-NIR spectrometer Lambda
900 in reflectivity mode. The spectra are normalized to the standard baseline
to correct for an intensity reduction by misalignment of the beam due to a sam-
ple tilt. Measurements with nanostructures are related to blank silicon samples.
Transmission spectroscopic measurements are done on a Varian Cary 5000 UV-
VIS-NIR absorption spectrometer. SEM images are taken with a Zeiss NVision
40.

Characterization using plasmonic resonances

Figure 7.17 (I) shows the plasmonic resonances spectra of a series of samples
with varying structure sizes fabricated by LO-NIL. The structures with sizes be-
low 130 nm are nanodisks with a periodicity of 90 nm and 150 nm for structure
size of 45 nm and 75 nm (tuned up to 130 nm), respectively. The ones larger than
200 nm are squares with rounded corners and periodicity of 430 nm. They con-
sist of 3 nm Ti and 18 nm Au metal layers. The main trend, a red-shift of the
plasmonic resonance with increasing size, is observed in the experiment as well
as in the simulations and shown to be very similar for both (Figure 7.17 (c)).
Simulated data in figure 7.17 (b) are produced with an FDTD model made by
Tianyue Zhang, the results in (c) are produced by a FEM model using COM-
SOl Multiphysics as presented in the previous section. Both simulation methods
gave almost identical results. FDTD simulations are chosen in (b) because they
were already published13 while in (c) more extensive studies results are presented.
Here, the simulated resonance peaks strongly depend on the native oxide thick-
ness of the silicon substrate, resulting in a blueshift of the resonance peak for
thicker oxide layers.
Figure 7.17 (II) shows the plasmonic resonances spectra of 200 nm samples with
varying gold thicknesses. The peaks blue-shifts for thicker gold layers and are in
perfect agreement with the simulation model. Overall, as the simulation models
precisely predict the device behavior it is possible to study unexpected measure-
ment results and find the origin of the causing changes.
Figure 7.18 (a)+(b) shows a comparison of nanostructures fabricated by nTP

and LO-NIL. While LO-NIL samples exactly match the expected results, the nTP
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Figure 7.17: Comparison of plasmonic resonance peaks with simulated ones of a FEM (Comsol
Multiphysics) and FDTD (Lumerical Solutions) model. (I) size-dependent using
3 nm Ti/18 nm Au metal layers and (II) metal layer thickness-dependent of 200 nm
squares. (a) gives selected experimental UV-Vis measurements of the relative re-
flectivity, (b) the corresponding simulated spectra using FDTD, and (c) Lorentz
peak fit values for all samples and FEM simulated peaks structures of the same
size with two different native oxide thicknesses between the silicon substrate and
the metal. Adapted and reprinted from13 with the permission of AIP Publishing.
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Figure 7.18: (a)+(b) Comparison of the plasmonic resonance peaks of nanostructures fabricated
by nTP and LO-NIL. The experimental data (straight line) is also compared to
the simulated spectra (dashed) both for 75 nm and 200 nm feature sizes on a Si
substrate with 3 nm Ti/18 nm Au. The simulation model of the nTP includes an
interfacial 2 nm wide air gap. (c)+(d) Experimental data of plasmonic resonance
damping caused by the titanium adhesion layer. A drastic reduction in intensity
is visible with thicker layers. Adapted and reprinted from Nagel et al.13 with the
permission of AIP Publishing.

samples have a strong blue-shift for all feature sizes, as can be seen in the figure.
The root cause of this difference will be discussed later. In figure 7.18 (c), the
effects when having titanium as an adhesion promoter between substrate and gold
can be found. It clearly has a strong impact on the plasmonic resonance intensity
as the titanium layer is damping this effect even when having the smallest layer
thickness of less than 1 nm. This effect has to be taken care of, when designing
a photonic energy conversion device. The small kink at 900 nm originates from a
change of the photon detector of the UV-Vis-NIR during the measurement. (d)
A direct comparison of the blue-shift with and without a titanium layer. Using
a titanium layer, the blue-shift is more prominent.
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7.4.8 Discussion

There are two key differences between the experimental and the simulated data.
First, the peak intensity is lower for the experiments, and second, the experi-
mental peaks are, on average, slightly blueshifted with respect to the simulated
ones. The lower relative reflectivity intensity is mainly an artifact since the spec-
trometer geometry allows only very small angular deviations from the specular
reflection in the reflected beam while all reflected light is considered in the simu-
lations. The reason for the latter can be the imperfect shape of the experimental
structures, especially the rounded edges, which is in line with Rodriguez-Canto
et al., who examined comparable structures and observed a similar blueshift46.
The increase of the blueshift for smaller structure sizes is in line with this inter-
pretation, where the statistical scatter is larger. As presented in subfigure (I)(c),
assuming a native oxide thickness of 1.5 nm is in better agreement with the ex-
perimental data. Typically, native oxides of silicon wafers are determined to be
around 1.6 nm with ellipsometry. Here, freshly etched and plasma-oxidized wafers
are used, where the plasma-oxide is slightly smaller. However, it is possible that
the assumed thickness of the native silicon oxide of 1 nm is slightly underestimated
in the simulation model. Additionally, roughness and graininess of the evaporated
metal layer may result in small voids at the interface, changing the refractive in-
dex locally and leading to a blue-shift, which is more prominent for nTP samples.

The LO-NIL method enables tuning of the plasmonic resonance frequency and
peak width by adjusting the metal layer thickness. The resulting red-shift with
decreasing layer thickness is shown to be identical in experiment and simulation.
This means that a decreasing aspect ratio (height/diameter) leads to a red-shift,
which is in accordance with various previous works92–94 as well as an increasing
overall diameter95. Also, the results when having a Ti adhesion layer between
gold and substrate is in accordance with the literature96–98. The resonance fre-
quency is only slightly shifted, including a 3 nm Ti layer, but a strong reduction
of the plasmonic scattering can be observed.
Even more striking is the strong blue-shift in the resonance of nTP structures
compared to LO-NIL samples with nominally very similar parameters. Since the
substrate and dimensions of the nanostructures are practically identical in both
techniques, it is expected that this deviation is due to differences in manufac-
turing methods, which may be defects and imperfections, the morphology of the
metal and its material and interface properties. There is strong evidence that
the interface between metal and semiconductor is responsible for this shift. Typ-
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ically, deviations from the ideal shape of the nanostructures lead to a red-shift
of the resonance peak rather than to a blue shift. Thus it can be excluded as an
explanation for this effect, as shown in the following. First, as presented in figure
7.16, samples fabricated with nTP indeed show an increased surface roughness
and ear defects compared to LO-NIL. The influence of both ear defects in the
form of edge grains99 and surface roughness100,101 on the plasmonic response of
metal nanoparticles is reported to be a red-shift of the resonance. In addition, it
has been shown that annealing of gold films at 200°C for 5min (which is nearly
identical to the nTP process parameters) can result in a smoother surface and
lower edge roughness99,102,103 as well as in changes of the dielectric function of
gold, where an improved grain structure results in a decrease of the imaginary
part of the dielectric function99,104. This would have the effect of a resonance
blue-shift for annealed gold squares104. However, since the nTP samples showed
an increased surface roughness compared to the lift-off one, after all, it can be
discarded as an explanation. Hence, surface roughness and defects as well as ma-
terial properties are not expected to be the source of the blue-shift in resonance
wavelength in the first place as they lead to a shift in the opposite direction. Yet,
there is the possibility of a difference in the metal/semiconductor interface for
the two preparation methods due to surface roughness. For the LO-NIL samples,
the metal atoms are deposited onto the substrate under high vacuum conditions
and should form an almost atomically flat interface, where only the formation of
grains can lead to a small number of voids at the interface, which is in line with
the performed simulations. In contrast, it is reasonable to assume that the print-
ing of a metal surface with a surface roughness of a few nanometers onto a hard
silicon oxide surface leads to the formation of holes between native silicon oxide
and the Ti layer. Those voids lead to a change of the dielectric properties at the
interface due to an additional volume with a refractive index lower than the one
of Si and a correspondent change in the resonance wavelength. Since the struc-
ture of the assumed inhomogeneous Ti/SiO2 interface is not exactly known and
including an artificial roughness of a few nanometers would drastically increase
the computation time, a simplified model was used in the simulations: Instead
of presumed air inclusions of about 2-5 nm size, a 2 nm wide continuous layer of
air between Ti and SiO2 is included in the simulation model. The used thickness
is justified by the measured RMS roughness of the nTP samples shown in figure
7.16. The results give a good prediction for the shift of the resonance (figure 7.18).
To further study the effect of the interface bonding on the plasmonic properties,
glass as a substrate with a lower refractive index was used. These measurements
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show that the blue-shift of the nTP samples compared to the LO-NIL samples
is reduced compared to the effect measured on Si substrates. Since the optical
values of the dielectric function of air and vacuum (ε = 1) are much more similar
to glass (ε ≈ 2.25) than to silicon (ε ≈ 15.5) (at an exemplary wavelength of 600
nm),45 the effect of an additional layer with a lower dielectric constant is more
pronounced on Si.
The silicon-metal interface is also altered by the oxygen plasma treatment of
the metal on the stamp and the fact that the titanium surface is under ambient
conditions before the nTP, so that it is certainly partially oxidized, resulting in
an additional TiO2 layer between SiO2 and Ti. In chapter 6, section 6.4, it was
already shown that for oxygen plasma conditions comparable to the ones used
on the titanium layers, no oxide could be found and a thickness <1 nm was es-
timated. Since even a very thin oxide layer could lead to a huge shift in the
resonance peak wavelength, it is necessary to separate the effect of an oxide layer
from roughness-induced voids. Therefore, nTP and lift-off samples with and with-
out a titanium adhesion layer were measured, as shown in figure 7.18(d). Due to
the vacuum deposition of the metal layers in the LO-NIL process, Ti oxidation
can be excluded there. Even without a titanium layer and thus without the pos-
sibility of an additional oxide layer, the nTP samples are dominantly blue-shifted
compared to the LO-NIL samples. This result further supports the assumption
that the surface roughness of the metal film on top of the stamp will lead to voids
in the later metal/substrate interface in the nTP process. However, the blue-shift
shift of the resonance peak is larger on samples with a titanium layer. This indi-
cates that also a thin titanium oxide layer is formed during the nTP process or
that the interface roughness is higher with a titanium layer, which would both
lead to an additional blue-shift compared to the lift-off method. The deviations
in the structure dimensions are about 2 nm in thickness resulting in a relative
shift of the resonance of about 2% for typical thickness values and about 5 nm
in diameter, leading to a relative shift in the resonance of 3% for the smallest
and 1% for the largest structures. The main error in the reflectivity spectra is
a deviation in the intensity of about 5% resulting from a sample tilt while the
wavelength accuracy is estimated to be about 1%.
This result of a bad Si-metal interface also explains the differences in cyclic
voltammetry and electrochemical and energy conversion performance of nTP and
LO-NIL samples already shown in figure 7.15. First, the shifted onset potential
of HER and CCR by 400mV can be attributed to this bad contact or a poorly
conductive TiO2 layer. This additionally explains the missing gold oxidation and
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gold oxide reduction features, which also proves a disturbed current transfer for
nTP samples. This is in sharp contrast to the LO samples that clearly shows the
features. In section 6.4, it was proven that devices fabricated with nTP have com-
parably the same electrical properties as the LO-NIL ones. Thus, the change in
properties has to be part of the working environment in the electrochemical cell.
It is assumed that the reduced stability of the nTP samples and the disturbed
current transfer is caused by electrolyte penetrating the metal/semiconductor
interface since the layers are not perfectly laminated to each other. Parasitic
reactions at the interface could either further oxidize the Ti or increase the size
of the voids. Finally, forming hydrogen and carbon-dioxide gas can also lead to
the complete removal of single nanostructures from the substrate.

7.4.9 Summary

Both nanofabrication techniques have a very high feature resolution in the sub-
50 nm regime and have the potential for high-throughput and large area pattern-
ing. While in nTP the minimal feature size is just limited by the resolution of the
stamp, LO-NIL is limited due to the needed under etching of the imprint resist
before metal evaporation, which is the most critical step in the process. Although
this leads to higher process complexity, LO-NIL offers the possibility of HV-PVD
(resulting in excellent interface properties), ideal shape retention, and low sur-
face roughness (Table 7.4). It has been shown that the plasmonic resonance peak
wavelength is not only dependent on the size and shape of the nanostructures but
also on a well-defined metal/substrate interface. It was found that the plasmonic
resonance peak wavelength is blue-shifted for samples made by nTP compared to
others made by LO-NIL due to voids at the interface. The latter technique also
allows the tuning of the plasmonic resonance peak wavelength by varying feature
sizes and metal thickness. Larger dimensions and thinner metal films result in a
red-shift. In addition, the metal/substrate interface is very important for electro-
chemical applications since the smooth interface of the direct evaporation in the
LO-NIL process leads to more stability, a lower overpotential for water splitting,
and CO2 reduction and better visibility of typical electrochemical features.
All of these electrochemical features show that LO-NIL is a suitable method for
the fabrication of plasmonically and electrochemically active gold nanostructures
while nTP yields structures with a much lower performance. For different appli-
cations, e.g., nano-contacts and circuits or in organic electronics, nTP can be of
advantage because of its less complex and fast process105.
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Table 7.4: Fabrication method comparison.
nTP LO-NIL

Minimal structure size ++ +
Large area / Scalability ++ ++
Surface / edge roughness 0 ++
Process complexity ++ -
Interface properties - ++
Feature size adjustable No Yes
Chemical free Yes No

++ Excellent | + Very good | O Acceptable | - Challenging

7.5 Photoelectrochemical reactivity and size
effects of nanostructured electrode arrays in
CO2-saturated aqueous electrolyte

7.5.1 Introduction

In this section, the activity of metal-insulator-semiconductor (MIS) photocath-
odes with arrays of nanostructured metal arrays between 75 nm and 1400 nm over
macroscopic dimensions (5x5mm2) is studied. The aim is to contribute to the
fundamental understanding of size-dependent effects of metal electrodes on their
electrochemical reactivity. Here, the electronic properties of the MIS are not
specially optimized, i.e., the photovoltage. The photocathodes are composed of
Au/Ti/SiO2/p-Si structures that are used for water splitting, and CO2 reduction
experiments in a CO2 saturated and phosphate-buffered electrolyte. Parts of this
section have already been published and are taken from Filser et al.90

7.5.2 Sample preparation

Silicon wafers are used as substrates of the following type

• P-type silicon: CZ(111)±0.5, 5-25 Ωcm, Boron doping: 5·1015−4·1016cm−3,
single side polished, Si-Mat, Germany

• P++-type silicon: CZ(111) <0.01 Ωcm, Boron doping: > 1·1019cm−3, single
side polished, Si-Mat, Germany

• N++-type silicon: CZ(100) 1-5 Ωcm, Phosphorus doping: 1 · 1015 − 5 ·
1015cm−3, single side polished, Microchemicals GmbH, Germany
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Figure 7.19: (a) Sketch of the sample design used in this section. Ti/Au metal nanoelectrodes
are fabricated with nTP and LO-NIL on a p-type silicon substrate and are em-
bedded in a 15 nm thick SiO2 layer. The back contact consists of aluminum, while
the sample is illuminated from the top through the electrolyte. (b) close-up SEM
image of a sample with 75 nm disks.

Samples are prepared similarly to the previous section, with the following ad-
justments (see figure 7.19): First, the metal structures are embedded in a SiO2

layer. Therefore the wafers were thermally oxidized at 1000°C for 8min, result-
ing in an oxide thickness of about 30 nm. The aimed final thickness of 15±1 nm
is achieved by thinning of the layer with a buffered oxide etch procedure (98:2
mixture of 40% ammonium fluoride (NH4F) and 50% hydrofluoric acid (HF)).
The backside contact consists of a 200 nm Al layer annealed at 250°C for 15min
for n-Si and 400°C for 30min for p-Si and p++-Si. LO-NIL is performed with
standard process parameters. After patterning and under etching are performed,
an intermediate oxide etching step is included. Here, additional RIE is applied
to remove the 15 nm thick thermal SiO2 layer only at the patterned openings,
thus right at the spot below the future metal nanostructures. The opened pure
silicon wafer surface is again covered by a thin plasma oxide layer, using the RIE
(while still inside the chamber) with a short pure oxygen plasma step to get the
same MIS stack properties as with the samples in the previous section. After
this step, the Ti/Au layer is evaporated, and Lift-off is performed as usual. With
this adjustment, the metal electrodes are embedded in the oxide layer, and the
surrounding silicon surface is passivated by this thick oxide layer, which remained
on this part of the surface. The stability and effectiveness of this passivation layer
have been proven to prevent unwanted current flow over the SiO2/Si interface90.
A sketch of the layout is given in figure 7.19 (a) and an SEM image of the final
device in figure 7.19 (b).
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7.5.3 Photoelectrochemical measurements and product
analysis

Figure 7.20: Picture of the EC-cell. The sample is mounted in the center of the EC-cell and
sealed with an O-ring. It can be illuminated either from the backside or from the
front through the electrolyte.

The measurements were performed in a three-compartment cell, as in the pre-
vious section. The compartment cell is separated from the gold counter electrode
and the MSE reference electrode by a Nafion membrane. The electrolyte is a
75mM potassium carbonate (K2CO3) electrolyte buffered with 100mM phospho-
ric acid in a composition, which is equal to phosphate buffer with pH 6.8. The
electrolyte is purged with CO2. The cell resistance was determined to be 59Ω.
The measurements were recorded using a Zahner CIMPS-QE/IPCE system with
a TLS03 tunable light source. Gaseous products were analyzed with a Shimadzu
GC-2010 Plus gas chromatograph equipped with a barrier ionization discharge
detector BID-2010 Plus and a Restek ShinCarbon ST Micropacked Column. EC
measurements and product analysis in this section were performed by the group
of Prof. Krischer, TUM. Liquid products were neglected in the measurements as
they have less than 1% faradaic efficiency for Au electrodes82. A picture of a
mounted sample inside the EC-cell can be found in figure 7.20.

Characterization of electrode size dependent effects

Parasitic current flows and chemical activity under illumination were character-
ized by electrochemical linear sweep voltammograms (LSV). In figure 7.21, p-type
silicon substrates decorated with an array 200 nm Au squares and 240 nm inter
distance on a 2x2mm2 patterned area are shown in the dark and under illumina-
tion for different illumination intensities. Light at a wavelength of 444 nm is being
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Figure 7.21: Linear sweep voltammograms of 200 nm Ti/Au squared electrodes with 240 nm
inter distance in 75mM K2CO3 buffered with 100mM H3PO4 and purged with
CO2. Various illumination intensities with light at 444 nm wavelength are shown.
Adapted from90.

used with a FWHM of 12 nm. In the dark no significant current flows in the en-
tire potential range, thus parasitic currents are neglectable. The onset potential
is around -300mV vs SHE. The current saturates for higher (more negative) po-
tentials. The saturation level is directly proportional to the illumination intensity.
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Figure 7.22: Linear sweep voltammograms of nanostructured Ti/Au electrodes with sizes of
1400 nm, 350 nm, 200 nm and 75 nm in 75mMK2CO3 buffered with 100mM H3PO4
and purged with CO2. (a) on a p-Si substrate (5-25Ωcm) under illumination with
light of 444 nm wavelength and 200W/m2 intensity. The onset potential for CRR
and HER is reduced with smaller feature sizes. The potential shift between the
1400 nm and the 75 nm structured electrodes is around 170mV. (b) on a degener-
ated p++-Si substrate without illumination. The potential shift follows the same
trend as on the p-Si with illumination. The overall shift is around 140mV. The
figure is adapted from90.

In figure 7.22 LSV of samples of different structure sizes are shown both on a
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p-Si and a degenerated p++-Si substrate in 75mM K2CO3 buffered with 100mM
H3PO4 and purged with CO2. This gives further insight into the size effects of the
catalytic nanoelectrodes on their electrochemical activity. Figure 7.22 (a) gives
LSVs, current normalized to the illuminated area. The samples are illuminated
with light of 444 nm wavelength and 200W/m2 intensity. Here, the onset poten-
tial of CRR and HER shifts to lower over-potentials with smaller structure sizes.
Four different sizes have been examined: the 1400 nm, 350 nm, and 200 nm sam-
ples are nanosquares on a 2x2mm2 structured area, while the 75 nm samples are
nanodisks. They have a metal to silicon filling factor of 20-22%, where the 350 nm
samples have a slightly increased FF of 25%. However, although the coverage of
the 350 nm samples is higher than of the rest, it very well follows the found trend.
At a faradaic current density of 1mA/cm2, the difference in potential between
the sample sets with the largest structure size of 1400 nm and the smallest 75 nm
ones is around 170mV.
In order to rule out effect originating from the metal/semiconductor interface,
same experiments have been performed without additional illumination on a de-
generately doped p++-Si substrate with a specific electrical resistance of below
<0.01 Ωcm, thus having an ohmic contact of the MIS structure (figure 7.22 (b)).
The same trend of a reduction in over-potential with smaller feature sizes is clearly
visible.

-6 -5 -4 -3 -2 -1 0
0

5

10

15

85

90

95

100

 75nm
 200nm
 350nm
 1400nm

Fa
ra

da
y 

ef
fic

ie
nc

y 
(%

)

Current density with respect to illuminated area (mA/cm²)

H2

CO

Figure 7.23: Gaseous product analysis of electrolysis measurements p-Si samples with nanos-
tructures Ti/Au electrodes under illumination. The faradaic efficiency of the prod-
ucts is given with respect to the illumination-limited current density at a potential
of -1.76V vs. SHE. Taken from Filser et al.90

Gaseous product analysis of electrolysis measurements has been performed.
The results are presented in figure 7.23 for differently sized Au structures on p-Si
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substrates under illumination at a constant applied potential of -1.76V vs SHE.
The current under these quasi-galvanostatic conditions is adjusted by a variation
of the light intensity90. Liquid products were neglected in the measurements
as they have less than 1% faradaic efficiency for Au electrodes82. The current
density of the LSV presented before originates from water splitting (HER) and
CO2 reduction (CRR). The only detected products are hydrogen and carbon
monoxide, which is in accordance with the literature on Au electrodes106 (also
see table 7.3). The faradaic efficiencies increase with higher over-potentials un-
til the illumination-limited saturated current density plateau is reached. Then,
the efficiencies stay approximately constant. Overall the CO Faraday efficiency
increases for more negative current densities. Additionally, it decreases with de-
creasing structure size. The values for the 350 nm and 1400 nm samples, however,
are almost identical. On the contrary, the hydrogen evolution has a stronger en-
hancement for decreasing sizes.

7.5.4 Discussion

In electrochemical experiments, it is typically complicated to address measured
effects to their physical and chemical origins. Besides chemical effects, the sample
design can have a huge influence on the results. Especially when the findings are
connected to a size effect of sample design elements. In the following, a discussion
of the size-related increase in electrochemical activity is presented. With the help
of nanoimprint technologies, it is possible to exclude individual effects as the root
cause of this activity increase.

First, the LSV of structured electrodes on p-Si under illumination (figure 7.21)
proves a working electrochemical energy conversion device. Under illumination,
photogenerated electrons in the absorbing substrate are transferred to the elec-
trode surface due to the rectifying behavior of the Schottky contact (figure 7.2).
There, the electrons can undergo a Faradaic reaction in the given electrolyte. The
Faradaic current density increases for more negative potentials until it becomes
more and more limited by the generation rate of photoelectrons, and the current
is entirely limited by the incoming photon flux. This results in a saturation of
the current and the reaction rate. The saturation level in this regime is directly
proportional to the illumination intensity, which is typical for a photoelectrode
exhibiting a Schottky contact under reverse bias.
The activity of nanostructured Au arrays on SiO2/Si for water splitting and CO2

reduction increases with decreasing electrode size between 1400 nm and 75 nm,
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and especially when below 350 nm. This effect was found to occur on illuminated
p-Si substrates, p++-Si substrates in the dark (figure 7.22) and also on n-Si in
the dark90.
This proves that the shift is not caused by a difference in photovoltage for differ-
ent samples and feature sizes, which would also manifest itself in a shift of the
j-U-curve to more positive potentials (lower over-potentials).
Characterization of the Schottky contact behavior showed nearly identical j-U
curves for all samples90. This was done by evaporating an additional gold layer
on top of the patterned area, electrically connecting all nanostructures, thus being
able to measure all MIS structures at once. At a current density of 1mA/cm2 the
individual potentials deviated by only 12mV, which is an order of magnitude less
than the measured potential shift of the linear sweep voltammograms between
the 1400 nm and the 75 nm samples.
Both findings strongly suggest that this is an electrochemical or catalytic effect
rather than a solid-state effect from the MIS structure.
For arrays of small patterned electrodes, the diffusion profile of the reactants to-
wards the active surface is intrinsically optimized compared to a flat and fully
covered electrode surface. For a bulk-catalyst material, the reaction species are
delivered to the catalyst surface by planar diffusion, while for small catalyst
particles, spherical diffusion takes place. This diffusion profile could further be
optimized when changing the patterned electrode dimensions. In the presented
experiments, it is very interesting to see that the individual LSVs for the various
electrode dimensions are only shifted on the potential axis. This means that the
enhancement also occurs for very small, thus kinetically limited current densities.
As a result, a limitation caused by a different diffusion profile to/from the small
structures can be excluded. An explanation for this finding can be found in the
chosen stamp layout and the perfectly ordered pattern using nanoimprint tech-
nology. It has already been predicted that diffusion to microelectrode arrays is
mainly dependent on the ratio of structure size to pitch106. This ratio is nearly
identical to the chosen nanoimprint stamps.
Chemical reactions are very sensitive to the existence of defective sites on the
catalyst material107. Changes in the defect density would also be visible in the
activation energy and reaction rate of HER and CRR. In the presented case, all
metal structures are polycrystalline with a high grain and defect density. The
metal deposition took place in the same evaporation machine with identical de-
position rates and chamber pressure conditions. Different morphologies of the Au
electrodes are therefore highly unlikely. This has been additionally checked with
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double capacitance measurements normalized to the geometrical gold surface area
and it was found to be independent of the structure size.
The experiments can be compared to studies of similar systems. Hinogami et
al.83 observed a significant enhancement of H2 evolution and CO2 reduction with
illuminated p-Si electrodes decorated with Au, Ag, or Cu nanoparticles. The
metal particles were well distributed in shape, and size exhibited a rather wide
variety between some ten and some hundred nm. Different from this study, the
electrodes were not supported by a Ti adhesion layer, and no SiO2 was grown on
the p-Si substrate. Still, the LSVs of the nanoparticle decorated samples were
shifted by 500mV compared to both the metal bulk electrodes and the continuous
metal layer on top of a p-Si substrate, which showed no photo-effect in their case.
It was assumed that the increase in activity leads to a change in band bending
at the metal/semiconductor interface when the contact area is less than 5x5 nm2,
which they concluded from theoretical results. They, therefore, argued that the
contact area between the semiconductor and the metal particles is considerably
smaller than the base area of the particles or that the area is divided into many
small areas instead of forming a completely covered area.

It is reported to increase the catalytic activity when very small catalyst par-
ticles (<10 nm) or only thin closed layers are used108–110. For small particles,
the activity very much depends on the diameter, and it only changes drastically
for sizes below 5 nm111. For thin layers, the activity of many catalyst materials
increases. This is explained by Hammer, Norskov, and coworkers by a shift in
the d-band center due to a strain-effect in a pseudomorphic metal overlayer on a
supported material112. However, these layers have to be very thin. For platinum
layers on gold, this effect only plays a role for a few monolayers thickness of cata-
lyst material108. The presented electrodes in this thesis are rather mesoscopic in
this respect, and with 18 nm thickness, both explanations should have no impact
in this system.
For not fully covered surfaces, a spill-over effect can take place. Adsorbed hydro-
gen on the catalyst material can spill-over to the surrounding substrate, where it
is energetically more favorable to form hydrogen molecules under the right con-
ditions, which then desorbs from the surface. Esposito et al.113 investigated H2

evolution from protons at structured Pt/SiO2/Si photoelectrodes. Besides having
Pt instead of Au as catalyst and metal structures sizes in the 100µm range, the
main difference is that the surrounding oxide layer was just 2 nm thick. The au-
thors report a strong enhancement of the hydrogen evolution reaction for metal
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structures on SiO2, which they attributed to two effects: an inversion layer which
forms at the thin insulator/electrolyte contact and the spill-over effect to the
SiO2 surface. Due to the much thicker SiO2 layer of 15 nm between the Au struc-
tures, which isolates the semiconductor from the electrolyte, both mechanisms
can, however, be neglected as an explanation in the present work.
The quantity in which the structures of different sizes differ is the edge length or
circumference. Normalizing the current to the circumference reduces the poten-
tial shift of the LSVs to around 50mV90. It can be assumed that the enhanced
activity results from the Au/SiO2 interface at the edges of the gold structures.
Au and SiO2 have very different double layer capacitances; thus the charge dis-
tribution and double-layer structure at the transition between the metal islands
and the SiO2 surface will deviate from the situation on flat Au surfaces. Since the
potential drop across the double layer as well as their chemical constituents are
decisive for the rate of an electrochemical reaction, it appears natural to assume
a changed reaction rate at the rim90. However, it is exceptionally challenging to
elucidate how the changed chemical composition and the electrostatic potential
close to the metal structure edge impacts the reaction kinetics. This will be the
topic of future studies.

7.6 Summary

In this section, a functional solar fuel device was developed. It was shown that
nanostructuring a gold electrode on a silicon substrate leads to an enhanced ac-
tivity compared to the continuous Au layer and reducing the feature sizes from
1400 nm to 75 nm further increases this effect. The effect is independent of the
semiconductor doping concentration and type as it is found to be evenly strong
on n-Si, p-Si, and p++-Si samples. The onset-potential shift on p-Si (as well
as on p++-Si) is found to be 170mV between the smallest and largest struc-
ture sizes for a current density of 1mA/cm2. This corresponds to a reduction
of the needed over-potential for HER of more than 31%, which directly means
an enormous efficiency increase! The product distribution in buffered and CO2

saturated electrolyte shows a decreased faradaic efficiency for CO production on
smaller structures, which means that the selectivity is shifted more towards hy-
drogen evolution rather than CO2 reduction. The performed measurements and
the discussion with findings in literature prove this effect to be a purely chemi-
cal one as influences of other parameters could be excluded as explanations. A
change in the chemical composition of the double layer at the rim of the gold



7.6 Summary 147

electrode nano-islands was suggested to be the origin of this effect.





8 Conclusion and outlook

This thesis aimed to implement and optimize nano-transfer printing and nanoim-
print lithography as reliable and reproducible methods for the fabrication of metal
electrodes for energy conversion applications with a focus on heterogeneous elec-
trocatalysis. The challenges of these applications were found to be well-defined
interfaces between metal and substrate and especially a clean electrode surface
since even mono-layer contaminations would strongly influence any experimental
results. Additionally, the effects of nanostructured electrodes on the electrochem-
ical activity were studied. The basis of the experiments was the development of a
stamp replication process, where the fabricated semi-flexible working stamps were
then used in nTP and NIL processes. On the one hand, this enabled comparably
large patterned areas and thus strong signals in the EC experiments, and on the
other hand, this enabled reliable results as a high count of identical samples for
each study could be fabricated.
Both methods have been characterized in terms of electric and optical properties,
morphology, shape resolution and retention, and electrocatalytic activity. Mainly
gold as a standard electrode material has been used because of its importance
in electronic devices in research and industry, but also as it is known for its cat-
alytic activity for CO2 reduction. It was demonstrated that nTP is an attractive
method for directly printing electrical circuits and devices fast and easily in a
purely additive manner. Especially the separation of chemicals and structuring
processes from the sample opens up a variety of new applications (e.g., in organic
electronics), where standard patterning procedures are inapplicable. For appli-
cations where harsh conditions apply, LO-NIL is the better choice because the
nanostructures are highly stable. It has been shown that an efficient solar fuel
device can be developed, that converts CO2 into renewable carbon fuels using
solar energy. Here, the shape and size of the nanostructured electrode can help
to increase the overall efficiency or to adjust product selectivity.
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8.1 Key results

Transfer printing of nanostructured metal electrode arrays over large
areas Typical problems regarding nTP such as master re-usability, defect tol-
erance, process cost, and speed have been solved utilizing a replication technique
(chapter 4). Temperature and print duration have been found to be the main
process parameters influencing the yield of nTP on silicon substrates (chapter
6). It was shown, that these parameters facilitate a gold atom reordering in the
transfer layer, which reduces mechanical contact forces towards the stamp. Us-
ing the optimized procedure developed in this work, a high yield above 99% has
been achieved repeatedly with process temperatures of around 200°C. On soft
materials (e.g., organic layers) the temperature could be reduced to values below
50°C.

Realization of a lift-off nanoimprinting process for well-defined metal-
semiconductor interfaces A bi-layer lift-off process with nanoimprint tech-
nology was developed (section 5.3). A sacrificial layer was introduced between the
substrate and the imprint resist, enabling the formation of an artificial undercut
of the imprinted pattern in an additional developing step. With this procedure,
metal lift-off of thicker layers was possible with extra-low defects density and high
yield. Feature size tuning was achieved during RIE using pure oxygen plasma,
which enabled an increase of structure dimensions up to the pitch of the imprint
stamp pattern. The addition of Octafluorocyclobutane (C4F8) in a 2-gas RIE
approach, on the other hand, formed a sidewall passivation layer resulting in a
high-resolution process with 1-2 nm feature resolution.

Realization and characterization of resist masks for nanostructured
electrodes used in electrochemistry Using the imprint polymer as a mask,
a nanostructured electrode could be formed out of a continuous metal layer (sec-
tion 7.2). Here, only a single nanoimprint step was needed. The mask was
chemically stable and contamination-free even in highly concentrated acidic elec-
trolytes. It can be used for experiments where nanostructured electrodes can
lead to new physical effects or separate and analyze effects, which are close to the
measurement noise.

Proof-of-concept realization of a photoelectrocatalytic device Photo-
electrocatalytic devices have been fabricated both with nTP and LO-NIL. Due
to the enhanced interfacial properties of the MIS contact (evaporated under high
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vacuum conditions), the LO-NIL process leads to more stability and a lower
overpotential for water splitting and CO2 reduction (section 7.4). Additionally,
feature size tuning during RIE allows future studies of e.g., plasmonic catalysis
effects, where the LSPR frequencies and enhanced electric field enhancements
mainly depend on the electrode sizes and inter distances.

Characterization of electrode size-dependent overpotential reduction
and faradaic efficiency shift of gaseous products It was shown that nanos-
tructuring a gold electrode on a silicon substrate leads to an enhanced activity
compared to continuous Au layer and reducing the feature sizes from 1400 nm to
75 nm further increased this effect (section 7.5). It was found that this effect has
a chemical origin. The onset-potential shift on p-Si (as well as on p++-Si) was
found to be 170mV between the smallest and largest structure sizes for a current
density of 1 mA/cm2. The product distribution in buffered and CO2 saturated
electrolytes showed a decreased faradaic efficiency for CO on smaller structures
meaning that the selectivity is shifted more towards hydrogen evolution rather
than CO2 reduction.

8.2 Outlook

Copper as a catalyst material for the production of hydrocarbons Cop-
per is unique among the metals tried as an electrode for CO2 reduction in its
producing hydrocarbons at significant current densities114. The hydrocarbons
methane (CH4) and ethylene (C2H4) are the dominant products at sufficiently
negative potentials. At less negative potentials, this shifts towards hydrogen
(H2), formic acid (HCOOH), and carbon monoxide (CO).115.
Thus, a future goal would be to substitute gold with copper as the electrode
material. This can be done by just evaporating copper after nanopatterning the
substrate surface in a LO-NIL process. However, copper tends to oxidize rapidly,
which reduces or even stops its catalytic capabilities. Although it is possible to
electrochemically reduce the naturally grown copper oxide by applying a suitable
voltage when immersing it in the electrolyte, it is beneficial to deposit just a thin
copper layer on top of the gold nano-islands of samples fabricated with the stan-
dard process as described in this thesis. This can be done with electrodeposition
in a copper-containing electrolyte. This has two advantages: first, the sample is
already fixed in the measurement cell, thus only the electrolyte has to be changed
between deposition and measurement. As this can be performed while applying
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a protective potential, oxidation of the copper surface is prevented. And second,
when growing a thin copper shell with only some monolayers thickness on top of
the gold electrode, one could make use of strain effects in the copper layer lead-
ing to optimized energy levels for CO2 reduction and CH4 production. Similar
effects have already been reported for Pd on Au support as well as for platinum
overlayers on gold81,116,117.

This core-shell approach has been tested during this thesis. Typically, one can
make use of the underpotential deposition effect (UPD). It is the electrodeposition
of a metal on a support, at a potential less negative than the equilibrium poten-
tial for the reduction of this metal. In other words, when a metal can deposit
onto another material more easily than it can deposit onto itself. The advantage
of this method is an intrinsic growth stop when the deposited metal reaches bulk
properties. This is typically already the case after only few monolayers. In fact, it
is even possible to deposit only a single monolayer on the target support material.
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Figure 8.1: XPS mapping image of a lift-off sample with 200 nm gold squares. The XPS mea-
surements are performed after electrochemical copper deposition. A copper signal
can only be detected on top of the structured gold area.

Underpotential deposition of copper on the fabricated nanostructured gold elec-
trodes has been performed, and the result has been checked with XPS mapping
technique (figure 8.1). The UPD was carried out by the group of Prof. Krischer.
In figure 8.1, the XPS mapping of a sample after copper deposition is presented.
In the upper sub-figure, the gold signal is shown using this scanning mode. On
the very left on the x-axes, the blue (dark) area indicates the edge of the sample.
The area between 4.5mm and 9.5mm (yellow and red) is the nanopatterned part,
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thus giving a high gold signal. As the copper layer is very thin, the XPS can still
detect the gold core within the copper shell. The 5x5mm2 structured area is
surrounded by the blank Si/SiO2 substrate, without a measurable gold signal. In
the lower sub-figure, the detector has been adjusted to record the copper signal
only. It is clearly visible, that the deposition of copper has only taken place on
top of the patterned gold electrode.
With these copper-coated samples, the production of methane and ethylene could
be already proven in product analysis measurements. Optimizing the process and
sample design for this purpose needs to be examined in more detail in future work.

Utilizing plasmonic effects in photocatalysis In recent years, the use of
surface plasmon polaritons (SPPs), collective oscillations of the electron ensem-
ble, on metal nanostructures has been proposed for a wide range of applica-
tions ranging from sensing, for example in surface-enhanced Raman spectroscopy
(SERS)118–121, surface-enhanced infrared absorption spectroscopy (SEIRAS)120,122,123

or gas sensing46 over integration of optical and electrical circuits124,125 pho-
tovoltaic applications, such as the enhancement of light absorption126–128 and
light-emitting diodes (LEDs)129 to catalytic130–134 and photoelectrochemical pur-
poses88,89.
Especially the last point is interesting because it offers an exciting opportunity
to optimize electrocatalytic processes. Surface plasmons can enhance electro-
magnetic fields locally by orders of magnitude (section 7.3.2) and lead to a high
concentration of electrons at the Catalyst-Electrolyte interface, which is crucial
for electrochemical reactions. It can increase photon absorption tailored for the
solar spectrum135, or it can be used to especially increase rate-determining steps in
multi-step catalytic reaction pathways by exciting vibrational modes of molecules
(in this case, CO2). And even if it is not possible to address a particular interme-
diate step in the reaction pathway, plasmon heating can lead to a local heating
effect, which intrinsically only occurs at the local interface regions of the hetero-
geneous catalysis where reactions actually take place136–139

The requirements for the fabrication of nanostructures for these techniques are as
versatile as the applications. As they respond very sensitively to environmental
changes, high reproducibility and cleanliness have to be ensured as well as the
fabrication on large areas at low cost. The tunability of the plasmonic resonance
is required for sensing46,119 LEDs129, systems with certain spectral transparency
windows140, or the excitation of electronically excited states in molecules131–134.
Fine-tuning of the resonances is important when they shall be excited using
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monochromatic light sources such as LEDs or lasers136. Depending on the pur-
pose, the plasmonic resonance frequency can reach from the near-ultraviolet to
the mid-infrared spectral range.
It has been shown in the previous sections and in the literature that differ-
ent parameters, especially structure size92–94 aspect ratio141, arrangement142,143,
metal composition92, the refractive index of the substrate141,144 and the inter-
face between substrate and nanostructures96 influence the resonance. For more
sophisticated techniques, even the exact shape can be of interest, for example,
nanotriangles or antennas have been shown to be beneficial for more effective
sensing123,124,145. These requirements can be fulfilled with nanoimprint technolo-
gies as presented in this thesis. Simulations and measurements (section 7.4) in
this work already proved the fabricated devices to be plasmonically active. Even
when transitioning to a copper electrode system, it can be utilized for electric-
field enhancement for increased reaction rates or to change product selectivity,
as copper is also known to be a plasmonically active material in the visible and
near infra-red region.

Stand-alone device design For a stand-alone device, the pure p-Si substrate
in the presented experiments has to be substituted with a photovoltaic structure
yielding a sufficiently high voltage. For the characterization of size-dependent ef-
fects of the nanopatterned electrode, only p-Si was used here for several reasons:
First, the process time and costs are greatly reduced. Then, the actual potential
on the electrode surface can be freely defined by applying a voltage using a po-
tentiostat. And finally, the reduced device complexity limits possible sources of
error and influence when interpreting the measurement data.
The photovoltage of a standard solar cell is limited to the band gap of the semi-
conductor, which is 1.12V for a silicon-based device. However, the HER potential
is 1.23V, and there is always the need for an additionally applied over-potential.
One solution to this problem would be to use a different material system. In
literature, a wide variety of substrate types (or photoabsober material combina-
tions) are being used, especially wide-bandgap materials such as titanium dioxide
(TiO2) or cadmium sulfide (CdS). However, these substrates have the trade-off to
have a poor utilization of the solar spectrum so that silicon multi-junction cells
may be the best choice to be used in order to combine a high voltage with better
efficiencies10,11,146,147. The use of a-Si:H/c-Si:H cells for the photoelectrochemical
reduction of CO2 would consequently lead to the same Au-Si interface, like the
one studied in this thesis. In future work, a multi-junction cell is the best option
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to develop a stand-alone device.

Large scale, high-throughput nanostructure fabrication For scientific
research applications, only small patterned areas are usually required, and larger
variations of the structural layouts are needed instead. However, nanoimprint
technologies have the advantage of being easily scalable. In this thesis, a plate-
to-plate approach was chosen (a flat and "hard" stamp and substrate). While the
typical sample dimension was around 1 cm2 this can be easily increased to full
wafer scale. Figure 8.2 shows such a nanoimprint on a full 6 inch silicon wafer,
which was performed as a test during this thesis using surface conformal imprint
lithography (SCIL).

Figure 8.2: Picture of a performed full-scale nanoimprint on a 6 inch silicon wafer.

Also, a roll-to-roll or roll-to-plate approach could be interesting, where the
stamp pattern is written directly on a roller or a roller is used to press a continuous
flexible stamp on a substrate148–151. This offers high-throughput for replicating
micro- and nanostructures, fulfilling industrial-scale applications.
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