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Abstract

In any device and circuit fabrication scheme, patterning metal electrodes is a cru-
cial step to provide precisely defined electrical contacts. Especially, structuring elec-
trodes with nanometre scale precision and on unconventional substrates such as or-
ganic semiconductors, or molecular layers remains a challenging task. In this thesis
we present a novel fabrication scheme to define micro- and nanoscale metal elec-
trodes in a purely additive printing process, where themetal film is transferred from
the protruding regions of a stamp onto a receiving substrate. The presented pro-
cess is based on previous work on metal transfer-printing and improves on existing
technologies by utilizing a novel polymeric stamp material that enables excellent
pattern replication with critical feature sizes from several µm down to sub-100 nm
over large areas and with complex geometries. We discuss the process parameters
that are required for successful transfer printing. The viability of the proposed ap-
proach is tested by realizing different proof-of-concept electronic devices such as
organic thin-film transistors with both µm- and nm channel length where the metal
source and drain electrodes are printed directly onto the polymeric semiconductor.
Additionally, a we found that transfer printing metal contacts onto ultra-thin oxides
or self-assembled monolayer dielectrics is possible without short-circuiting the di-
electric. This allows us to study the electronic properties of these monolayers and to
employ ultra-thin oxides as high capacitive gate dielectrics for thin-film transistors,
enabling low operational voltages.





Zusammenfassung

JedesHerstellungsverfahren von elektronischenBauelementen beruht auf der Schaf-
fung von präzisen Metallstrukturen zur elektrischen Kontaktierung. In der moder-
nen Silizim-Mikroelektronik werden kleinstmögliche Strukturgrößen bereits weit
unterhalb der 50nmMarke realisiert. Für Entwicklungs- undForschungslabore bleibt
es jedoch eine herausfordernde Aufgabe Kontakte auf Nanometer-Skala zu reali-
sieren, besonders im Hinblick auf neue Anwendnungsfelder und neue, unkonven-
tionelle Substratmaterialien wie organische Oberflächen. Diese Arbeit widmet sich
der Entwicklung eines neuartigen Verfahrens zur Schaffung von Metallkontakten
sowohl für mikro- als auch nanoelektronische Anwendungen. Hierbei wird die Me-
tallschicht von einem vorstrukturierten Stempel auf das Zielsubstrat additiv transfe-
riert. Der vorgestellte Prozess basiert auf vorausgegangenArbeiten zuMetall-Trans-
ferdruck-Verfahren und erweitert diese durch die Nutzung eines besser geeigneten,
polymerbasierten Stempel-Materials, das die zuverlässige Herstellung einer Viel-
zahl von Strukturen ermöglicht in Größenordnungen von mehreren Mikrometern
bis hinunter zu weniger als 100 Nanometer. Die technische Durchführbarkeit des
vorgeschlagenen Prozesses wird an mehreren Beispielen untersucht und demon-
striert. Zum einen werden organische Dünnschichttransitoren mit Kanallängen im
Mikro- und Nanometerbereich diskutiert, bei denen die Metallkontakte direkt auf
die organische Halbleiterschicht gedruckt wurden. Zum anderen wird das Druck-
verfahren verwendet umMetallkontakte auf sehr dünne Oxidschichten und selbst-
ausrichtende organische Monolagen zu übertragen, um die Tunnelströme durch
diese Hetero-Verbindungen zu untersuchen und ihren Einsatz als hochkapazitive
Isolatoren in Dünnfilmtransistoren zu erproben. Insgesamt präsentiert diese Arbeit
ein verlässliches Elektroden-Fabrikationsverfahren auf Basis von Metal-Transfer-
druck.





Contents

Abstract i

1. Introduction 1

2. Materials and methods 5
2.1. Metal deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2. Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1. Optical photolithography . . . . . . . . . . . . . . . . . . . . 6
2.2.2. Electron-beam lithography . . . . . . . . . . . . . . . . . . . 7
2.2.3. Nanoimprint lithography . . . . . . . . . . . . . . . . . . . . 7

2.3. Plasma processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.1. Microwave plasma asher . . . . . . . . . . . . . . . . . . . . . 10
2.3.2. Reactive-ion etching . . . . . . . . . . . . . . . . . . . . . . . 10

2.4. Atomic force microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.5. Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . 12
2.6. Current-voltage spectroscopy . . . . . . . . . . . . . . . . . . . . . . 13

3. Transfer printing with silicon stamps 15
3.1. Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4. Transfer printing with elastomeric stamps 21
4.1. Polydimethylsiloxane (PDMS) stamps . . . . . . . . . . . . . . . . . . 22

4.1.1. Stamp fabrication process . . . . . . . . . . . . . . . . . . . . 22
4.1.2. Properties of PDMS stamps . . . . . . . . . . . . . . . . . . . 25
4.1.3. Metal films on PDMS surfaces . . . . . . . . . . . . . . . . . . 27

4.2. Transfer printing with (structured) PDMS stamps . . . . . . . . . . . 29
4.2.1. Conformal contact . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2.2. External temperature . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.3. External pressure . . . . . . . . . . . . . . . . . . . . . . . . . 31



vi Chapter Contents

4.2.4. Surface treatments and binding layer . . . . . . . . . . . . . . 32
4.2.5. Caveats and pitfalls . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.6. Aligned transfer printing with PDMS stamps . . . . . . . . . 34
4.2.7. Limits of elastomeric stamps . . . . . . . . . . . . . . . . . . 35

4.3. Transfer printing metal source & drain contacts for OFETs . . . . . . 38
4.3.1. Materials and methods . . . . . . . . . . . . . . . . . . . . . . 39
4.3.2. Electrical characterization of P3HT OFETs . . . . . . . . . . 41

4.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5. Transfer printing with OrmoStamp® stamps 45
5.1. Stamp fabrication process . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2. Transfer printing of microstructures . . . . . . . . . . . . . . . . . . . 49

5.2.1. Master fabrication . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.2. Metallization . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2.3. Process parameters . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2.4. Conformity & structural stability . . . . . . . . . . . . . . . . 52
5.2.5. Titanium as an adhesion promoter for gold transfer printing . 53
5.2.6. Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3. Transfer printing of nanostructures . . . . . . . . . . . . . . . . . . . 59
5.3.1. Template fabrication . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.2. Nano-transfer printed interdigitated electrodes . . . . . . . . 64

5.4. Sub-µm channel OFETs with transfer-printed electrodes . . . . . . . 65
5.4.1. Material and methods . . . . . . . . . . . . . . . . . . . . . . 66
5.4.2. Electronic characteristics of P3HT transistors . . . . . . . . . 68
5.4.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6. Transfer printing on aluminum oxide 73
6.1. Plasma-grown aluminum oxide . . . . . . . . . . . . . . . . . . . . . 74

6.1.1. Self-grown AlOx in a microwave plasma . . . . . . . . . . . . 75
6.1.2. Al/AlOx/Au junctions with transfer printed Au electrodes . . 77
6.1.3. Self-grown AlOx using a reactive ion etcher (RIE) . . . . . . . 81

6.2. Functionalized aluminum oxide . . . . . . . . . . . . . . . . . . . . . 86
6.2.1. Transfer printing onto aliphatic organophosphonic acidmono-

layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.2. Electronic properties of transfer printed Al/AlOx/SAM/Au

junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94



Contents vii

7. CNT TFTs with transfer printed source/drain contacts 97
7.1. Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.2. Device characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
7.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

8. Conclusion & outlook 107
8.1. Key results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
8.2. Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

A. Appendix a
A.1. Lithography masks . . . . . . . . . . . . . . . . . . . . . . . . . . . . a

A.1.1. OFET source and drain contacts layout . . . . . . . . . . . . . a
A.2. Process parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . a

A.2.1. Anti-adhesion coating (“anti-sticking layer - ASL”) . . . . . . c

Bibliography n

Acknowledgements o





1. Introduction

Patterning metal electrodes is a crucial step in any device and circuit fabrication
scheme in order to provide precisely defined electrical contacts. In research envi-
ronments, themost establishedmethod for this purpose is photolithography in com-
bination with lift-off or wet or dry-chemical etching. For silicon microelectronics,
photolithography has been pushed to lateral dimensions well below 50 nm through
the use of various enhancement techniques, such as deep-ultraviolet (UV) radia-
tion, wafer immersion, attenuated phase-shift masks, off-axis illumination andmul-
tiple patterning. Without these elaborate enhancement techniques, photolithogra-
phy (with a single 365 nm UV exposure) is limited to a minimum feature size of
about 1 µm after metal etching or lift-off. An alternative for smaller feature sizes
is electron-beam lithography (EBL), which is, however, limited by small through-
put and high equipment costs. Consequently, alternative lithography methods have
emerged, such as nanoimprint lithography (NIL) [Cho95, Cho96]. In NIL the pat-
tern is defined in a thermoplastic or UV-curable polymer using a mold, which then
serves as a mask for subsequent etching step(s). Because the mold can be reused for
multiple nanoimprints, a small-throughput method such as e-beam lithography is
acceptable for patterning the mold without sacrificing the total throughput [Gol15].
Two important drawbacks that NIL shares with optical and e-beam lithography
are the need for a resist that must be deposited prior to and removed after the
printing step, and the need to transfer the resist pattern to the functional mate-
rial. These two steps usually make it necessary to expose the substrate and/or the
functional material(s) to organic solvents, chemical etchants, intense UV light, or
plasma. Not all types of substrate and not all functional materials are compati-
ble with such harsh conditions; examples are organic semiconductors, carbon nan-
otubes, graphene and many unconventional types of substrates, such as plastics,
paper or textiles. Therefore, for many novel applications, a purely additive high-
resolution patterningmethod that does not involve the use of organic solvents, chem-
icals or plasma is of great interest. For active-matrix organic light-emitting diode
(AMOLED) displays and organic integrated circuits, for example, high-resolution
stencil masks have been developed [Zak12, Sid10, Ji14, Zsc13]. However, the small-
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est feature size achievable with these stencil masks is about 1 µm. Sub-µm features
can be realized with stencil lithography by reducing the thickness of the membrane
that is used to shadow the structures and by utilizing advanced patterning tech-
niques such as electron-beam or focused ion-beam lithography to define the stencil
mask [Lüt99]. These process optimizations come at the expense of a much higher
production effort and reduced stencil mask durability. Vazquez-Mena et al. provide
a recent overview of the progress in this field [VM14].

Transfer printing (TP) and nano-transfer printing (nTP) are promising techniques
to define metal (nano)structures on (possibly) arbitrary surfaces. The metal struc-
tures are transferred from a stamp featuring a 3D-relief pattern onto the substrate
in a purely additive process. Stamps can be fabricated from silicon by using a com-
bination of optical or e-beam lithography and dry etching to define micro- and/or
nanostructures on the silicon surface. While silicon stamps provide excellent pat-
tern replication in nTP applications, they are difficult to clean after use and might
break during transfer printing [Bar12]. As an alternative, elastomeric stamps made,
for example, from polydimethylsiloxane (PDMS) can be replicated from a silicon
master and used as working stamps [Loo02a]. This approach has several advan-
tages: A large number of identical working stamps can be replicated from a single
silicon master; since the stamps are soft they can easily conform to non-planar sur-
faces [Smy09]; the stamps are transparent; and the stamps are sufficiently inexpen-
sive to warrant single use. On the other hand, soft PDMS stamps (with a Young’s
modulus < 1MPa) are susceptible to distortions, such as pairing, sagging, swelling,
and shrinking [Hui02]. Thus, structureswith lateral dimensions smaller than a about
100 nm are difficult to transfer reproducibly [Fak12a]. Additionally, for features
separated by large areas, sagging of the elastomeric stamp may cause transfer in
unwanted regions (roof collapse). As an alternative material, cross-linked perfluo-
ropolyether (PFPE) has recently been suggested. PFPE has a higher elastic modulus
(∼ 4MPa) and exhibits very weak adhesion to metals, enabling successful transfer
printing of micron and submicron features. [Rol04, Wil10, Nis09, Tru07]

In this thesis we are investigating the use of metal transfer printing to fabricate elec-
trodes for functional devices. Our goal is to develop a reliable and reproducible
approach that can be incorporated in a device fabrication scheme. For this pur-
pose we first evaluate existing technologies such as transfer printing with silicon
stamps (Chapter 3) and elastomeric stamps (Chapter 4). Secondly, we develop a
new transfer printing process based on a novel stamp material: the commercially
available, UV-curable, organic/inorganic hybrid polymer OrmoStamp® from mi-
cro resist technology GmbH, Berlin [Sch13a, Müh09]. This material has several ad-
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Figure 1.1.: Schematic representation of different lithography methods: in optical lithogra-
phy and (nano)imprint lithography a polymer resist is patterned chemically or mechanically
to form a polymer pattern on the substrate which serves as a mask for any subsequent
processing step (such as lift-off or dry-etching), whereas with transfer printing, the metal
pattern is directly added to the substrate.
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vantageous properties that make it a very promising candidate for transfer printing
applications: owing to its high elastic modulus (∼ 650MPa) it enables excellent pat-
tern replication down to < ∼ 50 nm feature sizes, while being sufficiently flexible to
allow for conformal contact over large areas. Additionally, its surface can be func-
tionalized with a self-assembled monolayer (SAM) of perfluorooctyltrichlorosilane
(PFOTS) to reduce its adhesion to metals, which greatly facilitates the transfer pro-
cess. The process development is described in detail in Chapter 5.

Finally, the viability of our transfer printing process is demonstrated by realizing
metallic electrodes for several functional devices: source and drain contacts for
organic thin-film transistors (Sections 4.3 and 5.4) and carbon nanotube thin-film
transistors (Chapter 7) as well as metal-insulator-metal tunnel junctions, where the
insulator can be an ultra-thin metal oxide or a self-assembled molecular mono-
layer (Chapter 6). For these applications different requirements had to be full-filled:
both µm and nm-sized structures where realized with high reliability and repro-
ducibility, transfer printing on different substrates was conducted and optical align-
ment between transfer stamp and substrate was necessary. These advances establish
metal transfer printing with replicated stamps as a viable and practical prototyping
method.

dielectric

organic 
semiconductor

self-assembled monolayer

stamp

aluminum oxide

aluminum

stamp

metal

metal

thin-film transistors metal-insulator-metal 
junctions

Figure 1.2.: Schematic representation of transfer printing for device fabrication: metal
electrodes for source and drain contacts for thin-film transistors and transfer printing top-
contacts onto a self-assembled monolayer to realize metal-insulator-metal tunnel junctions.
The patterned metal film is transferred from the protruding structures of a stamp directly
onto the (functional) substrate.



2. Materials and methods

Several fabrication and characterization methods have been employed throughout
this work. In this chapter the most important technologies, such as metal depo-
sition, optical lithography, and plasma processes are summarized and briefly ex-
plained. Detailed processing guidelines are provided in the appendix.

2.1. Metal deposition

For metal deposition we used vacuum physical vapor deposition (PVD). Both ther-
mal and e-beam PVDhave been used. In both system ametal source is heated inside
a high-vacuum chamber (usually < 1 × 10−6mbar), once the metal reaches its va-
por pressure, metal atoms leave the surface and travel through the vacuum chamber
until they hit the deposition target. Due to the high-vacuum conditions, collisions
with residual gas is very unlikely and the atoms move ballistically. Once the atoms
impinge on the substrate surface, they do not necessarily condense immediately but
will either re-evaporate ormove freely on the surface until they loose enough energy
to condensate. The rate at wich atoms reach the substrate depends on the source
temperature. A quartz crystal oscillator is used to monitor the evaporation rate in
real-time and adjust the source heating to establish the desired rate.

During the course of this work two different approaches have been used to heat the
metal source: 1. the metal was placed on a hot surface which was heated resistively
by passing a high current through it, or 2. the metal was heated directly by hitting it
with an electron beam (e-beam). For gold and titanium layers we evaporated at
rates below 1 monolayer per second (< 3Å/s), for aluminum films higher rates
(> 30Å/s) were chosen. For most of the evaporations, the rate was first established
before the target shutter was opened, such that the film would grow at the desired
rate from the beginning. For all our evaporations the target substrate was never
tilted but flat with respect to themetal source. This ensures that sidewalls of grooves
on the substrate remain mostly metal free after evaporation.
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2.2. Lithography

As patterning in general is one of the most important topics of this thesis, lithogra-
phy was employed as a core technology for all kinds of patterning jobs.

2.2.1. Optical photolithography

In optical photolithography a flat substrate (e.g. a silicon wafer) is coated with a
thin polymer film (photoresist) which is subsequently exposed to UV light through
a mask. The UV exposure locally changes the chemical properties of the film. Then
the substrate is placed in a chemical development bath, where either the exposed
(positive) or non-exposed (negative) part of the resist layer is etched away. Which
part is removed by the developer agent depends on the type of the resist. Nega-
tive resists are best suited for lift-off processes, because they provide a reproducible
under-etching of the exposed structures which is crucial for lift-off processes. Posi-
tive resists are usually easier to process and are suitable for example asmasks for dry
or wet-chemical etching. We usedmany different resists of both types depending on
the exact application. The most versatile type of resist is a so called image reversal
resist such as the AZ5214E from AZ Electronic Materials GmbH. This resist can be
used as either a positive or negative resist depending on the processing parameters.
For most of the optical lithography jobs discussed in this thesis, we used this resist.
Its final thickness after curing is around 1.7 µm. With our lithography masks we
were able to produce features with a critical feature length of ⪆ 2 µm.

Themost critical parameters for any optical lithography process are the baking tem-
peratures of the resist and the UV exposure dose. For all processes used in this the-
sis, the exact parameters are listed inAppendixA.2. Parameters can however greatly
vary due to aging of the resist or changing environment conditions (especially lab
humidity).

A common problem in optical lithography is insufficient adhesion of the resist layer
to the substrate. This can cause unintentional rip-off of resist during development.
Especially high-aspect ratio structures are prone to this issue. For silicon substrates
the adhesion can generally be increased by ensuring a very clean and water-free sur-
face. These conditions are best achieved by rinsing the wafer with organic solvents
and applying an oxygen plasma treatment (see Section 2.3) and then heating the
substrate to a temperature above 200 °C for at least 10min followed by cooling to
room temperature before resist deposition. Alternatively, the silicon surface can be
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functionalized with an adhesion promoter such as hexamethyldisilazane (HDMS),
which greatly increases the adhesion at the substrate/resist interface.

2.2.2. Electron-beam lithography

Electron-beam lithography (EBL) is similar to optical lithography as the substrate
is also covered with a thin polymer film. In EBL the polymer is however not ex-
posed through a mask, but instead the structures are written directly into the film
using a focused electron-beam. The energy deposited into the polymer by the elec-
trons locally changes the chemical properties of the film. Due to the much smaller
wavelength of the electrons as compared to the photons in optical lithographymuch
finer structures can be realized (below 10 nm [Lee13]). After the entire structure has
been written into the film, the exposed polymer can be developed chemically simi-
lar to optical lithography. Afterwards the patterned polymer film acts as a mask for
any subsequent processing step of the substrate. The biggest disadvantage of EBL
is its inherently low throughput and the associated high costs of a single patterning
job. Consequently, this method is usually only used in small scale laboratories or
for R&D jobs. For industrial scale patterning advanced optical lithography is still
preferred.

For the scope of this work, samples that were patterned with EBL have been used -
yet, the patterning was done externally by a commercial service provider.

2.2.3. Nanoimprint lithography

Nanoimprint lithography (NIL) is an alternative lithography approach, where the
pattern is definedmechanically in a polymer using a mold. In thermal NIL the mold
is pressed against the polymer film at a temperature above its glass transition tem-
perature 𝑇𝑔. This allows the polymer to flow underneath the mold, such that the
mold can be moved into the polymer layer, while the polymer fills the cavities of the
mold. Once all cavities of themold are filled, the temperature is again reduced below
𝑇𝑔 to “harden” the polymer and subsequently release themold. InUV-NIL, the poly-
mer is a UV-curable resin of usually sufficiently low viscosity to easily fill the mold
cavities at room temperature and under minimal external load. Then, the polymer-
film is exposed to UV light, which initiates a cross-linking process and “hardens” the
film. Subsequently, the mold is released. For both, thermal and UV-NIL, the time
required to fill the mold cavities depends mostly on the viscosity of the polymer and
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the distances it has to flow in order to be displaced by the mold protrusions. Once,
all cavities of the mold are filled, the process slows down dramatically, as the poly-
mer now has to flow underneath the entire stamp area in order to move the stamp
further into the film. In any case, there always remains a thin, residual film of poly-
mer underneath the stamp protrusions. This residual layer must be removed after
the stamp has been released from the hardened polymer. The thickness of the resid-
ual layer depends on the initial thickness of the polymer film, the protrusion height
of themold, and themold fill-factor, i.e. the ratio of recessed and protruding regions
on the mold. Ideally, the residual layer thickness amounts only to a few nanometers
such that it can be removed, for example by oxygen plasma etching.

The feature sizes that can be realized byNIL depend on the feature sizes on themold
and structural stability of the polymer. NIL molds can be silicon wafers that are
structured by a combination of e-beam lithography and dry-chemical etching. This
way structures smaller than 10 nm can be realized with NIL. Usually, UV-curable
polymers are more stable than thermoplastic polymers, such that UV-NIL is pre-
ferred if very small feature sizes are required. Additionally, UV-NIL is also a much
faster process as thermal NIL as time-consuming heating and cooling processes
are omitted. UV-NIL, though, requires either the mold or the substrate to be UV-
transparent. For example, molds made from quartz wafers can be used as an alter-
native to silicon molds.

It is feasible to use a low-throughput method such as e-beam lithography to pattern
themold, because themold can then be reused formultiple NIL jobs. Consequently,
NIL has dramatically lowered the barrier for nanopatterning in laboratory scale, and
is also beginning to find applications in industrial production.

For the scope of this thesis, an adapted UV-NIL process was used to fabricate work-
ing stamps for transfer printing (see Chapter 5). Additionally, we used two nanoim-
printing machines to conduct transfer printing experiments. These “nanoimprint-
ers” are described below.

Nanoimprinting tools

Nanoimprinting generally works by pressing a mold in a liquid polymer layer on a
substrate. Optionally, the temperature of the substrate is controlled and the stack of
substrate, polymer and stamp can be exposed to UV-light. For the scope of this the-
sis, we used two imprinters: anObducat NIL-2.5 imprinter and a Compact nanoim-
printing (CNI) tool from NILT.
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Obducat NIL-2.5 The Obducat NIL-2.5 imprinter can carry substrates and molds
with a diameter of up to 2.5 in. The substrate chuck can be heated to temper-
atures > 200 °C controlled by a PID-controller. Using an air pocket of pres-
sured nitrogen a uniform pressure can be applied to the imprint stack (sub-
strate, polymer, mold), from ≈ 5 bar to 70 bar (≈ 0.5MPa to 7MPa). For this
purpose, fitting aluminum foil or a plastic sheet is placed on top of the imprint
stack and the chuck in order to seal the pressure chamber. Additionally, the
system also features a UV lamp that can be used to illuminate the stack from
the top.

NILT CNI tool The NILT CNI tool can carry substrates and molds with a diameter
of up to 3 in. Its substrate chuck can be heated to temperatures of ≈ 200 °C.
The imprinting stack can be compressed with a “balloon” that is filled with
pressurized air. This system can provide a uniform pressure from ≈ 1 bar to
10 bar (≈ 0.1MPa to 1MPa). Our CNI tool lacks a UV lamp, such that only
thermal imprint is supported.

Both systems have in common, that the pressure is applied by means of an “air
pocket”, which provides a uniform distribution of pressure inside the whole cham-
ber. Whenwe performed transfer printing experiments, the stamphad to be pressed
against the substrate. For this purpose we used one of the nanoimprinting tools
to control the temperature of the substrate and the applied pressure on the stamp,
where necessary. Details on the respective processes are given in Chapters 4 and 5.

2.3. Plasma processes

A plasma can be created by heating a gas or subjecting it to a strong electromag-
netic field, causing a dissociation of molecular bonds and separating the electron
shell from atoms. The mixture of dissociated positively charged ions and negatively
charged electrons is referred to as a plasma. When a plasma is ignited inside a reac-
tor chamber, it can be used for cleaning, etching, or activation of surfaces. When the
ions reach a substrate surface, they can either chemically react with surface material
or physically remove material by transferring some of their kinetic energy. Which
of the two processes dominates depends on the reactor geometry, the process pa-
rameters and of course the type of gas that is used for the plasma.
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2.3.1. Microwave plasma asher

In a microwave plasma asher, the plasma is generated by coupling microwave radia-
tion (typically 2.6GHz) into a reactor chamber. The generated ions move randomly
in the chamber and result in a highly isotropic interaction with the substrate. Both
noble and non-noble gases can be used. We mostly used oxygen plasma to clean
substrates from organic contaminants and activate surfaces to improve subsequent
coating processes.

2.3.2. Reactive-ion etching

Reactive-ion etching (RIE) is a dry-chemical etching process. A sample is placed in
a chamber which is evacuated to a pressure of around 1 × 10−6mbar. The chamber
is then filled with one or several process gases. An electromagnetic radio frequency
(RF) field is applied to the chamber and initiates a plasma in the system. The oscil-
lating electric field ionizes the gasmolecules by stripping them of electrons, creating
a plasma.

The electrons are electrically accelerated up and down in each cycle of the oscillating
field, hitting both the chamber and the substrate. When electrons hit the grounded
chamber they are fed out and do not alter the electric state of the system. However,
electrons deposited on the substrate cause a built up of negative charge on the sub-
strate due to its DC isolation. Simultaneously, the much more massive ions tend to
move relatively little in the response to the RF field. Consequently, this charge sep-
aration between the negatively charged substrate and the slightly positively charged
plasma causes an acceleration of the ionized gas molecules towards the substrate.
The ions can react chemically with materials on the surface of the substrate or phys-
ically knock-off (sputter) somematerial by transferring some of their kinetic energy.
Due to the mostly vertical movement of the ions, reactive-ion etching can produce
very anisotropic etch profiles, which contrast with the typical isotropic etch profiles
of a microwave plasma, or wet-chemical etching.

We used a RIE process for silicon etching to fabricate stampmolds using fluorinated
gases (SF6 and CF4). Details on the process are explained in Section 5.2.1. We also
used oxygen plasma in a RIE system to grow thin-films of aluminum oxide on alu-
minum substrates (Section 6.1).
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Figure 2.1.: Schematic representation of a microwave plasma asher and a reactive-ion
etcher. a. Microwave plasma: The process gas is excited by microwave radiation which
is coupled into the chamber. A microwave plasma usually provides isotropic plasma etch-
ing/activation. b. Reactive-ion etcher (RIE): The process gas is excited by a strong al-
ternating electromagnetic field. Ions move unidirectional towards the negatively charged
substrate, resulting in a non-isotropic etch profile.
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2.4. Atomic force microscopy

An atomic force microscope (AFM) can be used to scan the topology of a surface
on the nanoscale. While the lateral resolution of a AFM is limited to at least several
nanometers, its vertical resolution can be of atomic scale.

The working principle of an AFM is based on a very sharp tip (usually silicon) at-
tached to a thin cantilever, that is moved very closely across the surface of interest.
During this movement, the cantilever is driven by a piezoelectric oscillator close to
the resonance frequency of the cantilever. When the tip reaches the surface, atomic
forces between the atoms of the tip and the surface change the amplitude of the os-
cillations. Using a laser beam that is reflected on the backside of the cantilever and
detected by a 4 segment photodiode, the oscillation is closely monitored. A feed-
back loop, adjusts the voltage on a piezoelectric actuator to move the sample closer
or further away from the tip such that the forces between tip and sample remain
constant. This voltage is directly proportional to the surface topology at that loca-
tion. The interaction between tip and substrate depends on the distance and is either
repulsive or attractive as given by the Lenard-Jones-Potential

𝑉 (𝑟) = 𝑎
𝑟12 − 𝑏

𝑟6 . (2.1)

WeusedAFMmeasurements to characterize the surface topology of semiconductor,
metal andmetaloxide films. For this purpose we only used alternating-contactmode
AFM, where the tip is influenced by both attractive Van-der-Waals and repulsive
forces.

2.5. Scanning electron microscopy

In a scanning electron microscope (SEM) a beam of electrons is moved across a
sample surface. The interaction of the incident electrons with the sample material
is used to create an image of the sample. Typical SEM images represent the surface
of a sample and exhibit a high field of depth.

The electron beam is generated by accelerating electrons from an electron source
with a high electric acceleration voltage (typically 5 kV to 30 kV) and focusing the
electron beam using magnetic coils onto a single point on the substrate. The entire
system is built in a high-vacuum chamber to minimize interactions with atoms and
molecules in air. When the electron beam hits the sample surface, different inter-
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actions are possible that reveal information about the characteristics of the sample.
For example, secondary electrons can be emitted from the surface due to inelastic
scattering of primary electrons with the material. The primary beam is then moved
across the surface line-by-line, while the intensity of the detected secondary elec-
trons is transformed into a grayscale signal. After all lines of an image have been
scanned, the process repeats and a new image is generated. Because secondary elec-
trons have very low energy, they originate from a very small volume just beneath
the surface where the beam hits the substrate. As a result, the generated SEM image
represents the sample topology with very high accuracy (few nm).

The SEM images shown in this work were mostly taken with a NVision© 40 Dual
Beam from Zeiss with acceleration voltages between 5 kV to 15 kV detecting sec-
ondary electrons.

2.6. Current-voltage spectroscopy

If not otherwise stated explicitly the electronic device characteristics shown in this
thesis were obtained from electronic measurements conducted with a semiconduc-
tor device characterization system Keithley 4200-SCS. Tungsten probe needles were
used to contact metal pads on the substrate. In order to prevent damaging of the
sample, a liquid drop of gallium-indium eutectic was sometimes attached to the
probe needle and served as a “soft contact” [Dic08, Chi08]. For three-terminal mea-
surements where the sample back-contact was used, the sample was placed on a
gold-coated chuckwhich served as the back-contact. Measurementswere conducted
in air and for light sensitive material in darkness.





3. Transfer printing with silicon
stamps

Metal transfer printing has already been successfully applied to fabricate ensembles
of nm-sized metal-oxide-metal tunneling diodes [Bar12]. In the referenced work, a
structured silicon stamp was used to transfer print thin layers of AlOx/Al/Au onto
a gold covered silicon substrate. As the diameter of individual devices was as small
as 50 nm, the devices were measured by means of conductive-AFM, where the tip
of the AFM established an electric connection to an individual nano-contact while
the gold covered substrate served as the counter electrode.

Consequently, as silicon has proven to be a suitable stamp material for nm-sized
pattern transfer. In this section we discuss the viability of using this technology
to define electrode structures (e.g. source/drain contacts for thin-film transistors)
on a silicon substrate. In this case the dimension of the transferred structures is
significantly larger to allow external probing with macroscopic contacts.

Figure 3.1 depicts a schematic representation of the general process for transfer
printing. The fundamental idea is: when the metal coated stamp is pressed against
the receiving substrate, the metal is transferred to the substrate due to a stronger
adhesion of the metal to the substrate as compared to the stamp.

3.1. Experimental setup

The desired layout for the test structures was defined by optical lithography on a sil-
icon substrate. Subsequently dry chemical etching in a reactive-ion etching process
leaves the desired pattern as protruding structures on the silicon surface. The etch-
ing depth was about 300 nm. Each stamp featured the layout shown in Figure 3.2.

The intention was to transfer-print a thin metal layer suitable for external probing
at an electrical probe station to a silicon/silicon dioxide substrate. For this process
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Figure 3.1.: Schematic representation of generalized process for metal transfer printing
(with silicon stamps). 1. The structures silicon stamp is coated with an anti-adhesion coating
and then a metal film is deposited on the stamp. 2. The metal coated stamp is pressed
against the receiving substrate. 3. When the stamp is removed from the substrate, the
metal from protruding structures is transferred from the stamp to the substrate.
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Figure 3.2.: Mask layout for silicon stamps with defined source/drain contacts.
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we used a reported best practice approach for Au/Ti transfer printing with silicon
stamps [Bar11b, Bar11a].

First the silicon stamp was coated with an “anti-sticking” layer of perfluorooctyl-
trichlorosilane (PFOTS) using physical vapor deposition (Appendix A.2.1). After-
wards the desired metal film was deposited on the stamp surface in a physical vapor
deposition process under high-vacuum (< 1 × 10−6mbar). We used a combination
of 47 nm of Au and 3 nm of Ti as the metal layer. The thin Ti layer is supposed to
improve the adhesion of the Au film to the receiving silicon substrate [Bar11b].

Before transfer printing both stamp and substrate were cleaned and activated in a
mild oxygen plasma treatment (microwave plasma, 200W, 3min).

The transfer printing itself was conducted using anObducat NIL-2.5 nanoimprinter
(Section 2.2.3). Substrate and stamp were placed on a carrier and covered with alu-
minum foil to seal the chamber. The imprinter applied a uniform air cushion with
pressurized nitrogen on the aluminum foil. We used a pressure of 30 bar.

Afterwards stamp and substrate were allowed to cool down to about 150 °C and then
the stamp was removed from the substrate.

Initially, we had 9 identical silicon stamps available. For the first run we used 4
stamps, which were treated identically (anti-sticking layer, metal evaporation, acti-
vation). Then, each stamp was used for a transfer print with a fresh substrate one
after another.

3.2. Results and discussion

Half of the stamps used in this experiment got misaligned in the pressure chamber
and broke when the pressure was increased. The two remaining transfer prints were
partially successful.

Using an optical microscope we inspected the transferred metal pattern. Multi-
ple microscope images were combined to obtain a complete view of the transferred
structures as shown in Figure 3.3. Because the brightness of the transferred metal
patterns is much higher than the silicon background, we can easily transform the
microscope images into a binary representation, where black represents transferred
areas. In Figure 3.3 these binary images are overlaid on top of the intended pattern
shown in red.
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a b

c d

Figure 3.3.: Top row: Optical microscope images of transfer printed gold structures on a
Si/SiO2 substrate using silicon stamps. Bottom row: corresponding binary images, where
black represents transfer printed metal and red represents missing structures, indicating a
very low transfer yield.
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Obviously, the transfer print was incomplete for both examples. While there was
some metal transfer (mostly on the edges of the stamp), most of the structures were
transferred incompletely or not at all.

While this experiment only involved a limited number of trials, it showcases many
of the problems associated to using hard silicon stamps for transfer printing:

Brittle, one-use and expensive stamps

By nature silicon stamps are brittle. When applying pressure on a transfer print-
ing stack there is a high probability that the silicon stamp will be damaged. In the
worst case it breakes completely (as happened here in 2 out of 5 cases). Of course,
the stamp can also be damaged before transfer printing due to errors during han-
dling. Even if the stamp survives both handling and transfer printing a significant
amount of metal will still remain on the stamp surface. Cleaning the stamp requires
again handling and exposing the stamp to possibly harsh conditions (e.g. aqua regia
to remove gold). In the end, even little residue on the surface can significantly im-
pede subsequent transfer printing attempts. As a consequence, for transfer printing
experiments silicon stamps cannot be reused.

One-use stamps are a problem in particular when the fabrication process is rela-
tively time intensive and costly. Especially, if we intend to transfer print nanoscale
structures, e-beam lithography is necessary - a process which is both time consum-
ing and expensive. It is very wasteful and non practical to use such a stamp only
once.

Process optimization

Figure 3.3 clearly shows that transfer printing with silicon stamps was not successful
in this instance. Yet, there are many examples - as referenced above - where with
different layouts but very similar (nominal identical) parameters successful trans-
fer prints were possible. Consequently, a thorough examination of the parameter
space is necessary to optimize the process and increase the transfer yield. Possible
experiments could cover

• different substrate surface cleaning (e.g. RCA clean),

• different metal layers (more/less Ti, thicker or thinner Au layer),

• different metal evaporation rate,
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• activation of stamp and substrate in oxygen plasma,

• pressure during transfer print,

• temperature during transfer print,

• process time.

Testing all those parameters in a statistically relevantmanner, would require a signif-
icant amount of transfer printing experiments and for each of those a silicon stamp.
This quickly becomes unpractical, if for each experiment a new stamp must be fab-
ricated.

3.3. Conclusion

In summary, we find that while successful applications of silicon stamps for metal
transfer printing have been reported, reproducing these results can be challenging.
The challenges aremostly related to inherent disadvantages of silicon as a stampma-
terial. Consequently, we do not think that silicon is a good choice for a development
process where many different parameters, layouts and substrates are to be tested.
We therefore explore the possibility of using a different, more cost efficient stamp
material and process in order to be able to iterate fast during the development.



4. Transfer printing with elastomeric
stamps

Transfer printingwith elastomeric stamps has first emergedwhenKumar andWhite-
sides [Kum93] began to explore the possibilities of soft lithography in the 1990s.
They used structured stamps made from a rubber-like elastomer polydimethlysilox-
ane (PDMS) to transfer print a thiol-based self-assembled monolayer (SAM) to a
receiving substrate. The SAM would act as a passivation mask to protect the un-
derlying gold layer from a wet-chemical etching step. This process had been named
micro-contact printing (µCP) and was considered as an alternative to optical pho-
tolithography.

The main advantage of this method was that the PDMS stamp could be reused to
reproduce the same pattern repeatedly with only one, initial lithography step. This
enabled very efficient prototyping on scale previously only available with UV lithog-
raphy.

Later, in 2002 the group of John A. Rogers at Bell Laboratories elaborated on the
concept of soft lithography and demonstrated a procedure were either a soft PDMS
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Figure 4.1.: Schematic overview of micro-contact printing (µCP). A structured PDMS stamp
is coated with a alkanethiol solution and brought in contact with the target substrate. Upon
removal, the thiol molecules form a passivation layer on the gold substrate, which acts as a
etching mask in a subsequent etching step.
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stamp or a hard semiconductor (GaAs) stamp is used to transfer print a thin metal
layer (mostly Au or a combination of Au and Ti) onto a receiving substrate [Loo02b,
Loo02c]. With transferred structures smaller than 1 µm they called this method
nano-transfer printing (nTP). In the following years nTP has been further investi-
gated and possible applications have been explored [Loo03, Loo02c, Loo02a, Fel04,
Fen07, Men04, Kim09, Kim10, Car12].

Consequently, as transfer printing with PDMS has been studied quite extensively
during the last decade, it provides an excellent platform to conduct prototyping
experiments and to understand the underlying principles. In this chapter, we will
summarize our own experience with PDMS stamps, from fabrication to application,
and discuss the limits of this technology. We will mostly focus on transfer printing
of gold thin films, because gold is of particular interest as a noble, highly conduc-
tive metal for fabrication of electrodes in electronic thin-film devices. Parts of this
chapter have been previously published in [Uhl14].

4.1. Polydimethylsiloxane (PDMS) stamps

Polydimethylsiloxane (PDMS) is one of the most widely used silicon-based organic
polymers (a group of materials also known as silicones). It is chemically inert, odor
and color-less and optically clear. For commercial applications usually Sylgard 184
from Dow Corning is used. Base PDMS is a highly viscous, honey-like liquid at
room temperature. In order to fabricate stamps, curing of PDMS is required to
transform it into an elastic solid. For this purpose a curing agent can be mixed with
the PDMS base in a mass ratio of 1:10. This will initiate a curing process which
results in the hardening of the PDMS material. The time required for hardening is
inversely proportional to the temperature of the mixture.

4.1.1. Stamp fabrication process

A typical stamp fabrication process with PDMS follows these steps:

1. The base PDMS and curing agent aremixedwith a ratio of 10:1 and thoroughly
mixed.

2. De-gasing is necessary to remove any air bubbles from the mixture that got
trapped during the mixing.
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3. The mixture is cast against a mold.

4. External heating can be used to speed up the curing process.

5. Finally, the cured stamp is detached from the mold and ready for use.

The required curing time is a function of the temperature of the mixture. At room-
temperature curing takes >24 h while at 150 °C only 10min are required to fully cure
the stamp. During curing the PDMS shrinks about 1% in volume at room temper-
ature and about 3% to 4% at higher temperatures.

For PDMS stamps the mold needs to be an inverse of the desired stamp layout, as
the stamp will be a negative copy of the template mold.

Figure 4.2 depicts schematically a method for mold and stamp fabrication. Optical
photolithography is used to pattern a layer of photoresist on-top of a silicon wafer.
The PDMS is then cast against this pattern and cured. As the adhesion of the pho-
toresist is much stronger to the silicon substrate as to the PDMS, the latter can be
easily removed from the wafer after curing without peeling the photoresist layer.
The height of the stamp protrusions is conveniently controlled by the thickness of
the resist layer.

Alternatively, the mold pattern can be defined on a silicon wafer by a combination
of optical photolithography and dry-etching. After dry-etching and removal of the
residual photoresist, the PDMS is cast against the structured siliconwafer and cured.

In both cases, the mold should be functionalized with a fluorinated SAM as an anti-
sticking layer before it is used to ensure complete peeling of the PDMS after curing
(Appendix A.2.1).

For easier handling of the finished stamp it can be beneficial to apply a backing layer
of another material to the PDMS. This can be, for example, a thin piece of glass
or PET foil. The backing layer can already be applied to the PDMS during curing,
or the cured PDMS is placed on the backing after curing. The main purpose of a
backing layer is to provide more structural strength and to prevent curling, folding,
or wrinkling of the stamp. Alternatively, a very thick layer (> 0.5 cm) of PDMS can
be used as the stamp material.

Figure 4.2 shows a schematic representation of a PDMS stamp that has been casted
against a mold. The PDMS surface is a negative copy of the mold topography. With
PDMS stamps it is not possible to fabricate a positive copy of a mold. This would
require an additional replication step, where another PDMS stamp is cast against
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the negative PDMS stamp. During curing, however, the positive PDMS will bind to
the negative PDMS stamp and separation will be impossible.
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Figure 4.2.: Fabrication of a PDMS stamp from a photoresist mold. a The PDMS base /
curing agent mixture is cast against the master. b Depending on the temperature, curing
can take from a few minutes to several hours. c Afterwards, the stamp is peeled from the
master. d To finalize the stamp and provide better structural stability a backing (e.g. thin
glass or plastic foil) can be applied.

For example, we typically fabricated photoresist masters on 2-inch silicon wafers.
We poured approximately 3 g of a prepolymer of PDMS on the master and allowed
the mixture to spread evenly. Then the temperature was increased to initiate the
curing process. Following this procedure, our PDMS stamps usually had a thickness
of ∼ 0.5 cm. If we used a thin glass as backing, we placed the PDMS stamp after
curing on the glass slide. Due to the adhesive forces between PDMS and glass, the
PDMS will readily attach to the glass.

Alternatively, the PDMS/curing agent mixture can also be spin-coated on the mas-
ter. The thickness of the PDMS layer then depends on the spin speed. At 400 rpm
for 1min we get a thickness of ∼ 50 µm. These very thin stamps are virtually un-
usable once cured, as they easily wrinkle and curl once separated from the master.
However, a thin piece of PET film can be carefully applied on the still liquid PDMS,
while avoiding the inclusion of air bubbles. After curing, the PDMS layer remains
attached to the PET film, which provides good stability while retaining the flexible
character of the PDMS.
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4.1.2. Properties of PDMS stamps

Asmentioned before, cured PDMS is optically clear and chemically inert. Its elastic
modulus depends on the curing, but is generally between 300 kPA and 3 MPa.

The low elasticity of PDMS results in a high flexibility of PDMS stamps. As a result,
structured PDMS is susceptible to different kinds of distortions. Such as sagging,
pairing and swelling. As a consequence when designing stamp geometries, certain
boundary condition have to be considered. Especially, the distance of neighbouring
structures should not be significantly larger than the height of the structures itself.
Otherwise, recessed regions of the stamp might get in contact with the substrate
and cause unintended transfer (roof collapse). We will discuss these limits in Sec-
tion 4.2.7.

Surface properties of PDMS

The surface of cured PDMS is very hydrophobic resulting in very bad wetting of
polar solvents (such aswater). Thehydrophobic surface is also an indication of a very
low surface free energy. This leads to an inherently low adhesion to other materials,
such as metals, a property very important for transfer printing.

Exposing PDMS to an oxygenplasma can significantly change the surface properties.
Reactions between the oxygen radicals in the plasma and surface atoms of PDMS
lead to the formation of a silica-like surface with terminal SiOH groups. Such a
surface is very hydrophilic. The difference can be exposed in a static water contact
angle (CA) measurement. A defined drop of water is placed on the surface and the
contact angle between the water droplet and the surface is measured. Figure 4.3
shows a water droplet on (a) as-cured PDMS and (b) oxidized PDMS with a static
water CA of ∼ 110° and < 20°, respectively. The PDMS is oxidized in a microwave O2

plasma asher (0.3 mbar, 10 sccm O2 flow, 200W, 1min).

Due to the presence of silanol groups, oxidized PDMS can be further functionalized
with an anti-sticking-layer of perfluorooctyltrichlorosilane (PFOTS).This will again
result in an hydrophobic surface that repels polar solvents strongly (Figure 4.3c).

Table 4.1 summarizes the staticwater contact angle of PDMSand silicon (p-Si <100>)
after different surface treatments. Here, “2-propanol” refers to rinsing with iso-
propanol (IPA), and “vacuum” refers to placing the sample in a desiccator and pump-
ing for 20min.
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Figure 4.3.: Static water contact angle (CA) measurements on different PDMS surfaces.
a. as-cured, b. after O2 plasma oxidation, c. functionalized with a fluorinated SAM
(“anti-sticking layer”).

Table 4.1.:Overview of different surface modifications and the resulting static water contact
angles for PDMS and silicon substrates.

Material O2 plasma Anti-sticking layer 2-Propanol Vacuum Contact angle

PDMS 111 °
PDMS 3 16 °
PDMS 3 3 106 °
PDMS 3 3 3 107 °
PDMS 3 111 °
PDMS 3 3 116 °
PDMS 3 116 °
PDMS 3 3 27 °

Silicon 43 °
Silicon 3 3 103 °
Silicon 3 3 3 99 °
Silicon 3 105 °
Silicon 3 3 102 °
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For transfer printing a low surface free energy is favorable to ensure weak adhesion
of the metal ink to the stamp. This corresponds to a high contact angle. Therefore,
either as-cured PDMS or fluorinated PDMS are good candidates for transfer print-
ing experiments. As-cured and flourinated PDMS retain their hydrophobic surface
properties for several days, when stored in a clean environment. The effect of plasma
oxidation is only stable for ∼ 30min.

4.1.3. Metal films on PDMS surfaces

Transfer-printing metal films first requires the deposition of a metal film on the
stamp surface. Themost commonly usedmethod is physical vapor deposition (PVD),
where the metal condenses from its vapor phase on the PDMS surface in high vac-
uum conditions. Ideally, metal films that are used as an electrode material should
be smooth, dense and continuous to allow for optimal lateral charge transport. Of
course, in a transfer printing process the metal film can only be as good as it was on
the stamp surface before transfer printing. Therefore, a good understanding of the
growthmechanism of themetal film on the stamp is key for a successful and reliable
transfer printing process.

A comprehensive discussion of the general growth mechanism in PVD processes
can be found in [Mat10]. Briefly, the atomistic growth of ametal film in vacuumcon-
ditions occurs as a result of condensation ofmobile atomson the surface (“adatoms”):
When a metal atom reaches the stamp surface in vacuum conditions it is either re-
flected immediately, re-evaporates after a residence time, or condenses at the sur-
face. If atoms do not immediately react with the surface, they will have some degree
of mobility over the surface before they condensate. Condensation occurs when
the adatoms lose energy and bond to other surface atoms. Adatoms lose energy by
chemical reactionswith substrate surface atoms, finding preferential nucleation sites
(such as lattice defects, atomic steps, impurities), or collisions with other adatoms.
The typical distance that adatoms can move on a surface before they condensate is
called themean free path. In general, a lowmean free path leads to quicker film for-
mation, while a high mean free path results in an insular film growth at separated
sites that will eventually combine to form a complete film.

Schmidt et al. [Sch03] conducted an extensive study on the film growth of gold films
on PDMS surfaces. In their paper, the authors compare different surface modifica-
tions to alter the film growth: 1. PDMS as-prepared; 2. PDMS exposed to an oxy-
gen plasma; 3. PDMS with a thin titanium layer and 4. PDMS with a self-assembled
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monolayer of perfluorosilane. The authors also tested the adhesion of themetal film
to the PDMS by trying to transfer print the metal film from the PDMS to a gold
covered glass surface. According to the authors’ conclusion, the most dense, ho-
mogenous and smooth metal films grow on Ti-primed PDMS. Here, however, the
adhesion of the film to the PDMS is too strong to allow transfer printing. Better
results are achieved with PDMS that has been exposed to oxygen plasma, or coated
with a fluorosilane. The silane in particular significantly reduces the adhesion of Au
to PDMS, which makes these stamps well suited for contact printing.

For our own experiments we compared the morphology of 20 nmAu evaporated on
flat PDMS stamps with different surfaces: (a) as-cured, (b) oxidized, and (c) with a
fluorinated SAM.The stamps were fabricated by casting a defined amount of PDMS
against a flat Si wafer and backing the still liquid PDMS with a thin microscope
cover glass (18 mm diameter). After curing the PDMS for about 2 hours at 70 °C it
can be removed from the Si wafer together with the thin glass backing. Gold was
thermally evaporated onto the stamps in high vacuum (𝑝 < 1 × 10−6mbar) at a rate
of 0.3 nm/s.
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Figure 4.4.: AFM scans of thin gold layers on different PDMS surfaces: (a) as-cured, (b) ox-
idized, (c) fluorinated. The scan images are scaled differently to reveal the surface charac-
teristics. Below, selected profiles along the marked lines are plotted.
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After Au evaporation we analyzed the thin-film morphology with an atomic force
microscope (AFM).We see that themin/max spread of topography ismuch larger on
the as-cured PDMS as compared to the oxidized or fluorinated PDMS. On the other
hand, the oxidized and functionalized PDMS surface both show cracks that form on
the surface. We attribute these cracks to the brittle nature of the silica-like surface
that forms on the PDMS during the oxygen plasma treatment. The cracks appear
although the PDMS is backed by a thin glass that prevents curling or significant
bending of the stamp. These findings are in good agreement to the study of Schmid
et al.

We also tested the adhesion of the metal film by transfer printing it from the PDMS
to a gold covered silicon substrate (p-Si <100>). For these tests, we placed the gold
coveredPDMS stamps on the target substrate and applied a definedpressure. Transfer-
printing can readily occur when the stamp is brought into contact with the target
substrate. To ensure comparable conditions we conducted all transfer-prints in a
nanoimprinter at a constant pressure of 1 bar, for 5min at 100 °C. For all three sur-
face conditions transfer printing was possible in our testing under these conditions,
indicating a weak interaction between the Au layer and the PDMS stamp. In the
following we usually used as-cured PDMS layers as stamp material, primarily be-
cause as-cured PDMS does not suffer from cracks at the surface and to favor a more
straightforward fabrication protocol.

In summary, PDMS combines many properties that are advantageous for transfer
printing applications. Especially, the simple fabrication and low adhesion to metals
(here only Au) makes it a very interesting choice for a stamp material.

4.2. Transfer printing with (structured) PDMS stamps

In the previous sections we only used flat, unstructured PDMS stamps to transfer
print Au films from the PDMS to an Au covered wafer. Here, we explore the possi-
bilities to fabricate structured PDMS stamps and their applications to transfer-print
patterned Au films onto insulating Si/SiO2 or glass substrates.

After preparing the structured stamp by casting it against a structuredmold, we can
test the transfer printing. As substrates, we chose silicon with native oxide or with
thermally grown oxide, as well as glass substrates. Silicon is particularly interesting,
because it provides an atomically flat and well defined surface. Thereby, minimizing
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effects arising from the substrate and the focus is set on the transfer printing process
itself.

In general, for the transfer printing process the stamp is prepared as explained in
the previous section without additional backing and with a thickness of ∼ 0.5 cm.
20 nm of gold are thermally evaporated in high vacuum on the stamp surface. The
metal covered stamp is then placed on a target substrate with the metal in contact
with the substrate. Ideally, after the peeling of the stamp from the substrate, the
metal from the protrusions of the stamp is transferred onto the substrate. In practice
however, there are some external factors that determine whether the metal film is
fully transferred or not.

4.2.1. Conformal contact

The transfer printing process can be inspected using optical microscopy: gold cov-
ered stamps were placed onto silicon substrates and observed through an optical
microscope. The stamps featured a pattern of contact pads with distances between
50 µm and 150 µm. The height of the structures was 7.5 µm. The spacing between
the each pair of contact pads was about 200 µm. Conformal contact was facilitated
by pushing the stamp against the substrate with tweezers. After contact was ini-
tiated, contact “waves” formed and forced the gold film into contact with the sub-
strate. The left image of Figure 4.5a shows a microscope image of a stamp on a
substrate revealing the formation of contact waves: the bright regions indicate ar-
eas, where the stamp is already in contact with the substrate. One of the electrode
pairs is almost completely in contact, while the contact front still propagates on the
other pair (indicated with arrows). The propagation front is visible as interference
patterns in the microscope image. In Figure 4.5b the recessed surface of the stamp
contacts the substrate unintentionally (roof collapse). By removing the stamp from
the substrate the transfer printing process was stopped. We observed, that the gold
was transferred to the silicon substrates in those areas, where the contact waves had
propagated (Figure 4.5c). In fact the gold film is transfer printed to the silicon sub-
strate immediately after establishing contact.

In summary, we learned that the establishment of conformal contact between the
metal and the substrate is a critical requirement for complete transfer printing. More-
over, the formation of contact waves needs to be controlled and understood to en-
sure a complete transfer and simultaneously prevent the roof collapse seen in in the
center picture.
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a b c

Si Au

500 µm 500 µm 500 µm

Figure 4.5.: a. and b. Microscope images showing from the top a PDMS stamp sitting
on a silicon substrate. Arrows indicate the propagation of contact “waves” that are visible
as interference patterns. Bright regions are in contact with the substrate. c. Microscope
image showing the transfer printed gold film on the silicon substrate after stamp release.

4.2.2. External temperature

When a gold covered stamp is placed on a target substrate and the temperature
of the substrate is increased, we can observe the formation and spread of contact
waves. For silicon substrates we typically used temperatures of around 100 °C. If the
contact waves do not propagate the entire stamp area, a gentle push on the back of
the stamp is usually enough to keep the process going until all protrusions are in
contact. Afterwards the heat source is removed and the stamp can be peeled from
the substrate.

We found that external heating yields the best results for transfer printing metal
films to substrates such as silicon or glass. While temperatures of only 60 °C already
help in the formation of contact waves, we found that higher temperatures yield
more reliable results.

Nonetheless, if air is trapped between stamp and substrate during the propagation
of contact waves, air pockets can form, where no contact is established and conse-
quently no metal is transferred. By carefully rolling the stamp on the substrate this
defect can be mitigated.

4.2.3. External pressure

Even when applying external heating to initiate and establish conformal contact be-
tween stamp and substrate, full transfer is not guaranteed if the contact waves do
not propagate the entire area of the stamp, or air voids are included. We can apply
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conformal pressure on the substrate/stamp stack using a thermal imprinter to en-
sure full contact. Due to the softness of the PDMS layer external pressure of only
0.2MPa already leads to a complete collapse of features and gold is transferred from
both the protruding and recessed areas of the stamp. Consequently, external pres-
sure is only helpful if it can be appliedwith lower pressure. Additionally, a stiff stamp
backing (such as thin glass) can help in reducing the chance of roof collapse.

Instead of a nanoimprinter to apply the external pressure, we can also use a self-
made nano-positioner [Fak12b]. Here, the structured PDMS layer is backed by a
thin PET film. This allows the stamp to retain most of its flexibility. The stamp is
then placed in a special holder, where pressured nitrogen can be applied to its back-
side. The target substrate is positioned underneath the stamp and can be moved
towards the stamp using nano-positioners1. Thanks to the pressured nitrogen (with
a pressure of ∼ 2 kPa) the stamp is curved and will touch the substrate at a defined
point from where the contact waves then spread evenly. This system allows to es-
tablish conformal contact in a reproducible and reliable way without the inclusion
of air voids. So, from the mechanical point of view this system is much more so-
phisticated than a nanoimprinter, but in its current setup it lacks heating and limits
the usable size of stamp and substrate. As a result, we had only limited success in
reliably transfer printing metal films with this setup.

4.2.4. Surface treatments and binding layer

In their initial papers on nTP with PDMS, Loo et al. [Loo02b, Loo02c] transfer
printed a thin layer of 15 nm Au and 5 nm Ti. They emphasized the importance
of the Ti layer as it acts as a binding layer between Au and the Si/SiO2 substrate.
The proposed mechanism is as follows: The Ti readily forms an oxide layer in atmo-
sphere. Before transfer printing, both stamp and substrate are exposed to an oxygen
plasma treatment, which removes any hydrocarbon contamination and leads to the
adsorption of OH- groups at both surfaces. When the two surfaces are subsequently
brought into contact, the oxides supposedly bind in a condensation reaction be-
tween the TiOx-OH and SiO2-OH, forming a Ti-O-Si bond. The authors even claim
that the transferredmetal film, passes a “Scotch-tape” adhesion test as it is covalently
bonds to the oxide surface.

In our own testing, we could not reproduce this finding. For us, transfer printing
works for both Au layers and Au/Ti layers onto Si/SiO2 substrates. In both cases the

1Piezo-electric based positioners by attocube systems AG, München.
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adhesion of themetal filmon the substrate is veryweak. Themetal is easily scratched
when touchedwith tweezers and can be peeledwith adhesive tape. However, we also
find that testing adhesion with adhesive tape can produce quite varying results even
for the same sample, as the outcome of the test depends not only on the adhesion
itself but also on the application and removal of the tape.

We could also not verify the efficacy of an oxide plasma treatment of substrate
and/or stamp. In fact, exposing the metal coated PDMS stamp to an oxygen plasma
can visibly change themetal film on the PDMS film and prevent subsequent transfer
printing. We still used oxygen plasma, though, to clean the target substrates from
contamination.

Because we had good results (in terms of transfer completeness) of gold and gold/ti-
taniumfilms onto unmodified oxide substrates, we did not test the functionalization
of the oxide surface with a thiol based self-assembled monolayer to act as a “glue-
layer” [Loo02c].

4.2.5. Caveats and pitfalls

While we eventually found that transfer printing gold layers with PDMS is generally
straightforward and thus confirmed most of the reported information from Rogers
andother groups, in the beginning, wehad great problems to transfer print anymetal
at all with self-made PDMS stamps. Additionally, any attempts to overcome these
problems by adjusting temperature, pressure, better cleaning of substrate, oxygen
plasma treatment, etc. did not show any positive effect. In the end, we realized
that the handling of the stamp during processing can significantly impact the trans-
fer printing process. Especially, once metal has been deposited on the stamp, any
curling, bending, or wrinkling of the stampwill inevitably affect themetal film. Sim-
ply by handling the stamp after metal evaporation with tweezers, the metal film is
inadvertently affected and cracks form that significantly reduce the film cohesion.
Consequently, the film cannot be completely removed from the stamp during con-
tact time and transfer printing is impeded.

Using a glass backing during evaporation reduces the structural stress for the stamp
and helps in improving themetal film quality. Removing the stamp from the backing
just before transfer printing is feasible if no backing is required/preferred during
printing.
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4.2.6. Aligned transfer printing with PDMS stamps

Most electronic devices are not fabricated in a single lithography step. Usually,
multiple layers are defined consecutively, which necessitates the ability to perform
some sort of alignment between fabrication steps. With classical optical lithogra-
phy, alignment markers on the mask are matched to corresponding markers on the
substrate to verify the correct position of the next layer. The same principle can be
applied to PDMS stamps [Fak12b]: marks on the stamp can be used to align the
stamp to the substrate. The alignment step itself can either be done manually if
the alignment is only very coarse, or with the help of a mask aligner. In the latter
case, the stamp must be carried by some holding mechanism. Once the alignment
markers on the stampmatch themarkers on the substrate, the stamp is brought into
contact with the substrate and released form the holder.

We used a Suess Mircotech GmbH mask aligner with a custom steel mask/stamp
holder. The mask holder has a round opening and holds the mask/stamp with vac-
uum pipes. For transfer printing, the PDMS stamp is attached to the mask holder.
When using pure PDMS stamps, the PDMSwould however stick to themask holder
even without vacuum. Consequently, the stamp cannot be easily released form the
holder by switching off the vacuum. Therefore, we attached the stamp to a glass
backing before fixing it on the holder.

mask/stamp holder

substrate

stamp

glass backing

vacuum

Figure 4.6.: Schematic representation of a PDMS stamp attached to a mask/stamp holder
for alignment using a mask aligner system. A glass backing is required to release the stamp
from the fixture when the vacuum is cut off.

With the stamp attached to the holder, the substrate is moved into the correct po-
sition and then brought in contact with the stamp. Then, the vacuum from the
mask holder is cut off, and the stamp is released. The stamp is now attached to
the substrate, but due to the rigid glass backing conformal contact between stamp
and substrate is usually not yet achieved. Therefore, we placed the entire stack in a
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nanoimprinter and applied external pressure and raised the substrate temperature
to ∼ 100 °C to initiate the formation of contact waves. Afterwards the metal film is
transferred to the substrate. Due to the external pressure, roof collapse is unavoid-
able.

For example, we used this technology to fabricate “cross-bar” structures, where we
transfer printed horizontal gold lines across vertical aluminum lines, thatwere previ-
ously defined by standard optical lithography and lift-off processes. Figure 4.7 shows
a schematic representation of the layout, where the gray structures represent the Al
lines and the gold structures represent the Au lines. In Figure 4.7b an optical mi-
croscope image of the final pattern after transfer printing is depicted. While the
gold lines were transfer printed completely, there is also a lot of additional trans-
fer printed material between the structures due to roof collapse. Of course, this is
unintended and constitutes a big disadvantage of this method.

aluminum

gold

a b c

400 µm 100 µm

Figure 4.7.: Aligned transfer printing of horizontal lines on vertical lines. a Schematic repre-
sentation of the two layer layout. b and cOptical microscope images of the transfer printed
structures. Due too the large spacing (≈100µm) between structures roof collapse causes
transfer from recessed regions of the stamp.

4.2.7. Limits of elastomeric stamps

As a stamp material PDMS has many advantageous properties: its low elastic mod-
ulus makes it very straightforward to achieve conformal contact with a target sub-
strate, its inherently low adhesion to metals is key for effective transfer printing and
the simple replication process enables efficient prototyping. Nonetheless, the elas-
ticity of PDMS also has disadvantages. Especially, under external load, the relief
structure of a PDMS stamp is susceptible to distortions. As illustrated in Figure 4.7
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in the previous section, if the distance between structures is too large with respect to
the height of the protrusion, the recessed region of the stamp can contact the sub-
strate and unintended transfer occurs. Figure 4.8 depicts how the different ratios
between heightH and width L of the protrusions and distance between protrusions
W affect the stability of the structures. In principle roof collapse can be reduced by
increasing the protrusion height of the stamp, but it cannot be increased indefinitely,
as as thin and tall structures are susceptible to lateral collapse (Figure 4.8c).

substrate

WL

H

PDMS

PDMS

substrate

PDMS PDMS

PDMS

(optimal aspect ratio: 0.5 < H/L < 5; H/W > 0.05)

roof collapse

lateral collapse

a

b

c

Figure 4.8.: Schematic representation of PDMS stamp geometries and typical distortions
under external load. Recreated from [Qin10].

With an analysis of structural stability for repeating lines, a condition for roof col-
lapse can be derived as [Hui02]

−8𝜎∞𝑤
𝜋𝐸∗ℎ (1 + 𝑎

𝑤) cosh−1 [sec( 𝑤𝜋
2(𝑤 + 𝑎))] < 1 , (4.1)

where 𝐸∗ = 𝐸/(1 − 𝜈) ≈ 4𝐸/3 (𝜈 is the Poisson’s ratio of the stamp material, 𝐸 is
the Young’s modulus of the material, and 𝜎∞ is the compressive stress). From there
it follows that the critical stress 𝜎c where roof collapse occurs is given as

𝜎c = −𝜋𝐸∗ℎ
8𝑤(1 + 𝑎𝑤)cosh−1 [sec( 𝑤𝜋

2(𝑤+𝑎))]
. (4.2)



4.2. Transfer printing with (structured) PDMS stamps 37

At the same time, the height of the structures is constrained by the relation

ℎ
2𝑎 ( 2𝛾s

2𝐸∗𝑎) 1
4 < √𝑤/𝑎 , (4.3)

where 𝛾s denotes the surface energy. For PDMS stamps these conditions can be
roughly simplified to the relations given in Figure 4.8 [Qin10].

These constraints limit the possible geometries that can be safely replicated and
transfer printed with PDMS, or elastomeric stamps in general [Bie00, Del97, Rog98,
Hui02]. For example, for the layout shown in Figure 4.7, we can plot the condi-
tion for lateral (dashed) and roof collapse (solid) for different protrusion heights ℎ
and different structure lengths 2𝑤. The result is shown in Figure 4.9. The spacing
between structures is set to 100 µm, and we assume an external load of 200 kPa.
Collapse is prevented if for a given height ℎ both, solid and dashed, lines of the same
color are below 1.0. We can clearly see, that for our stamps with a height of 7.5 µm
lateral collapse is no issue, but roof collapse will occur.

10-6 10-5 10-4 10-3

Protrusion height h (m)

1y collapse
no collapse

2 µm
4 µm
8 µm

Figure 4.9.: Plot of the collapse conditions from Equations 4.3 (dashed) and 4.2 (solid) for
PDMS stamps with respect to the protrusion height h for different structure spacing 2w =
2µm, 4 µm and 8µm; for y <1 no collapse occurs.
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4.3. Transfer printing metal source & drain contacts for
organic field-effect transistors

Organic thin-film transistors (OTFTs) are of interest for flexible, large-area electron-
ics applications, such as rollable or foldable information displays [Kom15], plastic or
paper circuits [Tob11]. Yet, organic thin-film transistors still suffer from the inher-
ently poor charge-carriermobilities inmost organic semiconductors (OSC), as com-
pared to well-established inorganic semiconductors (typically well below 1 cm2/Vs
for solution-processedOSC). Downscaling the transistor dimensions is therefore an
important route to improve the dynamic TFT characteristics [Zsc14].

organic field-effect transistor
bottom-gate, bottom-contact

VGS

VDS

Si substrate

SiO2 dielectric

organic semiconductor

Au electrodes

poly(3-hexylthiophene-2,5-diyl)
P3HT

VGS

VDS

Si substrate

SiO2 dielectric

organic semiconductor

transfer printed Au electrodes

organic field-effect transistor
bottom-gate, top-contact

Figure 4.10.: Schematic representation of both bottom-gate, bottom-contact and bottom-
gate, top-contact P3HT OTFT and chemical structure of poly(3-hexylthiophene-2,5-diyl)
(P3HT).

A typical organic field-effect transistor (OFET) is depicted schematically in Fig-
ure 4.10. Here, a highly-doped silicon wafer serves as a (global) gate contact and
a thin SiO2 as the gate dielectric. The metal source and drain contacts are either
patterned directly on-top of the dielectric (bottom-gate, bottom-contact - BGBC)
or on-top of the organic semiconductor (bottom-gate, top-contact - BGTC).
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Many recent studies of different OTFT architectures suggest, that the BGTC con-
figuration improves the charge-carrier injection from the metal contacts into the
channel [Mar12] and it is thus considered as the favorable configuration for short-
channel devices. Unfortunately, patterning metal electrodes directly on-top of an
organic semiconductor is challenging because conventional patterning methods,
such as optical lithography or electron-beam lithography, involve the use of organic
solvents or chemical etchants and are thus mostly incompatible with organic semi-
conductors. As an alternative, high-resolution stencil masks have recently emerged
as a viable method to define metal structures in the low-µm range on arbitrary sub-
strates [Zsc14]. Still, stencil masks have fundamental limits: typically minimum
features lengths are larger than 1 µm and complex geometries, such as interdigitated
electrodes are very difficult to realize.

Here, we explore how we can use PDMS stamps to pattern metal source and drain
electrodes directly on an organic semiconductor to fabricate an organic field-effect
transistor.

4.3.1. Materials and methods

Weused highly p-doped Si wafers with a thermally grown SiO2 dielectric (∼ 45 nm to
65 nm thick) as substrates. As organic semiconductor we chose poly(3-hexylthio-
phene-2,5-diyl) (P3HT). The chemical structure of P3HT is shown in Figure 4.10.
The OFETs were fabricated in a nitrogen atmosphere inside a glovebox. The P3HT
is first dissolved in a suitable organic solvent such as dichlorbenzene (DCB) and then
deposited on the Si/SiO2 wafer via spin-coating. Prior to spin-coating, the wafer is
exposed to an oxygen plasma which improves the wetting of the solution on the
wafer. After spin-coating wafer and P3HT are annealed on a hot-plate at 140 °C for
10min. This procedure results in a P3HT film thickness of about 70 nm to 80 nm.

The metal electrodes were transfer printed onto the P3HT with PDMS working
stamps, which were previously fabricated from a interdigitated electrode, IDE, pat-
tern (see Figure A.1). The electrode pattern was first defined in photoresist with
optical lithography. We used two different types of masks for the electrode pattern,
type A with a minimum feature size of ∼ 20 µm and type B with a minimum feature
size of ∼ 2 µm. For the first mask, the photoresist has a height of 6 µm, for the sec-
ond the height is 1.8 µm. The PDMS was cast against the photoresist master and
cured at 120 °C for 1 h. After curing the stamps were cut into discs with a diameter
of 𝑑stamp = 45mm in order to fix them into custom holders duringmetal deposition.
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Via thermal physical vapor deposition (PVD) we deposited gold/titanium/gold2 on
the stamps with thicknesses of 20 nm, 5 nm, and 20 nm, respectively. The PVD sys-
tem is located inside the glovebox. After metal deposition, the stamps were stored
inside the glovebox for 30min.

Transfer printing is also conducted directly inside the glovebox. While avoiding the
inclusion of air pockets, the metal covered stamp is placed on the P3HT covered
wafer and the substrate temperature is set to 100 °C for 4min, no additional exter-
nal pressure is applied. Then the stamp is carefully peeled from the substrate to
complete the process.

Si/SiO2 substrate

transfer printed source 
and drain electrodes

P3HT

400 µm

Figure 4.11.: Example photograph of a 2-inch Si/SiO2 wafer with a spin-coated P3HT thin-
film and transfer printed gold source and drain electrodes. [Uhl14]

To avoid electrical short-circuits, we removed P3HT from the edges of the wafer
with acetone before electrical characterization. Figure 4.11 shows a finished wafer
with P3HT and transfer printed interdigitated source and drain electrodes. Also
shown is a zoomed image, showing a microscope image of the interdigitated elec-
trodes. While the metal film transfers readily from the PDMS stamp to the P3HT
surface resulting in a high quality of the transfer print over the entire area of the
stamp, close inspection of the film in a microscope revealed several defects such
as particles and voids. Similar to pristine silicon substrates, we found that transfer
printing onto P3HT is also possible without external heating, but quality and repro-
ducibility are greatly improved when temperature is around 100 °C.

Electrodes transfer printed with working stamps cast against master A featured
channel lengths of 60 µm, 70 µm, 100 µm, 115 µm and 165 µm with a channel width

2This composition can provide better metal stability on P3HT surfaces [Hur04].
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of 40 000 µm, transfer printed electrodesmade frommaster B featured channel lengths
of 4 µm, 10 µm and 20 µm, with a width of 20 000 µm. While master B also included
channels of length 2 µm, those were not successfully transfer printed onto the P3HT
due to short-circuited channels (lateral stamp failure, see Section 4.2.7).

4.3.2. Electrical characterization of P3HT OFETs

The electrical characterization was done outside the glovebox in ambient air with
a probe-station and a Keithley SCS-4200 semiconductor characterization system.
Due to the small difference between HOMO and LUMO of P3HT (≈ 2 eV), we con-
ducted the measurements in darkness to prevent generation of excess charge carri-
ers.

Asmentioned earlier not all of the devices on a wafer were fully intact due to incom-
plete or defective transfer. Complete devices were characterized by measuring the
output- and transfer characteristics of the transistors. The silicon substrate served as
a common gate back contact, while source and drain electrodes were contacted with
tungsten probe needles individually. Figure 4.12 shows transfer and output charac-
teristics of selected P3HT transistors with different channel lengths. The transfer
characteristics were measured in the saturation regime at a constant drain-source
bias of 𝑉DS = −20V. Evidently, the devices show typical p-channel behavior with
low channel conductivity for positive gate-source bias and high channel conductiv-
ity for negative gate-source bias. The ratio between on- and off-current is approx-
imately 𝐼on/off ≈ 102.5. Also shown in the transfer plots is the gate leakage current
which limits the off-state current with ∼ 10 nA at 𝑉GS = 20V.

In Figure 4.13 transfer characteristics of transistorswith channel lengths 4 µm, 10 µm
and 20 µmare presented aswell as amicroscope photograph of transfer printed elec-
trodes on P3HT. For these devices the gate leakage current is lower, because the area
covered by a single transistor is smaller, consequently the on/off ratio is > 103.

From the transfer characteristics the threshold voltage, 𝑉th, can be determined. It
varies between 4V to 10V for the presented devices. The sub-threshold swing is
between 1V/decade to 3V/decade. Because the devices are not encapsulated and
measured under ambient conditions, their performance degrades rapidly. Within a
fewminutes of measurement time the transfer characteristics and threshold voltage
shift to more positive gate-source voltages and the off-current increases. This insta-
bility of the P3HT transistors makes a systematic analysis of the device performance
unfeasible. Additionally, the yield of successfully transfer printed electrodes is not
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Figure 4.12.: Output (top row) and transfer (bottom row) characteristics of selected P3HT
field-effect transistors with transfer printed interdigitated source and drain electrodes and
channel lengths of 30 µm, 50 µm and 75µm. Output characteristics are shown for different
gate-source voltages VGS =20, ..., -10, -20V. The dashed lines represent the gate leakage
current.

yet sufficient to fabricate a reasonable number of test devices. Typically, we were
able to measure only 4 to 6 transistors of single batch of ∼ 20 devices.

While the performance of theseOFETsdoes not competewith state-of-the-art P3HT
OFETs, we were able to demonstrate that transfer printing complex gold electrodes
with PDMS stamps onto a P3HT thin-film is indeed possible. In terms of on/off
ration and subthreshold swing the performance of the devices is better than compa-
rable devices fabricated in a bottom-gate, bottom-contact architecture with Ti/Au
source and drain contacts patterned by optical lithography and lift-off. Yet, the qual-
ity and reliability of the transfer print is not yet satisfactory. Additionally, we were
unable to fabricate devices with a channel length smaller than 4 µm.
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a b

Figure 4.13.: a. Transfer characteristics of selected P3HT field-effect transistors with transfer
printed interdigitated source and drain electrodes and channel lengths of 4 µm, 10 µm and
20µm. The arrow indicates the sweep direction. b. Optical microscope images of transfer
printed electrodes on-top of P3HT (channel length: 4 µm).

4.4. Summary

In summary, we found that conformal contact between stamp and substrate and
(mild) external heating are the primary factors that determine a successful metal
transfer print with PDMS stamps.

• PDMS stamps provide a straightforward and fast prototyping platform for
transfer printing experiments.

• Adhesion of metal films on as-cured PDMS stamps is low enough for transfer
printing of gold onto oxide surfaces.

• The gold films show higher roughness and stronger island character as com-
pared to gold films evaporated on the substrate directly.

• A backing layer can be used to increase the structural integrity of the PDMS
stamp.

• A glass backing allows the stamp to be held by a mask holder and alignment
with the target substrate is possible.



44 Chapter 4. Transfer printing with elastomeric stamps

• Conformal contact is best achieved with external pressure, but can easily re-
sult in collapse of features (roof collapse).

• Handling of the stamp can introduce cracks in the metal film, that eventu-
ally reduce the film cohesion enough to prevent successful, complete transfer
printing.

Overall, transfer printing gold layer with PDMS stamps onto inorganic substrates
such as silicon or glass can give good results, but the quality varies between experi-
ments considerably if no external pressure is applied. With pressure, however, roof
collapse is very likely. By following design rules for the stamp geometries, collapse
of features can be prevented, but the variety of applications is significantly reduced.



5. Transfer printing with
OrmoStamp® stamps

Metal transfer printing, fundamentally, is a mechanical process and relies on the
physical interaction of stamp, metal and substrate. As we have discussed in the pre-
vious chapters, stamps can be made from hard or softmaterials such as silicon or an
elastomer, respectively. Hard stamps provide excellent pattern replication, but high
pressure is necessary to ensure conformal contact between stamp and substrate;
soft stamps easily conform to (non-)planar surfaces, but are susceptible to distor-
tions under external load. Ideally, a stamp material would combine both qualities:
be flexible enough to allow transfer printing over large areas under minimal exter-
nal load, and have the structural stability to support very small features and/or large
distances between features.

Additionally, transfer printing stamps should be fabricated efficiently with a high
throughput method and the stamps should be inexpensive to warrant single use. In
order to employ transfer printing as part of a device fabrication scheme, stamps also
need to be transparent to enable optical alignment between stamp and substrate.

In the field of nanoimprint lithography, very similar requirements for the printing
molds apply. While in the beginning, hard molds made from silicon or quartz glass
were used, recently alternative materials have been developed. One of such mate-
rial is the commercially available, UV-curable, organic/inorganic hybrid polymer,
OrmoStamp® from micro resist technology GmbH, Berlin [Müh09, Sch13a]. Ow-
ing to its high elastic modulus (∼ 650MPa) it enables excellent pattern replication
down to < 50 nm feature sizes, while being sufficiently flexible to allow for confor-
mal contact over large areas. Additionally, its surface can be functionalized with a
self-assembled monolayer (SAM) of perfluorooctyl-trichlorosilane (PFOTS) to re-
duce its adhesion tometals, making it a promising candidate for a novel (n)TP stamp
material.
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In this chapter, we discuss how OrmoStamp® can be used as a very efficient and
effective stamp material for transfer printing of both micro and nanometer sized
metal patterns.

5.1. Stamp fabrication process

The fabrication of working stamps comprises two successive replication processes
(basically two adapted ultraviolet-nanoimprint processes): 1. negative replication of
a siliconmaster, and 2. replication of the negative template to obtain a positivework-
ing stamp. The fabricationmethod of the siliconmaster depends on the geometry of
the desired pattern and will be discussed in a later section. The replication process
mainly follows the manufacture’s instructions, a brief overview is given below.

Preparation of master

The surface of the silicon master is coated with an anti-sticking-layer (ASL) of per-
fluorooctyltrichlorosilane (PFOTS). First, the master is cleaned with acetone and
isopropanol and then exposed to a weak and short oxygen plasma (e.g. 200W, 30 s,
100 sccm O2-flow). The purpose of the oxygen plasma is to clean the surface from
carbon contamination and to activate the surface, which facilitates the following
SAM deposition. Then, the master together with a droplet (∼ 2 µl to 4 µl) of PFOTS
is placed in a desiccator and pumped with a lab pump for 30min. The droplet will
evaporate and its molecules will react with the activated silicon surface to form a
monolayer. Afterwards, the master is removed from the desiccator and placed on
a hot plate to bake it at 150 °C for ∼ 20min. Once the master has been coated with
the ASL, it can can be used to fabricate several OrmoStamp® replicas. While the
SAM treatment is quite stable and themaster can usually be reused overweekswith-
out noticeable degradation, the treatment can be refreshed any time by applying the
same procedure again.

Stamp backing and replication

OrmoStamp® replicas are a three layer system consisting of 1. a glass backing, 2. an
adhesion promoter (OrmoPrime08®), and 3. a structured layer of curedOrmoStamp®.
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Figure 5.1.: Schematic overview of OrmoStamp® fabrication process. a-b Fabrication of
silicon master with optical lithography and dry-chemical etching; d-e first OrmoStamp®
replication to obtain a negative copy of the master; g-i replication of the negative template
to obtain a positive working stamp.

For the first, negative copy of the silicon master, we usually use high quality 2-inch
glass wafers with a thickness of ∼ 500 µm. The glass wafers are first cleaned in ace-
tone and isopropanol, dried with pressured nitrogen and then cleaned and activated
in a strong oxygen plasma treatment (e.g. 600W, 5min, 100 sccm O2-flow). The
plasma treatment is critical to ensure good wetting of the adhesion promoter in the
subsequent coating step. OrmoPrime08® is deposited on the glass backing by spin-
coating, followed by a baking step at 150 °C for 5min.

Next, a defined amount of the OrmoStamp® resin is placed on the master and the
glass backing is placed carefully on the droplet. Without applying any pressure, the
resin spreads between master and glass to form a thin layer and fills up any gaps by
capillary forces. To ensure a uniform, planar surface inclusion of air pockets must
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be avoided and the amount of resin should be just enough not to overfill the stamp
surface. Table 5.1 shows some suggested quantities of OrmoStamp® for different
stamp sizes. The filling takes between 2min and 15min depending on the stamp size
and final OrmoStamp® thickness; ideally, the final thickness is ∼ 30 µm to 40 µm.

Table 5.1.: Suggested OrmoStamp® resin quantities for different stamp diameters. These
combinations result in a thickness of ∼30µm to 40 µm once cured.

Stamp diameter OrmoStamp® quantity

18mm 5µl

30mm 21µl

50mm 70µl

When the resin is fully spread, it is exposed to UV light from a mask-aligner (Hg
lamp, 350W, ∼ 7mW/cm2 at 365 nm (i-line)) for 120 s to initiate the curing process.
Afterwards, the glass plate togetherwith the cured polymer can be carefully released
from themaster by lifting the glasswith a thin razor blade. The cured replica requires
a hard bake for 30min at 130 °C on a hot plate. Because of a mismatch between
the thermal expansion coefficients of OrmoStamp® and glass, the replica should
be heated up and cooled down slowly during this step in order to limit the thermal
stress of the system.

Finally, the replica is also coated with a PFOTS SAM as described above. ForOrmo-
Stamp® a mild oxygen plasma should be used to prevent damaging the surface (e.g.
200W, 100 sccmO2, 45 s). Too intense or prolonged plasma treatment can result in
the growth of an porous silicon oxide at the surface. We checked the efficacy of this
SAM treatment 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°.

With the negative replica from the silicon master finished, we can use it as the tem-
plate to produce a positive working stamp following the same procedure. The final
working stamp is backed by a ∼ 0.1mm thin, inexpensive microscope cover glass. A
thin backing of the working stamp is favorable to retain the flexibility of the polymer
layer. This way, we obtain a transparent, semi-flexible, defect-free, identical copy of
the original silicon master. We are able to reliably produce multiple, identical work-
ing stamps from a single negative replica of a silicon master.

During the curing process theOrmoStamp® material shrinks by∼ 5%. Consequently,
without the glass backing the OrmoStamp® film would curl up and become unus-
able. Thanks to the rigid backing and because the replication process is two-fold,
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the final working stamp is, however, nearly identical to the master with respect to
the lateral feature dimensions [Nag16].

5.2. Transfer printing of microstructures

Patterning metal microstructures is a crucial step in any device and circuit fabrica-
tion scheme in order to provide precisely defined electrical contacts. Additionally,
microstructures can be inspected using an optical microscope, which makes them
an ideal test subject for transfer printing experiments. In this section we demon-
strate transfer printing of metal microstructures with working stamps made from
OrmoStamp®. Ourmain substrate is silicon for its defined, flat surface and its ubiq-
uitous use in microelectronics.

OrmoStamp®
working stamp

substrate

metal evaporation transfer printing separation

transfer printed metal pattern

Figure 5.2.: Schematic representation of metal evaporation and transfer printing with an
OrmoStamp® working stamp.

5.2.1. Master fabrication

As outlined in Section 5.1, OrmoStamp® working stamps are replicated from a sil-
icon master stamp. This master is usually fabricated by a combination of optical
lithography and dry etching. For the experiments presented here, we used both
commercial master stamps fabricated externally, as well as self-made masters.

The master fabrication is outlined in Figure 5.1. The desired pattern is defined with
optical lithography on a silicon wafer. The photoresist then acts as an etching mask
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in the subsequent dry etching step. Using reactive-ion etching (RIE) with SF6 and
CF4, the pattern is transferred into the silicon surface. The etching depth is givenmy
the etch rate for silicon multiplied by the etching time. It can vary between 0.5 µm
and > 2 µm and is mainly limited by the thickness of the photoresist mask.

5.2.2. Metallization

Similar to PDMS the surface of cured OrmoStamp® displays a hydrophobic char-
acter. However, without further modification, adhesion of metal to the stamp is too
strong to enable successful transfer printing. We can, however, use the well estab-
lished functionalization with a flourosilane based anti-sticking layer, to reduce the
surface free energy of OrmoStamp® sufficiently. Similar to PDMS and silicon sub-
strates, a gentle oxygen plasma treatment prior to the functionalization is required
to remove organic contaminants and activate the surface (generation of free reactive
silanol bonds for silane binding). However, only a short and gentle oxygen process is
recommended to avoid formation of porous silicon dioxide. The SAM is deposited
from its vapor phase in a desiccator (∼ 30min). Afterwards, excess silane accumu-
lations are removed by heating the stamp to ∼ 130 °C for > 20min. The O2 plasma
is critical for a good SAM formation and effective surface modification. We found
that metal transfer printing with stamps functionalized after insufficient O2 plasma
treatment yields very poor results. Additionally, the time between plasma treatment
and vapor deposition should be as short as possible.

After SAM treatment, the stamp can be coated with the desired metal layer. For
optimal results, metal deposition is done on the same day as SAM treatment. With
e-beam thermal evaporationwe deposited thin-films ofmostly 20 nm to 40 nm thick
gold and (optionally) 3 nm titanium. The titanium layer should act as a binding layer
between the silicon substrate and the gold film (see Section 5.2.5).

5.2.3. Process parameters

In contrast to PDMS stamps, transfer printing of metal layers to silicon substrates
does not occur readily with OrmoStamp® working stamps. The rigid (glass) back-
ing of the working stamps prevents conformal contact between stamp and substrate
without applying external pressure. We used one of our nanoimprinters to con-
duct the printing process. The substrate and stamp are placed in the imprinter. The
imprinters use a pressurized air cushion to apply the pressure from the top. Conse-
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quently, the stamp should always be on top of the substrate, which allows the stamp
to adapt to the surface. If the substrate is smaller than the stamp, this setup can,
however, lead to breaking of the stamp around the edges of the substrate. Confor-
mal contact is usually achieved with pressures ranging from as low as 0.2MPa up to
3MPa.

60 °C 100 °C

150 °C 200 °C

1 cm

Figure 5.3.: Transfer prints of 30 nmAu usingOrmoStamp®working stamps with a diameter
of 18mm on Si/SiO2 substrates at different temperatures but otherwise identical conditions.
At 60 °C no gold was transferred from the stamp to the substrate. At 100 °C and 150 °C
some metal was transferred and at 200 °C the pattern is completely transferred. The red
arrows mark areas where metal was transferred unintentionally from recessed regions of the
stamp.

Additionally, elevated temperatures are required to achieve full and reliable pattern
transfer. The required temperature depends on the target substrate. For silicon,
silicon oxide, or glass surfaces, best results are achieved at a maximum process tem-
perature 𝑇max of 200 °C. The temperature is held constant at 𝑇max for 4min before
reducing the temperature to ∼ 150 °C. Afterwards the external pressure is shut off
and the substrate can be removed from the imprinter and placed on a table where it
cools down to room temperature before the stamp is released from the substrate us-
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ing a thin razor blade. After transfer printingOrmoStamp®working stamps cannot
be reused.

For example, Figure 5.3 shows four photographs of Si/SiO2 substrates after trans-
fer printing of 30 nm Au thin-films with OrmoStamp® working stamps at different
temperatures for 4min each. For each of the transfer prints, the external pressure
was set to 1MPa. We clearly see, that for temperatures below 200 °C only partial or
no transfer is possible. At 200 °C the entire pattern is transferred successfully with
some defects at the edges of the stamp. Additionally, we see large continues areas
of transferred gold (marked with red arrows). In these regions the recessed part of
the stamp was in contact with the substrate (roof collapse).

5.2.4. Conformity & structural stability

One of the most significant problems with using PDMS stamps for transfer printing
is the limited structural stability, especially under external load. Owing to its much
higher elastic modulus (650MPa) OrmoStamp® working stamps should perform
much better in this regard. A direct comparison of the transfer printing perfor-
mance of PDMS and OrmoStamp® working stamps confirms this hypothesis:

We fabricated bothOrmoStamp® and PDMSworking stamps on 0.1mm thick glass
slides with a diameter of 18mm to 50mm from a 3-inch silicon master stamp with
arrays of different sized squares (3 µm, 5 µm, 10 µm and 20 µm edge lengths). The
protrusions on the stamphave a height of 300 nm. ForOrmoStamp®, the replication
process followed the two-fold procedure outlined above. The PDMS stamps were
fabricated as discussed in Section 4.1.1; the PDMSwas cast against a negativeOrmo-
Stamp® replica of the silicon master to obtain positive PDMS working stamps.

Transfer printing onto silicon substrates was conducted under equal conditions in a
NILT nanoimprinter at a constant pressure of 0.5MPa for 4min. For PDMS transfer
printing 𝑇max was 100 °C, forOrmoStamp® 𝑇max = 200 °C. Figure 5.4 shows a com-
parison of the transfer printed pattern. In the case of PDMS, roof collapse causes
unintentional transfer, in the case of OrmoStamp® no transfer from interspaces is
observed despite even larger spacing.

Using Equation 4.2 we can estimate the critical load 𝜎c forOrmoStamp® and PDMS
for the given geometries:

𝜎c, OrmoStamp® ≈ 3MPa, 𝜎c, PDMS ≈ 0.002MPa (5.1)



5.2. Transfer printing of microstructures 53

20 µm
20 µm

a b

Au/Ti
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Figure 5.4.:Optical microscope images showing transfer printed thin-films of 20 nm Au and
3nm Ti on Si/SiO2 substrates using either a PDMS or b OrmoStamp® as stamp material.
The protrusion height of the stamps is only 300 nm. With PDMS roof collapse causes unin-
tentional transfer from recessed regions of the stamp, while with OrmoStamp® no collapse
is observed - even for larger interspaces.

As expected, while the critical load forOrmoStamp® is well above the applied pres-
sure of 0.5MPa, for PDMS the limit is about three orders of magnitude lower, and
well below the applied pressure. The much higher critical load of OrmoStamp®
working stamps enables transfer printing of various geometries with challenging as-
pect ratios.

5.2.5. Titanium as an adhesion promoter for gold transfer printing

Adhesion of gold films on silicon or silicon oxide surfaces is generally weak. There-
fore, when using physical vapor deposition to deposit gold films, usually a thin ti-
tanium or chromium film is deposited first, which acts as an adhesion promoter
for the subsequent gold deposition. For example, for electrode fabrication typical
metal films are comprised of a thin 3 nm Ti layer and a 50 nm Au layer. For transfer
printed metal films it has been suggested that the presence of a thin Ti layer can also
improve the transfer printing and the adhesion of the Au film on silicon or silicon
oxide surfaces.

During our own research, we found that transfer printing of Au films is possible
without an additional Ti “binding” layer. In fact, we observed that in some cases the
presence of a Ti layer can in fact impede the transfer process.
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a b
30 nm Au on OrmoStamp® 30 nm Au transfer printed onto Si/SiO2

c d
30 nm Au + 3 nm Ti on OrmoStamp® 30 nm Au + 3 nm Ti  transfer printed onto Si/SiO2

topology phase25 nm

0 nm

Figure 5.5.: AFMmorphology and phase images of 30 nm thick Au layer on aOrmoStamp®
working stamp and b transfer printed onto Si/SiO2 substrate; and of of 30 nm + 3nm Ti on
c OrmoStamp® working stamp and d transfer printed onto Si/SiO2 substrate. The left
image is a 2 µm × 2µm topography scan with a height scale of 0 nm to 25nm, while the
right image shows the associated phase image. The phase is related to the PID controller
that drives the piezo-electric height scanner. Shifts in phase act as an edge-detector. In c-d
topology images are blurred due to a “double-tip” scan artifact. This has no implication on
the height information of the images. See Table 5.2 for details.
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Figure 5.5 shows AFM scans of different metal films evaporated on OrmoStamp®
working stamps and transfer printed onto Si/SiO2 substrates. From these images
and the extracted values from Table 5.2 we do not recognize any significant differ-
ence betweenAuandAu/Ti layers. But, if we look at the overall quality of the transfer
print, we find that the number of transferred structures can be lower for films with
Ti than for films without Ti. This is demonstrated in Figure 5.6, where photographs
of several transfer prints of 40 nm thick Au thin-films onto silicon substrates are
shown: (a) without a Ti layer, (b) with 0.3 nm Ti, (c) with 3 nm Ti and (d) with 10 nm
Ti. Cleary the number of successfully transfer printed metal structures is highest
without Ti and decreases with increasing Ti thickness. We can clearly see that the
best results (most Au transferred) are achieved without Ti. The stamp used here fea-
tures different microstructures with edge dimensions ranging from 2µm to 200 µm.
Upon close inspection of the transfer printed pattern in a microscope, we find that
small structures ≲ 20 µm are mostly transferred on all samples, while only larger
structures are missing with increasing thickness of the Ti layer.

Table 5.2.: Comparison of morphology characteristics for different metal films on Ormo-
Stamp® working stamps and on Si/SiO2 after transfer printing (compare Figure 5.5).

Material Film thickness (nm) RMS roughness (nm) P-t-P (nm) Median (nm)

Au Ti

OrmoStamp® 30 - 2.2 19.7 8.4

OrmoStamp® 30 3 2.1 20.6 10.9

Si/SiO2 30 - 2.3 24.8 8.6

Si/SiO2 30 3 2.1 16.4 7.7

We also tested the adhesion of the different metal films with a Scotch® tape test. A
strip of adhesive tape is placed on the transfer printed pattern and then removed.
While we tried to keep the speed of removal uniform across all test, we acknowledge
that this method is only a very coarse indicator for the adhesion of the thin-films.
Still, we consistently found that small structures <20 µm tend to pass the test, while
larger structures are readily removed by the adhesive tape. This result is indepen-
dent of the amount of Ti between substrate and Au.

Together these findings indicate that titanium should not be considered as an effec-
tive “binding layer” for transfer printing, but in fact can prevent successful transfer
of microstructures. The fact that mostly the transfer printing of larger structures is
affected by the Ti layer could indicate that the Ti layer reduces the cohesion of the
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a
40 nm Au

b
0.3 nm Ti + 40 nm Au

c
3 nm Ti + 40 nm Au

d
10 nm Ti + 40 nm Au
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0.2 mm

Figure 5.6.: Photographs of silicon substrates with transfer printed Au layers with varying
amount of Ti “binding layer” and corresponding optical microscope images of the transfer
printed structures. With no or little Ti the transfer yield is good (a+b). With more than 3 nm
Ti thickness the transfer is incomplete (c+d). The magnified images reveal that primarily
large structures >20 µm are not transferred while the small rectangles with an edge length
of 20 µm are mostly transferred on all samples.

metal film and thus increases the probability of film rupture during printing which
could lead to incomplete transfer.

5.2.6. Alignment

Most electronic devices and circuits are usually built from a multilayer process,
where different materials are patterned on a substrate consecutively. Each pattern-
ing step must be precisely aligned to the existing structures on the substrate. For
transfer printing to be used in a device fabrication scheme, alignment capabilities
must be implemented.

OrmoStamp® working stamps are fully transparent and thanks to the glass back-
ing have a flat backside. This allows us to mount them inside a conventional mask
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aligner with a custom made “mask holder”. Because the stamps are thin (typically
< 200 µm), there are no optical distortions from the stamp material. In an optical
microscope the contours of stamp features are clearly visible and can be used to
align the stamp with the substrate. Of course, once the stamp is coated with a metal
layer, its transparency is significantly reduced. However, a simple stencil mask can
be used during metal evaporation to keep alignment markers free and transparent.

Figure 5.7 shows the layout of typical alignment markers that we used for multilayer
transfer prints. The markers include a simple cross for XY and 𝜃 alignment as well
as several Moiré fringe structures. The latter use two sets of gratings with slightly
different periods, 𝑝1 and 𝑝2. When superimposed under illumination, a “beat” grat-
ing image (Moiré fringe) will form with a period of 𝑃 = 𝑝1 × 𝑝2/(𝑝1 − 𝑝2), which is
much larger than both 𝑝1 and 𝑝2, hence magnifying the original period by a factor
of about 𝑝1/(𝑝1 − 𝑝2) [Li06]. This amplification can be used to detect even minute
relative shifts of the two layers. For example in Figure 5.7 a misalignment of only
0.1° cannot be recognized when looking at the cross structure alone, but is clearly
visible as a misalignment of the “beat” pattern.

perfect alignment

misalignment: 0.1°

240 µm

Figure 5.7.: Alignment markers for two layer alignment with transfer printing. The orange
structures are on the substrate, while the green structures are on the stamp. The Moiré
fringe patterns reveal even minimal misalignment.
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With these alignmentmarkerswe are able to positionOrmoStamp®working stamps
on target substrates with an accuracy of better than ∼ 2 µm to 3 µm. The accuracy
is limited by the fact, that we do not yet have a fitting substrate chuck and thus pla-
narity of substrate and stamp cannot be ensured. Still, for simple two layer systems
this accuracy is sufficient.

When the gold covered OrmoStamp® working stamp is brought into contact with
the substrate during alignment, no metal is transferred from the stamp. For trans-
fer printing more pressure and - more importantly - higher temperatures are re-
quired (see Section 5.2.3). Once in contact, the stamp is released from the holder
and stamp and substrate can be removed together from themask aligner andmoved
to a nanoimprinter to conduct the actual transfer printing. During this transport the
stamp needs to be fixed to the substrate to prevent accidentalmisalignment. For this
purpose, we placed a small amount of UV-curable resin on the outer region of the
substrate, which is briefly exposed to UV light once the stamp is brought into con-
tact, thereby “glueing” the stamp to the substrate.

This method allows us to fabricate two layer systems with transfer printing. For
example, Figure 5.8 shows a photograph of a silicon chip, were gold structures were
transfer printed onto a substrate with pre-patterned aluminum electrodes. We will
use these structures in Chapter 6 and Chapter 7 to fabricate tunnel diodes and field-
effect transistors.

transfer printed Au pattern

pre-patterned Al structures

200 µm10 mm

alignment markers

Figure 5.8.: Two layer structures where a gold pattern is transfer printed onto pre-patterned
aluminum structures on a silicon substrate. The finished structures can be used as contacts
for field-effect transistors.
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5.3. Transfer printing of nanostructures

In the previous sectionwediscussed, howworking stampsmade fromOrmoStamp® can
be used to transfer print metal microstructures onto silicon substrates. In this sec-
tion, we will demonstrate how we use OrmoStamp® working stamps to transfer
print metal nanostructures, specifically “nanogaps” onto silicon substrates. These
gaps will later be used as the nm-length channels for thin-film transistors.

5.3.1. Template fabrication

In principle, the template fabrication follows the same procedure as in Section 5.2.1.
However, our processes for optical lithography are limited to feature sizes > 2 µm.
For smaller features, more advanced lithography methods have to be employed.

Focused Ion Beam

With a focused ion beam (FIB) nanostructures can be directly written into a sili-
con substrate. The ion beam is moved across the surface and the high-energetic
ions physically remove surface atoms, thereby etching a groove into the substrate.
Depending on the spot size of the ion beam, very thin and defined etches can be
realized.

We tried to fabricate a stampmaster featuring “nanogaps” by using a combination of
optical lithography and dry-etching to first fabricate silicon microstructures, which
are then separated by a focused ion beam. The resulting structure could than serve as
a master forOrmoStamp® replication. Figure 5.9 shows a schematic representation
of the proposed fabrication process.

After optical lithography, the microstructures were etched using reactive ion etch-
ing (RIE) to a depth of 400 nm. The sample was then transferred to a Zeiss scanning
electron microscope (SEM) with an integrated focused ion beam (FIB) gun. Using
this setup the SEM can be used to image the surface and to define the exact position
for FIB milling. Then the focused ion beam is moved on a defined path across the
surface. The spot can be moved several times across the same path to increase the
milling depth. Unfortunately, it was not possible to accurately measure the achieved
depth after milling using only the SEM. We therefore tried several different combi-
nations of parameters to mill grooves into a silicon substrate, which we then char-
acterized afterwards with atomic force microscopy (AFM). Unfortunately, we found
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Figure 5.9.: Proposed silicon master fabrication with a combination of a optical lithography,
b reactive ion etching and c a focused ion beam to define microstructures separated by
“nanogaps”.

that the parameters are not stable and the milling results can vary significantly be-
tween different milling sessions.

Nonetheless, after some trial and error we were able to mill grooves in the substrate
that had a lateral dimension of ∼ 90 nm and an etch depth of ≈100 nm. Figure 5.10a
shows a tilted SEM image of a groove etched into an elevated siliconmicrostructure.
We then used the processes described above to produce an OrmoStamp® working
stamp from this silicon master. Figure 5.10b shows an optical microscope image
of the finished working stamp, displaying the cut through the microstructure. Af-
ter evaporation of a thin film of 20 nm Au and 3 nm Ti on the stamp, we transfer
printed the metal film to a silicon substrate using our standard transfer printing
recipe. Figure 5.10c and d show SEM images of the transfer printed metal layer on
silicon. Because the microstructure was ∼ 100 µm in width, we had to use two FIB
milling jobs with a maximum length of <50 µm, which were connected by a third
job (marked in Figure 5.10c). The magnified view in Figure 5.10d reveals that the
“nanogap” is not completely free of Au. Especially on the left, the edge roughness
is high, the edge is not well defined and the gap is bridged by small gold particles.
An electrical measurement of the resistance across the “nanogap” also confirms that
the gap is in fact conductive.

Comparing the SEM image of the etched “nanogap” with the close-up view of the
transfer printed metal film, we find that one side of the structure is less defined that
the other. This is related to the etching mechanism of the ion beam. When the
beam is moved across the substrate, surface atoms are physically removed by the
ions hitting the surface. These atoms can however reattach to the sidewalls of the
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Figure 5.10.: Transfer printing of a FIB-etched “nanogap”. a. SEM image of the etched
“nanogap” in silicon. b. Replicated OrmoStamp® working stamp. c. Metal thin-film
transfer printed with OrmoStamp® replica. The arrows mark the three individual milling
jobs. d. Close up view of the transfer printed “nanogap” revealing the insufficient quality
of the gap.

etched structure, if they are not evacuated sufficiently fast by the vacuum pump.
This will lead to a build up of sputtered material at the sidewalls of the structure
(compare Figure 5.11b). Consequently, the final profile of the groove is more v-
shaped than u-shaped. When metal is evaporated onto such a gap, the film will also
cover the tilted sidewalls. During transfer printing thismetal will also be transferred
to the substrate, effectively closing the gap.

The v-shaped etch profile is a major drawback of the FIB etching process. For trans-
fer printing steep, ideally orthogonal, sidewalls are required to achieve sharp, de-
fined structures during transfer printing. This can only be achieved with a reactive
etching process, where the surface atoms are chemically changed such that redepo-
sition is prevented. There exists a FIB process, where a precursor gas is injected from



62 Chapter 5. Transfer printing with OrmoStamp® stamps

redeposited material

scan direction
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evaporated metal

OrmoStamp® working stamp
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Figure 5.11.: Schematic representation of the focused ion beam (FIB) etching process.
a. The ions from the beam physically remove surface atoms, which can reattach to the
sidewalls of the etched structure. b. The resulting v-shaped etch profile is unfavorable for
transfer printing as the sidewalls of the gap are being coated during metal evaporation.

a nozzle close to the FIB spot on the surface. Together with the precursor gas the
ions from the beam can then induce a local chemical etching of the surface, which
results in steep sidewalls [You93]. As this process was not available at our lab, we
did not further investigate this approach.

Electron-beam lithography

Themost commonmethod for nano-patterning is electron beam lithography (EBL),
where a focused beam of electrons is used to expose a thin layer of polymer on the
substrate. As the typical spot size of an electron beam is only a few nanometers,
very precise structures can be written in the resist. Depending on the resist type and
resist thickness structures as small as <10 nm can be achieved [Lee13]. The major
drawback of EBL is its inherently low throughput and the associated high costs for
a single exposure.

As opposed to the FIB process where the structure is written directly into the sub-
strate, in EBL the pattern is written in a thin polymer layer on top of the substrate,
which subsequently serves as an etchingmask for a dry-chemical etching step (RIE).
This is analogous to the procedure for micro-structured stamp templates in Sec-
tion 5.1.

Figure 5.12 depicts the layout for a nano-transfer printing (nTP) stamp. It features
microstructures with edge lengths ranging from >100 µm to 1 µm to 1 µm that are
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Figure 5.12.: Layout for a nano-transfer printing stamp. The stamp features microstructures
with edge length ranging from >100µm to 1 µm that are separated by as little as 800 nm,
400 nm, 200 nm, 100 nm and 50nm.

separated by thin gaps as small as 800 nm, 400 nm, 200 nm, 100 nm and 50 nm.
These structures can be used, e.g., as electrical contacts for thin-film transistors (see
Section 5.4) with sub-µm channel length.

In order to transfer print such a structure successfully the protrusion height for the
stamp needs to be sufficiently high to prevent roof collapse during printing. Conse-
quently, a high etch depth is required during the dry-chemical etching step, which in
turn requires a thick polymer mask during etching. The polymer thickness is, how-
ever, limited by the minimal feature spacing of 50 nm. Both e-beam lithography and
etching of the stamp was conducted by IMS Chips Stuttgart. Figure 5.13 shows SEM
images of a test exposure, where a single line with a critical dimension of 50 nm was
etched 300 nm in silicon with a resist thickness of 30 nm.

The final stamp template fabricated by IMS Chips Stuttgart features the structures
shown in Figure 5.12 repeated several times and with varying number of horizontal
lines.

For the OrmoStamp® working stamp fabrication, the thin 50 nm “gaps” are partic-
ularly challenging. In the first, negative, replication step, the gaps turn into 50 nm
wide and 300 nm high “walls” of OrmoStamp®material. If the stability of the cured
polymer is insufficient, these structures might collapse. In fact, we found that when
theOrmoStamp® resin is used close to or after its specified shelf lifetime, replication
of these structures is impossible.
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the steep etch profile. b. Top-view of the trench with a gap size of 51 nm. Courtesy of IMS
Chips Stuttgart.

5.3.2. Nano-transfer printed interdigitated electrodes

Using the template fabricated by EBL and RIE as explained in the previous section,
we transfer printed metal structures onto silicon / silicon dioxide substrates with
OrmoStamp®working stamps. Figure 5.14 shows an example SEM image of a 30 nm
gold film transfer printed onto a Si/SiO2 substrate. Overall the transfer pint quality
is comparable to other miro-transfer prints with OrmoStamp® working stamps, as
most of the structures have been transferred. Also, no significant roof collapse is
observed between the structures, indicating that the etch depth of 300 nm is indeed
sufficient. Upon closer inspection we found that the critical dimensions are not fully
transferred. Figure 5.14(c) and (d) depict magnified views on one of the smallest
“nanogaps”. The minimal distance between the gold stripes should be ∼ 50 nm, but
the gap measures ∼ 110 nm. The nominal width of the gold stripes themselves is
1 µm. In the SEM images this width is only ∼ 910 nm. In fact, measurements of the
width of the 200 nm, 400 nm and 800 nm gaps reveal that all are about 50 nm wider
than expected.

SEM images of the Si master, though, are in very good agreement with the specified
dimensions. Repetitions of the experiments revealed that the feature lengths can
vary up to 50 nm. Presumably, the variation is related to the challenging aspect-ratio
of 50 nm gap width to 300 nm etch depth. In other experiments, where we transfer
printed highly periodic nano structures (such as 40 nm lines) no such variation was
observed [Nag16].
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Figure 5.14.: SEM images of a 30 nm thick gold film transfer printed onto a Si/SiO2 sub-
strate. The “gaps” in c, and d correspond to the 50 nm “gaps” as defined on the Si master.

5.4. Sub-µm channel organic field-effect transistors
with transfer-printed electrodes

As explained in Section 4.3, there is great interest in fabricating/patterning metal
electrodes directly on-top of organic semiconductors, such as P3HT. Using elas-
tomeric stamps made from PDMS we were able to fabricate source and drain elec-
trodes for organic thin-film transistors (OTFT) with channel lengths down to 4 µm.
Shorter channels could not be realized due to the high elasticity of PDMS which
causes sagging or collapse of structures (compare Section 4.2.7) and resulted in
short-circuited structures.

In general, fabrication of top-contact organic thin-film transistors (OTFT) with a
channel length < 1 µm is very challenging. Park et al. demonstrated a successful pat-
terning of gold source and drain electrodes directly on-top of a pentacene thin-film
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with electron-beam lithography by using a fluoropolymer resist [Par13]. However,
to avoid the exposure of the organic thin-film to potentially harmful radiation or
solvents, other approaches are being actively developed. One of the most promising
technologies is based on stencil masks [Kaj14, VM12, Sid10]. These are very thin
membranes that are put on the organic thin-film during metal evaporation. This
allows solvent and chemicals free patterning of metal structures. While there have
been tremendous advances in terms ofminimal achievable structure size, the biggest
problem of high resolution stencil masks are their mechanical fragility and the high
costs of production.

In this section, we show how working stamps made from OrmoStamp® material
can be used to transfer print gold source and drain contacts onto P3HT thin-films
to fabricate field-effect transistors. As compared to the transistors from Section 4.3
thatwere fabricatedwith PDMS stamps andwhere theminimumchannel lengthwas
limited to about 4 µm, with OrmoStamp® working stamps channel lengths from
several micrometer down to < 100 nm can be realized. Parts of this section have
been previously published in [Cak15].

5.4.1. Material and methods

We used highly p-doped Si wafers with a thermally grown SiO2 dielectric (∼ 45 nm
to 65 nm thick) as substrates. As organic semiconductor we chose poly(3-hexyl-
thiophene-2,5-diyl) (P3HT). The P3HT was deposited on the substrates in a nitro-
gen atmosphere inside a glovebox. The P3HT is first dissolved in a suitable organic
solvent such as dichlorbenzene (DCB) and then deposited on the Si/SiO2 wafer via
spin-coating. Prior to spin-coating, the wafer is exposed to an oxygen plasma which
improves the wetting of the solution on the wafer. After spin-coating wafer and
P3HT are annealed on a hot-plate at 140 °C for 10min. This procedure results in a
P3HT film thickness of about 70 nm to 80 nm.

The stamp fabrication follows the recipes outlined in the previous sections. For µm-
sized devices we used a master fabricated with optical lithography and reactive ion
etching (layout Appendix A.1 type B), for sub-µm devices we used the previously
described master fabricated by e-beam lithography and reactive ion etching. Both
masters feature interdigitated electrodes with different channel lengths. The etch
depth of the the masters are ∼ 400 nm and ∼ 300 nm for the µm and nm-master, re-
spectively. TheOrmoStamp®working stamps for bothmasters are backed by a thin
(0.1mm thick) microscope cover glass.
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Metal evaporation on the working stamps is done directly after coating the stamps
with a PFOTS anti-adhesion layer (Section 5.2.2). In contrast to Section 4.3, where
we used PDMS stamps to transfer print Au/Ti/Au layers onto P3HT, here, we trans-
fer printed only pure Au films. We found that the titanium interlayer does not
improve mechanical stability of the metal film when transfer printed with Ormo-
Stamp® working stamps.

The transfer printing cannot be performed inside the glovebox atmosphere because
external pressure is necessary to ensure conformal contact between the stamp and
the P3HT substrate. Insteadwemoved the substrates and stamps to aNILTnanoim-
printer. The gold covered stamp is placed on the P3HT substrate, and a pressure
of ∼ 0.2MPa is applied. The substrate temperature is set to 100 °C for 4min, then
cooled to 60 °C and the pressure is released. Afterwards the stamp can be peeled
from the substrate. Interestingly, while transfer printing gold layers with Ormo-
Stamp®working stamps onto pristine Si substrates requires temperatures of 200 °C,
here only 100 °C were necessary. With temperatures below 90 °C no transfer print-
ing onto P3HT was observed. In Figure 5.15 scanning electron microscope (SEM)
images of the nm-channel devices are shown. The SEM images confirm the channel
length of the electrically measured devices within ±10%. Figure 5.15c and d show
the electrodes of 50 nm device after and before electrical characterization, respec-
tively. After measurement we observed that some of the electrodes were “wrinkled”,
which we attribute to local heating of the material due to high currents through the
semiconductor underneath the electrodes.

Electrical characterization of the devices was then conducted in ambient conditions
under darkness within a few hours of the final fabrication step with a Keithley SCS
2400 semiconductor characterization system. We used tungsten probe needles to
contact individual source and drain electrodes and a bottomback contact to connect
the global gate electrode. Because the tungsten needles easily penetrate both the
thin Au and P3HT films it is very challenging to establish a reliable electrical contact
for testing. As remedy, we placed very small droplets of gallium-indium eutectic on
the probe needles, which provide a soft, ohmic contact to the gold electrodes [Dic08,
Chi08]. In the SEM image in Figure 5.15a residual GaIn is visible on some of the
electrodes.
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Figure 5.15.: Scanning electron microscopy (SEM) images of transfer printed source-drain
electrodes on a P3HT thin-film. a. Full view of several devices. The droplets on some of the
electrodes are residual GaIn eutectic used to contact the individual transistors. b. Zoomed
image on a set of transistors with different channel length. c. Zommed image on a 50 nm
channel after electrical measurement, and d. before electrical measurement. The elec-
trodes are visibly damaged due to the high drain-source bias applied during measurement
and the high current densities underneath the electrodes.

5.4.2. Electronic characteristics of P3HT transistors

Figure 5.16 shows the output- and transfer characteristics of selected P3HT thin-
film transistors with transfer printed source and drain gold electrodes with a chan-
nel width of 𝑊 = 20 × 103 µm and channel lengths of 𝐿 = 2 µm, 4 µm, 10 µm and
20 µm. We observe typical 𝑝-type channel characteristics with increasing gate cur-
rent for higher negative gate-source bias. Within the applied drain-source bias we
can also observe onset of saturation for all channel length. The transfer character-
istics show subthreshold swings of ≈ 1V/decade. The subthreshold swing is worse
for the 2 µm device, indicating a less efficient gate-control. Overall these charac-
teristics are very similar to the characteristics obtained from devices where the gold
electrodes were transfer printed using a PDMSworking stamp (see Section 4.3). But
thanks to the lower elasticity of the OrmoStamp® working stamps as compared to
PDMSworking stamps, we can successfully fabricate deviceswith only 2 µmchannel
length.
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Figure 5.16.: Output (top row) and transfer (bottom row) characteristics of selected P3HT
field-effect transistors with transfer printed interdigitated source and drain electrodes and
channel lengths of 2 µm, 4 µm, 10 µm and 20µm. Output characteristics are shown for
different gate-source voltages, VGS = 0, -5, ..., -20V. The dashed lines represent the gate
leakage current. [Cak15]

Using the nTP working stamp we could also fabricate sub-µm channel devices. The
device characteristics are shown in Figure 5.17. All measured devices had a chan-
nel width of 288 µm and channel lengths of 800 nm, 400 nm, 200 nm, 100 nm and
50 nm. The 50 nm devices were not always functional due to electrical shorts be-
tween source and drain. The output characteristics of the devices show a different
behavior as compared to the µm-channel devices. Saturation is not achieved and
the drain current begins to increase for higher drain-source bias. The transfer char-
acteristics also show that the on/off ratio is smaller and the subthreshold swing is
significantly higher (≈ 4V/decade). This indicates that the gate control is weaker
for the nm-channel devices. For the 100 nm device long-channel behavior is totally
lost. The subthreshold swing becomes much worse (≈ 50V/decade) and the device
cannot be turned off any more. Also note that the measured currents in the trans-
fer characteristics at −2V are actually lower than the corresponding values in the
output characteristics. We attribute this to the fact that the transfer characteristics
weremeasured before the output characteristics and the bias stress duringmeasure-
ment increases the conductivity of the organic semiconductor. Of course, due to the
very short channels an applied gate-source bias of 10V corresponds to an electric
field strength of 12.5MV/m and 100MV/m for a 800 nm and 100 nm channel, re-



70 Chapter 5. Transfer printing with OrmoStamp® stamps

spectively. Both values are greater than the dielectric strength of air (∼ 3MV/m).
These high fields combined with the high current densities, result in a much faster
degradation of the material.
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Figure 5.17.: Output (top row) and transfer (bottom row) characteristics of selected P3HT
field-effect transistors with transfer printed interdigitated source and drain electrodes and
channel lengths of 50 nm, 100 nm, 200 nm, 400 nm and 800nm. Output characteristics are
shown for different gate-source voltages, VGS = 0, -5, ..., -20V. The dashed lines represent
the gate leakage current. [Cak15]

In repetitions of the experiment, the gate control over the devices was usually even
less pronounced. For example, Figure 5.18 compares the output characteristics of
two sets a & b of sub-µm P3HT transistors, where set a corresponds to the devices
shown in Figure 5.17. Evidently, in set b no gate control is observed and the charac-
teristics are mostly linear in the log-log plot indicating a strong dependence of the
drain current on the gate-source bias.

The weak gate control and non-saturating output characteristics could indicate that
the charge transport through the nm-channel devices is dominated not by the cur-
rent flow through the channel region, but instead by a so called space-charge-limited
current which flows through the bulk of the semiconductor material and is highly
dependent on the drain-source voltage,

𝐼D ≈ 9𝜖s𝜇SCLC𝐴𝑉 2
DS

8𝐿3 , (5.2)
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Figure 5.18.: Log-log plot of output characteristics of two sets a & b of sub-µm P3HT tran-
sistors with transfer printed source and drain electrodes for different gate-source voltages
VGS = 0, -5, ..., -20V. In set b no gate control is observed and the current increases expo-
nentially with drain-source voltage. The solid black line indicates a quadratic dependence
on the drain-source bias.

where 𝐼D is the drain current, 𝜖s the dielectric constant of the P3HT film, 𝜇SCLC

the SCLC mobility, 𝑉DS the applied voltage, 𝐴 the semiconductor cross-sectional
area, and 𝐿 the channel length [Sze06]. In Figure 5.18 the solid line represents a 𝑉 2

DS

dependence. Most of the measured curves do not fit this dependence exactly, but
the curves from the 50 nm and 100 nm devices are approximated quite well. At bias
higher than ≈ 8V the dependence is even stronger than quadratic.

5.4.3. Conclusion

In summary, we have demonstrated successful application of our (n)TP technology
to fabricate Au source and drain contacts directly on top of an organic semiconduc-
tor (P3HT). Transfer printing is possible at lower temperatures as compared to bare
Si substrates. Quality of the drain and source electrodes is excellent, down to 100 nm
channel length. At 50 nm channel length, short-circuits between the electrodes can
occur during printing.

The electrical performance of transistors with µm channel length is comparable
to top-contact transistors fabricated by transfer printing with PDMS stamps. In
terms of on/off ratio and sub-threshold swing our P3HT transistors can compete
with other state-of-the-art P3HT transistors (e.g. [Zha12]), however our measured
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field-effect mobility of ≈ 1 × 10−4 cm2/(V s) is generally one order of magnitude
lower than reported elsewhere [Bao96]. Improving the film deposition and better
control over the film morphology should improve this number. Additionally, the
quality of the solvent used to prepare the P3HT solution can have a huge impact on
the device performance. Lastly, many groups functionalize the SiO2 surface with a
self-assembled monolayer, such as OTS, to improve the film quality [Maj06]. The
sub-µmdevices suffer from short-channel effects arising from the high electric fields
between source and drain, these effects are expected for devices with channel length
shorter than ∼ 2 µm [Loc08]. Reducing the film thicknessmight be a viable approach
to reduce the short-channel effects. Here, the top-contact configuration has the
great advantage that the charge injection into a very thin-channel region should still
be possible as compared to bottom-contact devices [Zha12, Ris14].

Overall we could show, that transfer printing with OrmoStamp® working stamps
can be a viable approach to define the source and drain contacts directly on top of
a polymeric semiconductor for both µm and nm-sized structures. This is a key re-
quirement to study the performance and characteristics of these devices. Here, we
chose P3HT as a p-type semiconductor. Initial experiments on thin-films of the n-
type semiconductor poly-bis(alkylthiophenyl)thienothiophene (PBTTT) [McC06]
have shown that transfer printing is equally possible under the same conditions as
for P3HT. Future work can focus on the quality of the semiconductor film and sub-
strate before deposition to improve the overall device performance. Additionally,
different electrode layouts can be tested to improve the quality of transfer printed
sub-100-nm channels.



6. Transfer printing on aluminum
oxide

Aluminum has beed widely used in the microelectronics industry as a metallization
layer. Its oxide (Al2O3) is an efficient insulator with a relative dielectric constant
(permittivity) of ≈ 9-10.

Thin layers of Al2O3 can be deposited in an atomic layer deposition (ALD) pro-
cess. In a chamber under high vacuum, a gaseous reactant is released that reacts on
the heated substrate surface to form an intermediate product. Then, the chamber
is purged and a second reactant is introduced which reacts with the intermediate
product to form the desired product on the surface. Each of the reactions is self-
terminating such that exactly one monolayer of a product is formed in each cycle.
This process is repeated until the desired film thickness is reached. While ALD is
generally advantageous for growing thin-films with a thickness below 10 nm, in the
case of Al2O3 it is very difficult to achieve closed films below 6 nm due to island-
growth.

Direct oxidation of aluminum is a very promising approach to obtain very thin, but
electrically insulating aluminumoxide films. In air, aluminum already forms a native
oxide which is about 1 nm to 2 nm thin. An increase in thickness can be achieved by
O2 plasma oxidation. For example, Kim and Song [Kim06] usedO2 plasma oxidation
to grow a 5 nm thin Al2O3 layer on top of a preexisting Al electrode. The oxide
was then employed as a dielectric for an organic thin-film transistor (OTFT). The
reported gate leakage currents were ∼ 1 × 10−5A/cm2 at a gate-source voltage of
𝑉GS = 2V.

The leakage current can be significantly reduced by introducing an insulatingmolec-
ular self-assembled monolayer on top of the aluminum oxide surface. It has been
shown that phosphonic acid based anchor groups readily bind to aluminum oxide
surfaces [Ma12]. Klauk et al. [Kla07] demonstrated thin-film transistors employ-
ing such hybrid gate dielectrics with a total thickness of only ≈ 6 nm and leakage
currents of ∼ 5 × 10−8A/cm2 at 𝑉GS = 2V.
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Consequently, thin aluminum oxide is a very interesting material for both thin-film
device fabrication, as well as studying the electronic properties of phosphonic acid
based molecular layers. In this chapter, we will first discuss how thin-films of alu-
minum oxide can be fabricated using a plasma oxidation process of Al and charac-
terize the aluminumoxide electrically withAl/AlOx/Au junctions that are fabricated
by using both transfer printing and conventional lithography. We will then, func-
tionalize the aluminum oxide with different molecular layers and study the impact
on transfer printing yield and the electronic properties.

6.1. Plasma-grown aluminum oxide

When an O2 plasma process is used to oxidize an Al thin-film, we generally refer to
this oxide as AlOx instead of Al2O3, because the exact stoichiometric composition
of the oxide is not defined. As mentioned in the introduction different groups have
previously reported on “self-grown” AlOx using a plasma oxidation process. Our
goal is to reproduce the results with our own equipment and then test the oxide
with regard to transfer printing.

We pick three publications as reference: the aforementioned publications by Kim
and Song [Kim06], one from Jedaa et al. [Jed09], which compares different plasma
processes, and lastly a report from Schmaltz et al. [Sch13b] In each of the reports, a
thin AlOx layer was fabricated by exposing a thin-film of Al to O2 plasma.

Table 6.1.: Comparison of different O2 plasma process parameters for Al oxidation.

Publication Type Power (W) Pressure (Pa) Duration (s) O2 flow (sccm)

Kim and Song [Kim06] ? 50 4 600 10

Jedaa et al. (A) [Jed09] RIE 200 10 30 ?

Jedaa et al. (B) [Jed09] RF 200 200 120 ?

Schmaltz et al. [Sch13b] ? ? ? ? ?

RIE: Parallel-plate reactive ion etcher (13.56MHz), RF: barrel etcher (40 kHz), ?: not reported

As is evident fromTable 6.1 the used parameters for the plasma process - if reported
- vary quite significantly. The plasma is often described as “a mild oxygen plasma”.
It is very problematic to compare the given parameters as, for example, the effective
power of the plasma depends on the geometry of the specific reactor. So in order
to develop our own plasma process, it is more instructive to compare the electronic
characteristics of the AlOx dielectric layers.
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Figure 6.1.: Comparison of current density through Al/AlOx/Au junctions, where the AlOx
is self-grown on Al using a custom O2 plasma process. Values are extracted from curves
published in references given in Table 6.1.

In all publications electrical measurements were conducted on Al/AlOx/Au junc-
tions of a defined size. First, the aluminum electrodes were thermally evaporated
through a stencil mask, or evaporated and then photolithographically patterned,
and then exposed to the oxygen plasma treatment. Secondly, the top Au electrodes
were evaporated through a second stencil mask, or patterned with photolithogra-
phy. Finally, a bias was applied between the Al and the Au electrodes and the cur-
rent was measured. Figure 6.1 shows current-voltage characteristics of Al/AlOx/Au
junctions extracted from curves reported in the aforementioned publications. The
general form of the curves is very similar, with an exponential rise in current density
for increasing bias. For Jedaa et al. we find a significant difference between the two
plasma processes. The authors argue that the difference in current density is related
to a different dielectric constant 𝜖 of the resulting AlOx film of ≈ 9 for method A
and ≈ 5 for method B.

6.1.1. Self-grown AlOx in a microwave plasma

In order to establish our own plasma process for AlOx growth, we first tested dif-
ferent plasma parameters in a commonmicrowave plasma asher (see Section 2.3.1).
For this test, we used a silicon wafer with a 200 nm thick, thermally grown SiO2

as an insulating substrate, where we first patterned ca. 30 nm thick Al electrodes
with optical lithography, physical vapor deposition and lift-off. Then, the substrate
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was exposed to the plasma process, and finally Au electrodes were patterned with
optical lithography and lift off. The finished sample featured multiple Al/AlOx/Au
junctions with a defined size of, e.g, 25 µm× 25 µm. Figure 6.2 shows an example of
such test structures after Au lift-off.

Au electrodes

Al electrode
200 µm

a b

Figure 6.2.: Schematic representation of layout for Al/AlOx/Au test structures and actual
microscope photograph of photolithographically patterned structures on a Si/SiO2 wafer
for electrical testing.

Each sample was exposed to different O2 plasma settings. We used settings that are
similar to the settings as described above. Table 6.2 gives an overview of the different
settings.

Electrical characterization of the junctions was carried out by contacting tungsten
probe needles to the Au and Al electrode respectively and by measuring the current
density accross the junction for different bias voltages with a Keithley SCS4200 pa-
rameter analyzer. For each sample we measured at least 6 to 9 junctions with a size
of 25 µm × 25 µm and averaged the current.

Table 6.2.: Comparison of different O2 plasma process parameters for Al oxidation in a
microwave plasma asher.

Power (W) Pressure (Pa) Duration (s) O2 flow (sccm) j(V=2V) (A/cm2)

Sample #1 – no plasma – 4× 10−3

Sample #2 600 80 600 100 20× 10−3

Sample #3 50 30 600 20 22× 10−3

Sample #4 200 30 600 20 23× 10−3

Sample #5 400 30 600 20 33× 10−3

Figure 6.3 shows current-voltage plots for each sample. Positive bias was always on
the Au electrode. In Figure a the breakdown characteristics of selected junctions are
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Figure 6.3.: Current density though Al/AlOx/Au junctions where the Al was oxidized in an
microwave O2 plasma process. a. Breakdown characteristics of selected junctions. b. Av-
eraged sweeps of multiple junctions of the same size. Note that while sample #1 was not
exposed to an O2 plasma prior to Au evaporation, it displays the lowest current density.
Positive bias on Au electrode.

shown, while in Figure b the averaged plots ofmultiple junctions of the same type are
depicted. In Table 6.2 the current value for a bias of 2V is given. Overall the curves
are very similar to the one from Jedaaa et al. for plasma method A (RF plasma).
For bias below 2V positive and negative sweeps are symmetrical, the breakdown is
higher for positive bias as compared to negative bias (∼ 4V and ∼ −2V, respectively.)

Comparing our curves to the references from Figure 6.1 we find that our samples
show similar characteristics as the ones from Jedaa et al. method A. Interestingly,
we measure the lowest current density with our reference sample, which was not
exposed to an O2 plasma process prior to Au deposition. This could indicate, that
the native Al oxide is actually damaged by the plasma process, instead of growing
more oxide.

6.1.2. Al/AlOx/Au junctions with transfer printed Au electrodes

In the previous section, we found that the a microwave O2 plasma process has a
minimal effect on the native oxide of an Al electrode. Both the bottomAl electrodes
as well as the top Au electrodes were fabricated using photolithography, physical
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vapor deposition (PVD) and lift-off. In this section, we will fabricate the top Au
electrodes with transfer printing.

For the plasma treatment of the Al electrode we again use the microwave plasma
asher with the following parameters: 50W power, 20 sccm O2 flow, 30 Pa pressure,
10min.

For transfer printing we use the same electrode layout as depicted in Figure 6.2. Us-
ing our processes described in Section 5.2.1 we first fabricate a silicon stampmaster
with an etch depth of 400 nm and then replicateOrmoStamp®sec:ormo-tp working
stamps for transfer printing. The stamps feature alignment markers similar to the
ones shown in Figure 5.7. The markers allow us to position the stamp at the correct
location on the substrate.

When we transfer print the Au electrodes, the gold layer has to overform the pre-
patterned Al structures. If we structure the Al electrodes with photolithography
and lift-off, the edges of the structures can be quite steep, or even bulge. This might
be a problem for transfer printing and could cause a rupture of the Au film. To
prevent this problem we changed the Al patterning: instead of photolithography
and lift-off, we first deposit a thin layer of max. 30 nm Al on the entire substrate,
which is subsequently patterned using photolithography and wet-chemical etching
(see Appendix A.2). This approach has the advantage that the edge profile of the
patterned Al structures on the substrate is rounded (see Figure 6.4 for a comparison
of two Al lines fabricated with either lift-off or etching).

Overall, we fabricated samples

1. without O2 plasma treatment of the Al electrodes (native oxide), where the Au
electrodes is deposited using photolithography and lift-off (PVD);

2. with O2 plasma treatment of the Al electrodes, where the Au electrodes is
deposited using photolithography and lift-off (PVD);

3. without O2 plasma treatment of the Al electrodes (native oxide), where the Au
electrodes is deposited using transfer-printing (TP);

4. and with O2 plasma treatment of the Al electrodes, where the Au electrodes
is deposited using transfer printing (TP).

Figure 6.5 shows two photographs of a sample fabricated where the Au electrodes
where fabricated with lift-off and another where the Au electrodes where transfer
printed. In both cases the film thickness is 80 nm. For transfer printing, we used
our standard conditions (𝑇 = 200 °C, 𝑃 = 100 kPa, and 𝑡 = 4min). The transfer



6.1. Plasma-grown aluminum oxide 79

lift-off etching

Figure 6.4.: Topography of a 30 nm thick, and 2 µm wide Al line on a silicon surface, that
was either patterned by lift-off or wet-chemical etching. The AFM scan of the lift-off line
shows a strong bulge on the left edge of the line, while the etched line is symmetrical. The
bulge is visible on the left for both trace and retrace scans, indicating that it is not caused
by an AFM measurement artifact. Its measured height though could be affected by AFM
measurement hysteresis (“vertical creep”).

printed sample in Figure 6.5 exhibts an overall good transfer quality with most of
the structures transfer printed flawlessly and only minimal roof collapse. In the top
part of the sample noAuwas transfer printed, because in this area the stampwas not
covered with gold to allow visual alignment with the substrate. The alignment was
done using a MA6 mask aligner with a special mask holder to carry the stamp. The
other transfer printed samples were of considerably worse quality withmany defects
and incomplete transfer. Most likely this was caused by an incomplete coverage of
the anti-adhesion coating on the stamp prior to Au deposition.

For electrical characterization, we measured the IV characteristics of several junc-
tions on each sample. In a first sweep we limited the bias to |𝑉 | ≤ 2V to minimize
the bias stress. For selected junctions, we increased the bias further in a second
sweep until dielectric breakdown was observed.

Figure 6.6 shows the IV curves normalized to the junction area of 25 µm × 25 µm,
and the breakdown characteristics. If we compare the PVD samples, we see again,
that the current density is reduced for the sample which was exposed to O2 plasma
as compared the one without plasma treatment. Still, the current density of about
1 × 10−1Acm−2 at 2V bias is an order of magnitude higher as compared to the
current density measured on the plasma oxidized samples from Section 6.1.1. This
indicates that apart from the plasma treatment other factors contribute to the char-
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PVD & lift-off transfer printing

≈1 cm

Figure 6.5.: Images of test structures where the Au electrodes where fabricated with PVD
and lift-off (left) or transfer printing (right). On the upper part of the transfer printed sample
no Au was transfer printed because in this area the stamp was not covered with Au to enable
alignment with the substrate.

acteristics which results in a high variability between experiments, even under nom-
inal equal conditions.
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Figure 6.6.: Current density though Al/AlOx/Au junctions where the Al was (not) oxidized in
amicrowaveO2 plasma process. The Au electrode was either patterned with photolithogra-
phy and lift-off (PVD) or using transfer printing (TP). a. Current-voltage sweeps of separate
junctions for |V| < 2V; b. breakdown characteristics of selected junctions.

A clear difference is evident comparing the PVD samples with the TP samples: with
or without oxygen plasma exposure, the TP samples show consistently lower cur-
rent densities (two to three orders of magnitude). Similarly to the PVD samples, the
difference between plasma treatment and no plasma treatment of the Al electrode
before transfer printing is not significant, yet in this case we find that the form of
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the curves changes. This change can be clearly seen in Figure 6.7, where the aver-
aged current densities are plotted on a logarithmic scale. For low bias, all curves are
linear, and then increase strongly at higher bias. For the transfer printed samples,
the increase sets on at lower absolute bias with O2 plasma treatment as compared
to without O2 plasma treatment.
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Figure 6.7.: Log-log plot of averaged current density though Al/AlOx/Au junctions where
the Al was (not) oxidized in a microwave O2 plasma process. The Au electrodes were ei-
ther patterned with photolithography and lift-off (PVD) or using transfer printing (TP). Filled
markers denote positive bias, shallow markers denote negative bias.

Summarizing our observations, we find that Al electrodes readily oxidize in air and
this native oxide limits the current density through Al/AlOx/Au junctions as ex-
pected from previous publications. For low bias (|𝑉 | < 1V) we observe a linear
current-voltage response and for high bias an exponential current increase, which
eventually leads to irreversible dielectric breakdown of the oxide, |𝑉BD| ∼ 2V to 3V.
Exposing the native oxide to a microwave O2 plasma process does not reliably affect
the electronic characteristics of the junctions. Transfer printing metal electrodes
onto the native aluminum oxide significantly reduces the current density through
Al/AlOx/Au junctions and increases the breakdown voltage.

6.1.3. Self-grown AlOx using a reactive ion etcher (RIE)

In a parallel plate reactive ion etcher (RIE) the oxygen radicals are accelerated in
an electric field and as such are directed at the surface. This might lead to a more
effective oxidization of the Al. The results from Jedaa et al. also suggest that a RIE
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based plasma oxidization process could produce better and more reliable results as
compared to the microwave plasma process described in the previous section.

Together with the team at the Max-Planck Institute (MPI) for Solid State Research
in Stuttgart, we conducted several experiments, oxidizing our own Al thin-films
using their RIE equipment and process. We used 30 nm Al thermally evaporated
onto a Si wafer with 200 nm thick SiO2. After patterning the Al with photolithog-
raphy and wet-chemical etching, we exposed the sample to a RIE O2 plasma at
the MPI. For the plasma process the reactor is first evacuated to a base pressure
of 0.1mPa (∼ 1 × 10−6mbar), and then flooded with O2 to a process pressure of
1.33 Pa (10mTorr). The plasma is run for 30 s at 200W power. After plasma oxida-
tion we deposited the Au electrodes using either photolithography, PVD and lift-off
or transfer printing (TP).

Figure 6.8 shows current-voltage characteristics for multiple Al/AlOx/Au junctions
on different samples. First, we see that the current density through the junctions is
significantly lower (𝑗 ≈ 2 × 10−3Acm−2 at 2V) as compared to samples exposed
to a microwave plasma process (previous section). We also find, that when the Au
electrodes are transfer printed, the current density drops another 3 to 4 decades.

The drop in current density for the transfer printed sample might be related to the
quality of the transfer printedmetal. However, if we drive the voltage too high (∼ 3V
to 4V) we observe a sudden increase in current and the oxide breaks. Afterwards,
we can often observe a linear, ohmic behavior of the junction. For these destroyed
junctions, the current is limited by the resistance of theAl contact, rather than by the
Au contact. This strongly suggests that the quality of the transfer printed Au contact
is sufficiently good. Consequently, we assume that during transfer printing the ox-
ide itself is affected. In fact, as explained in Chapter 5 transfer printing is conducted
at a substrate temperature of 200 °C. Figure 6.8 shows the current densities mea-
sured on a sample that was heated to 200 °C for 4min at 1MPa after RIE O2 plasma
oxidation to simulate a transfer printing process. Only afterwards the top-contacts
were fabricated with optical lithography and lift-off (200 °C + PVD). This sample
exhibits a very comparable current-voltage characteristic as the sample where the
contacts were transfer printed. This suggests that the transfer printing process leads
to an unintentional further oxidation of the Al thin-film. In addition to the current-
voltage characteristics, we also measured the capacitance of Al/AlOx/Au junctions
at frequencies of 10 kHz to 1MHz for different capacitor areas. The capacitance is
independent of the frequency as expected for a parallel plate capacitor with a capac-
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Figure 6.8.: Current density though Al/AlOx/Au junctions where the Al was oxidized in a RIE
O2 plasma process. The Au electrodes were either patterned with photolithography and
lift-off (PVD) or using transfer printing (TP). When the sample is heated to 200 °C before
gold deposition by PVD, the current density is comparable to the sample where transfer
printing was used (200 °C + PVD).
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itance of
𝐶 = 𝜖0𝜖𝑟

𝐴
𝑡 , (6.1)

where 𝜖0 is the permittivity of free space, and 𝜖𝑟 is the relative permittivity of the
oxide, 𝐴 is the capacitor area, and 𝑡 is the thickness of the oxide. Figure 6.9 shows
the capacitance values of the three test samples for different capacitor areas. The
slope of the linear fits gives the effective capacitance per area for each sample.

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
Area (cm2/1000)

0

1

2

3

4

5

6

7

8

Ca
pa

cit
an

ce
 (F

)

1e 11
native AlOx + PVD
RIE AlOx + PVD
RIE AlOx + TP
RIE AlOx + 200 °C + PVD

Figure 6.9.: Capacitance of different Al/AlOx/Au junctions where the Al was oxidized in a
RIE O2 plasma process. The Au electrodes were either patterned with photolithography
and lift-off (PVD) or using transfer printing (TP) or using PVD but only after the sample was
heated to 200 °C (200 °C + PVD).

The normalized capacitances are given in Table 6.3. The result is in good agree-
ment with the current-voltage spectroscopy. Transfer printing the Au electrodes,
or heating the sample before Au deposition by PVD cause both a reduction of the
capacitance by about 35%, indicating that the increased temperature causes a ther-
mal oxidation of the oxide. Following Equation 6.1, an increase in oxide thickness,
leads to a reduction in capacitance.

The thickness of the plasma grown AlOx has been previously measured by the MPI
team to be about 3.6 nm. Using Equation 6.1 and the measured capacitance value,
this results in a relative permittivity of 6.8 for the plasma grown AlOx. While this
value is smaller than the permittivity of ALD grownAl2O3 (∼ 9) [Rob04], it is in good
agreement to rf sputtered AlOx [Lee03]. Still, a direct measurement of the thickness
of the AlOx would be necessary to give a definitive value for the dielectric constant.
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Table 6.3.: Capacitance of Al/AlOx/Au capacitors, where the Al was oxidized in a RIE O2
plasma process.

Capacitance (µF/cm2) Estimated thickness1 (nm)

native AlOx + PVD 1.95± 0.01 3.1

RIE O2 AlOx + PVD 1.70± 0.00 3.6

RIE O2 AlOx + TP 1.10± 0.01 5.5

RIE O2 AlOx + 200 °C + PVD 0.95± 0.03   6.4

1Estimated with a dielectric constant of ≈ 6.8 and Equation 6.1.

Figure 6.10 shows the current-voltage sweeps for different Al/AlOx/Au junctions,
where the Al was oxidized in a RIE O2 plasma process at different power settings.
Also included as reference are curves measured on a sample which had not been
exposed to any O2 plasma and measured on one which had been exposed to a stan-
dard microwave plasma asher. Evidently, the plasma power has a direct impact on
the current density, indicating that a higher plasma power results in a thicker oxide.
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Figure 6.10.: Current density through Al/AlOx/Au junctions, where the AlOx was grown un-
der different plasma conditions. A higher RIE plasma power results in lower AlOx tunneling
current.

In summary, we found that O2 plasma oxidation of Al can form a thin AlOx. A reac-
tive ion etcher plasma has a much stronger effect on the dielectric properties of the
oxide than a standardmicrowave etcher plasma. Transfer printing gold contact onto
such a thin AlOx dielectric is possible. In fact, due to the raised temperatures dur-
ing the transfer print, a decrease in current density through Al/AlOx/Au junctions
is observed, indicating an increase in oxide thickness.
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6.2. Functionalized aluminum oxide

Aluminum oxide has attracted much attention has a viable dielectric for thin-film
applications, such as thin-film transistors. It has been shown, that the dielectric
properties of a thin AlOx film can be further tuned by introducing a self-assembled
monolayer on the oxide surface. In particular aliphatic organophosphonic acidmono-
layers readily form on metal oxide surfaces.

In this section we will discuss how the presence of a self-assembled monolayer on
the AlOx can affect the transfer printing process.

6.2.1. Transfer printing onto aliphatic organophosphonic acid
monolayers

Figure 6.11 shows the chemical structure of n-octadecyl phosphonic acid and n-
octadecyl bis-phosphonic acid. We used molecules with a backbone chain length
of 8 and 12 carbon atoms, namely C8-(mono/bis)PA and C12-(mono/bis)PA. As
substrates for monolayer deposition we used insulating Si/SiO2 samples with 30 nm
Al, that were exposed to a microwave O2 plasma. Monolayers were formed on the
plasma treated, native AlOx by immersing the samples in solutions of the particular
molecules in an organic solvent.

(CH2)n-2

CH3

PO3H2

(CH2)n-2

PO3H2

PO3H2

n-octadecyl phosphonic acid n-octadecyl bis-phosphonic acid

Figure 6.11.: Molecular structure of n-octadecyl phosphonic acid and n-octadecyl bis-
phosphonic acid.

We characterized the structural properties of the deposited SAMs with static wa-
ter contact angle (CA) and AFM measurements. Before SAM deposition the AlOx

surface is very hydrophilic with a CA of <10° and is turned into a hydrophobic
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(CA: ∼ 105°), or moderately hydrophobic (CA: ∼ 55°) one after modification with
C8-monoPA or C8-bisPA, respectively [Pat16]. This difference is expected due to
the different terminal groups of the SAMs: while C8-monoPA features a nonpo-
lar methyl moiety as the terminal group, C8-bisPA is terminated by a hydrophilic
phosphonic acid group. Topographical measurements of the AlOx and monolayer
surfaces exhibited comparable roughness, indicating uniformmonolayer deposition
(rms values: bare AlOx: 1.0 nm ± 0.2 nm; C8-monoPA: 1.8 nm ± 0.2 nm; C8-bisPA:
1.5 nm ± 0.2 nm).

For transfer printing we used OrmoStamp® working stamps that featured peri-
odic test structures of quadratic shapes with edge lengths of 3 nm, 5 nm, 10 nm and
20 nm. The transfer printing itself followed our standard recipe as described in Sec-
tion 5.2. For these experiments we used a metallization of 20 nm Au and 3 nm Ti.
Transfer printingwas conducted at a temperature of 200 °C, with a pressure of 1MPa
for 4min.

In order to quantify the success of the transfer printing, we defined the transfer yield
as the ratio between successfully transferred structures and total number of struc-
tures on the working stamp.

transfer yield = number of transfer printed structures
total number of structures on stamp

× 100% (6.2)

Figure 6.12 shows pictures of transfer printed test structures on a bare silicon wafer.
We estimated the yield by counting the number of transfer printed structures on
microscope images taken from the surface. Using a binary representation of the
colored image allows automatic counting of the structures with a computer pro-
gram. A sufficient number of pictures was acquired to evaluate at least ∼ 70% of the
surface.

Table 6.4.: Transfer yield as defined in Equation 6.2 for metal transfer printing of periodic
test structures onto different substrate surfaces. Metal: 20 nm Au + 3nm Ti.

silicon AlOx C8-monoPA C12-monoPA C8-bisPA C12-bisPA

95% 99% <30% <5% 99% >90%

Table 6.4 summarizes the transfer yield for different surfaces. For each type of sub-
strate a minimum of four transfer prints where evaluated. Also included are refer-
ence samples of pristine silicon and AlOx surfaces. Evidently, there is a distinct dif-
ference between themono- and bis-phosphonic acidmonolayers. While the transfer
yield on bis-phosphonic acid monolayers is comparable to the bare AlOx or silicon
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working stamp substrate transfer printed metal

microscope image binary representation

200 µm

Figure 6.12.: Transfer printing of periodic metal test structures from an OrmoStamp® work-
ing stamp onto different substrates. Microscope images of the transferred pattern are trans-
formed to a binary representation in order to determine the count of successfully transferred
structures.

substrates, on surfacesmodifiedwithmono-phosphonic acidmonolayers no or very
little transfer is possible. We attribute this difference to a decrease in adhesion be-
tween the metal layer on the stamp and the SAM covered surface. The terminal
methyl group of the mono-phosphonic acid SAMs lowers the surface free energy
of the AlOx surface, 𝛾sub. When the work of adhesion between the metal and the
stamp, 𝑊stamp-metal, is greater than between the receiving substrate and the metal,
𝑊sub-metal, the transfer is inhibited [Car12].

𝑊sub-metal − 𝑊stamp-metal = (𝛾sub − 𝛾stamp) − (𝛾sub-metal − 𝛾stamp-metal) (6.3)
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6.2.2. Electronic properties of transfer printed Al/AlOx/SAM/Au
junction

In the previous section, we found that transfer printing on bis-phosphonic acid
based monolayers is indeed possible. However, we have not yet tested if the under-
lying SAM is damaged during the transfer printing. It has been previously shown
that the presence of a SAM on a AlOx surface significantly changes the dielectric
properties of the oxide. The SAM acts as an additional tunnel barrier that limits
the transport of electrical charge through metal/AlOx/SAM/metal junctions. On
metal/SAM/metal systems, is has already been shown that metal contacts can be
directly patterned on a self-assembled monolayers by transfer printing. For exam-
ple, Niskala et al. [Nis12] patterned nano-scale Au contacts on alkanedithiol SAMs
on an Au surface with nTP and studied the tunneling currents through the resulting
Au/SAM/Au junctions. They found a clear exponential dependence of the tunneling
currents on the backbone length of the SAMmolecules.

Using the same technology as discussed in Section 6.1.2, we fabricated test struc-
tures ofAl/AlOx/SAM/Au junctionswith different bis-phosphonic acidmonolayers,
where the Au contacts were transfer printed directly onto the SAM. As compared
tometal/SAM/metal junctions, the presence of the additional (utra-thin) AlOx layer
introduces an additional barrier for charge transport and requires much larger elec-
trode structures to measure the much smaller tunneling current densities.

RIE oxidized AlOx + bisPA SAM + transfer printed Au contacts

Figure 6.13 shows current-voltage characteristics ofAl/AlOx/SAM/Au junctionswith
bisPA SAMs with backbone chain lengths of 4, 8, 10, and 12 carbon atoms. Due
to the fact that the current density of bare RIE oxidized AlOx is already quite low
for absolute bias < 2V (see Figure 6.10), when an additional SAM is placed on the
substrate the current density is even further decreased. The minimum current our
system can currently measure is on the order of 𝐼lim ∼ 1 pA. At a junctions size of
25 µm by 25 µm this corresponds to a current density of ∼ 1 × 10−7Acm−2. Conse-
quently, measurements of currents below 𝐼lim suffer from a higher noise level and
require significantly longer measurement times. Therefore, we acquired multiple
sweeps of the same junction and averaged them to remove some of the noise, and
then averaged again over all junctions of the same sample to obtain the curves shown
in Figure 6.13.
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Figure 6.13.: Current density and breakdown characteristics of Al/AlOx/SAM/Au junctions
with a RIE plasma grown AlOx, and C4, C8, C10, C12 bis-phosphonic acid monolayers.

Due to the high measurement error, only a vague trend can be identified: longer
carbon chains seem to decrease the current density through the monolayer junc-
tions. The difference is more pronounced for higher voltages as the measured cur-
rent raises above the limit 𝐼lim. If we drive the voltage further up until dielectric
breakdown, we find that the breakdown voltage 𝑉BD is in fact higher for longer car-
bon chain molecules (see Figure 6.13).

Additionally, capacitance measurements on these samples also show a trend, where
the capacitance decreases for longer carbon chains.

Together, these findings strongly suggest that the SAMs contribute an additional
barrier for charge transport, when the metal is transfer printed onto SAM covered
AlOx surfaces. Yet, a quantitative analysis is not yet possible due to the low absolute
currents through the junctions.

Plasma oxidized AlOx + bisPA SAM + transfer printed Au contacts

In order to improve themeasurements from the previous section, we could fabricate
new samples with larger junction areas to increase the absolute measured current.
Alternatively, we can use the same geometry, but change the plasma oxidation pro-
cess. The resistance through the Al/AlOx/SAM/Au junctions is given by

𝑅 = 𝑅c + 𝑅AlOx
+ 𝑅SAM , (6.4)



6.2. Functionalized aluminum oxide 91

where 𝑅c is the combined contact resistance of the Al and Au contacts, 𝑅AlOx
is the

resistance of the aluminum oxide and 𝑅SAM is the resistance of the monolayer. As
we previously found, a simple microwave plasma produces a much thinner AlOx

as compared to the RIE plasma process. Using this oxide as the substrate for SAM
deposition should therefore result in lower electrical resistance 𝑅AlOx

and conse-
quently give rise to overall higher currents across the junctions. Additionally, a
lower oxide resistance also pronounces the effect of the SAM functionalization.

We repeated the experiment but used a microwave plasma process before SAM de-
position: 50W power, 1 Pa pressure, 45 s duration. SAM deposition followed the
same procedure as described before. Afterwards, 30 nm thick Au contacts were de-
posited on the functionalized samples with transfer printing. Figure 6.14a shows the
current densities through the finished 25 µm × 25 µm Al/AlOx/SAM/Au junctions.
Overall, the measured current density is now higher as compared to the RIE oxi-
dized samples, as expected. The spread of the measured currents per sample is also
low, indicating that we do not have shorts between the transfer printed Au and the
AlOx layer.
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Figure 6.14.: Current density of Al/AlOx/SAM/Au junctions with a microwave plasma grown
AlOx and C4, C8, C10, C12 bis-phosphonic acid monolayers. The dashed lines are visual
guides for linear behaviour.

Plotting the current density in a log-log scale plot (Figure 6.14b), we observe a linear
response for small bias. For a chain length ≥ 10 the current is close to or below the
measurement limit 𝐼lim for small bias. At higher bias we observe an strong increase
in current. Figure 6.15 depicts the breakdown-characteristics of the selected junc-
tions, revealing a trend to higher breakdown voltages 𝑉BD for longer carbon chains.
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Figure 6.15.: Breakdown characteristics of Al/AlOx/SAM/Au junctions with a microwave
plasma grown AlOx and C4, C8, C10, C12 bis-phosphonic acid monolayers. For visual
clarity curves are plotted only for V < VBD.

The current density through a thin insulating layer between two metal electrodes
can be described with the Simmons model [Sim63]. In this model the current can
be expressed as

𝐼 = ( 𝑞𝐴
4𝜋2ℏ𝑑0

2 ) {(Φ − 𝑞𝑉
2 ) exp[−2

√
2𝑚
ℏ 𝛼 (Φ − 𝑞𝑉

2 )
1/2

𝑑0]

− (Φ + 𝑞𝑉
2 ) exp[−2

√
2𝑚
ℏ 𝛼 (Φ + 𝑞𝑉

2 )
1/2

𝑑0]} ,
(6.5)

where𝐴 is the junction area, 𝑞 and𝑚 are the electron charge andmass, respectively,
Φ is the barrier height, 𝛼 is an adjustable parameter to account for the barrier shape
and the electron effective mass inside the insulator, 𝑑0 is the insulator thickness and
𝑉 is the applied bias. For small bias, the Simmons equation can be simplified to
obtain the “zero-bias” resistance

𝑅 = (8𝜋ℏ𝑑0
𝐴𝑞2𝛽0

) exp(𝛽0𝑑0) . (6.6)

Although𝑅 is not strictly exponential in 𝑑0, we can approximate it as such consider-
ing that the exponential factor dominates. Therefore, Equation 6.6 can be replaced
by

𝑅 = 𝑅0 exp(𝛽𝑛) . (6.7)
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where 𝑅0 is a contact resistance, 𝛽 is the tunneling decay coefficient, as given by

𝛽 = 2
√

2𝑚
ℏ 𝛼

√
Φ (6.8)

and 𝑛 is the number of repeated units (in this case carbon atoms).

This means, for small bias the junction resistance 𝑅 is ohmic, it is independent of
bias and depends exponentially on the insulator thickness (expressed as the number
of carbon atoms).

Figure 6.16a shows a plot of average zero-bias resistance𝑅 for ourAl/AlOx/SAM/Au
junctions with respect to the number of carbons of the SAM backbone. The resis-
tance was extracted via a linear fit to the zero-bias regime for each measurement.
Plotting the natural logarithm of 𝑅 versus the carbon chain length, the slope of the
linear fit corresponds to 𝛽 (Figure 6.16b). We obtain a decay coefficient of

𝛽 ≈ 1.0 ± 0.2C−1 .

This value is lower as a previously reported value of 𝛽 ≈ 1.40 ± 0.05 per C for
Al/AlOx/SAM/Hg junctions, where bis-phosphonic acid monolayers were probed
using a liquid mercury drop electrode as the top contact [Pat16]. Nonetheless, we
note that the measurement uncertainty of our 𝛽 value is high and thus a definitive
comparison is difficult.
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Figure 6.16.: a. “Zero-bias” resistance R with respect to number of carbon atoms in
AlAlOx/SAM/Au junctions. b. The slope of the linear fit to lnR corresponds to the tun-
neling decay coefficient 𝛽.
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Overall, we find that transfer printing gold contacts onto a bis-phosphonic acid
SAM on top of a self-grown AlOx layer retains the insulating properties of the SAM.
Longer chains reduce the current density through Al/AlOx/SAM/Au junctions by
multiple orders ofmagnitude and increase the dielectric breakdown voltage bymore
than 1V. The “zero-bias” regime of the IV characteristics can be explained reason-
ably well with a nonresonant tunneling mechanism, which depends exponentially
on the number of carbon atoms in the SAM. Due to unintentional thermal oxida-
tion of the AlOx layer during transfer printing, themeasured currents are low for the
chosen junction size. Bettermeasurements could possibly be obtained by increasing
the junction area, while too large areas would increase the probability of pinholes in
both the oxide and the SAM.

In summary, transfer printing can be a viable method to define contacts directly on
molecular monolayers for electrical probing. Despite fundamental limits in mea-
surement accuracy due to too small contact areas in the present study, transfer
printed contacts havemany advantages over liquid mercury drop probing: the junc-
tion area can be precisely defined andmeasurements can be readily conducted under
different conditions, such as ambient conditions, high vacuum or low-temperature.
Particularly, a study of temperature dependence of the “zero-bias” regime could pro-
vide insight into the exact charge transport mechanism.

6.3. Summary

In this chapter, we described in detail a method to fabricate thin aluminum oxide
layers by oxidizing thin-films of aluminum in an oxygen plasma process. To test
the oxidation process we fabricated Al/AlOx/Au tunnel junctions andmeasured the
tunneling current as well as the breakdown voltage. We found that an O2 plasma
inside a reactive-ion etcher has a much stronger effect on the Al film as compared
to a microwave plasma, resulting in much lower tunneling currents as well as higher
breakdown voltages. When we deposited the top Au electrodes of the tunneling
junctions by means of metal transfer printing, we found that the tunneling currents
are further reduced. This indicates a thermal oxidation of the Al during transfer
printing. The magnitude of the resulting tunneling current could be tuned by ad-
justing the power of the oxygen plasma treatment.

The aluminum oxide surfaces can be functionalized by self-assembled aliphatic or-
ganophosphonic acidmonolayers. We found that themethyl-termination of amono-
phosphonic acid monolayer effectively prevents metal deposition onto the func-
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tionalized surface by transfer printing. On bis-phoshonic acid monolayers transfer
printing is possible and we observed a dependence of the measured tunneling cur-
rent through Al/AlOx/SAM/Au junctions on the number of carbon atoms present
in the monolayer backbone.

Together, these findings are very important as they indicate that the transfer printing
approach presented in this theses is compatible with exotic substrates such as very
thin dielectrics and organic monolayers.





7. Carbon nanotube thin-film
transistors with transfer printed
source and drain contacts

Transfer printing (TP) andnano-transfer printing (nTP) are promising techniques to
define metal (nano-)structures on possibly arbitrary surfaces. The development of a
transfer printing technique that uses polymeric working stamps made from Ormo-

Stamp® allows us to readily define arbitrarily shaped metal contacts on different
surfaces. We have previously shown that we can use this technology to fabricate
metal contacts in order to study organic semiconductors, or metal-insulator-metal
junctions. Additionally, in the previous chapter we have demonstrated that very
thin, plasma grown AlOx is a very efficient insulator with low leakage currents that
retains its insulating properties when metal contacts are transfer printed on top. In
this chapter we combine both approaches to fabricate thin-film transistors, where
the active layer consists of a randomly distributed network of single-walled carbon
nanotubes (SWCNT).The transistors employ a plasma-grown, ultra-thinAlOx layer
as the gate dielectric and transfer-printed metal source and drain electrodes.

7.1. Device fabrication

Figure 7.1 depicts a schematic representation of the device fabrication process. Sil-
icon wafers covered with thermally grown, 200 nm thick, thermally grown silicon
dioxide were used as the substrates. First, 30 nm thick aluminum was deposited by
thermal evaporation in vacuum (<1 × 10−6mbar) and patterned by optical lithog-
raphy and wet-chemical etching to define the gate electrodes. The sample was then
briefly exposed to an RIE oxygen plasma (200W, 45 s, 30 sccm O2 flow) to form a
thin aluminum oxide (AlOx) layer which serves as the gate dielectric.
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Figure 7.1.: Fabrication scheme for carbon nanotube thin-film transistors. a. & b. Optical
lithography and wet-chemical etching to define Al gate electrodes. c. Oxidation for Al sur-
face in RIE oxygen plasma to form the gate dielectric. d. Transfer printing of Au source and
drain contacts. e. Deposition of carbon nanotubes from a water-based suspension. [Hae15]

For transfer printing we first transfer the desired electrode layout with optical pho-
tolithography and reactive ion etching to a silicon wafer. The smallest feature size on
the lithography mask is > 2 µm. The patterned silicon wafer serves as a template for
OrmoStamp® replication as explained in detail in Section 5.1. The finished stamps
consist of a 30 µm thick, structured OrmoStamp® film backed by a flat cover glass
(about 100 µm thick, with a diameter of 50mm).

Following our default recipe for metal transfer printing (Section 5.2), the finished
stamps are first coated with a perfluorooctyl-trichlorosilane (PFOTS) anti-adhesion
SAM and then 30 nm Au were deposited on the stamps with physical vapor depo-
sition under high vacuum. Both stamp and the pre-patterned Al structures on the
substrate feature alignment markers, which can be used to precisely position the
stamp relative to the substrate (see Section 5.2.6). For that purpose, the markers
on the stamp were shadowed during metal evaporation to retain their transparency.
Once the stamp is correctly positioned on the substrate, we conduct the transfer
printing at a temperature of 200 °C and a pressure of 1MPa for 4min. Figure 7.2a
shows a photograph of a finished chip with transfer printed gold source and drain
contacts. The quality of the transfer print is high as expected for OrmoStamp®
based transfer printing (Section 5.2).

To complete the transistors, a thin-film of single-walled carbon nanotubes (SWC-
NTs) was deposited onto the substrate by spray deposition from a water-based sus-
pension [Abd11]. Weused a commercially available SWCNTsuspension fromNanoin-
tegris Technologies Inc. with highly sorted nanotubes (99.9%+ semiconducting
content). This suspension was sprayed as received. Our automated spray setup
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consists of an industrial low volume, low pressure (LVLP) air atomizing spray valve
(Nordson EFD) with a full cone profile in combination with a four-axis automated
motion platform and a PID-controlled aluminum hotplate, operated at 50 °C. The
elevated temperature aids in the evaporation of the water droplets after reaching
the substrate, allowing for the droplets to merge and form complete thin layers.
We define a single layer as one spray iteration where the spray head is moved once
both horizontally and vertically across the entire area. To evaluate the quality of

1 µm

a b

c Au

Au

Figure 7.2.: a. Photograph of finished TFT chip with aluminum structures and transfer
printed gold source and drain electrodes. b. AFM image of channel region of a ∼2µm
wide SWCNT transistor. Individual nanotubes are digitally traced to determine their length
distribution and coverage (c. ).

the sprayed carbon nanotube networks, we scanned the channel region of some
transistors with an atomic-force microscope (AFM). Figure 7.2b depicts such an
AFM scan, were individual carbon nanotubes were digitally traced to obtain the
tube density and length distribution of the network (Figure 7.2c). In theory, the
minimum required tube density to allow charge transport in a randomly distributed
network of tube shaped conductors with length 𝐿tube is given by the percolation
threshold [Pik74]

𝑛perc = 1
𝜋 (4.235

𝐿tube
)

2
. (7.1)

With an average length of 𝐿tube ≈ 0.4 µm we obtain a percolation threshold of
35.7 tubes/µm2. As we measure a density of 35 µm-2 ± 5 µm-2 in our network, we
expect it to be close to the percolation threshold.
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7.2. Device characteristics

The finished SWCNT transistors were electrically characterized by measuring their
output and transfer characteristics. Figure 7.3a shows the output characteristics of
selected CNT transistors with a constant channel width of 𝑊 = 200 µm and dif-
ferent channel lengths 𝐿 = 2 µm, 5 µm, 7 µm and 20 µm. The TFTs exhibit typical
p-channel gate modulation for gate-source voltages of 𝑉GS = 1.0, ..., −1.5, −2.0V.
Thanks to the thin AlOx dielectric, the transistors can be operated at very low volt-
ages below 2V. Saturation of the drain current is observed at negative drain-source
bias below 1V. For carbon nanotube networks where the nanotubes are not well
separated but instead form bundles of multiple tubes, the charge transport through
such a bundle is dominated by metallic nanotubes. This usually leads to an increas-
ingly metallic, i.e. linear output-characteristics for channel lengths similar to the
nanotube length. This effect is pronounced, when the semiconducting content of
the network is lower, as the probability for percolating metallic pathways increases.
Due to the high semiconducting content and the excellent separation of individ-
ual nanotubes in our CNT suspension, we can observe saturation even for “short”
channel devices.
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Figure 7.3.: a. Output characteristics of selected SWCNT transistors with a channel width
of 200 µm and channel lengths of 2 µm, 5 µm, 7 µm and 20µm. The TFT show typical p-
channel gate modulator for gate-source voltages of VGS =1.0, ..., -1.5, -2.0 V. b. Transfer
characteristics of the same SWCNT TFTs at a constant drain-source bias of VDS =−0.1 V.
The large gate current at large negative gate-source voltages is attributed to parasitic con-
duction paths between the source/drain contacts and the gate electrode (see inset).
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Figure 7.3b shows the transfer characteristics of the same transistors. The off-state
drain current is below 1 pA for devices with a channel length of 20 µm and below
100 pA for a channel length of 2 µm. The on/off ratio is between 104 and 106. From
the slope of the curves we can deduce the subthreshold swing which is between
110mV/decade and 180mV/decade. From linear plots of the transfer characteristics
we can determine the threshold voltage, 𝑉th = −0.3V ± 0.2V, and the effective
field-effect mobility

𝜇FE = 𝐿𝑔m
𝑊𝐶ox𝑉DS

, (7.2)

of ∼ 1 cm2/(Vs), where 𝑔m is the transconductance and 𝑉DS is the applied drain-
source bias. 𝐶ox is the the gate dielectric capacitance, as given by the parallel-place
capacitance between channel and gate electrode (0.8 µF cm−2). This simple capac-
itance model does not take into account the spatial distribution of the nanotubes
and thus can significantly overestimate the true gate capacitance for sparse nano-
tube networks, especially when the mean distance between tubes is greater than the
dielectric thickness. A more rigorous model suggested by Cao et. al. addresses this
issue by considering an infinite array of evenly spaced carbon nanotubes embedded
in a dielectric opposed by an infinite plate electrode.[Cao07]The capacitance of such
a structure is given by

𝐶G = { 𝐶′−1
Q + 1

2𝜋𝜖0𝜖s
ln [Λ0

𝑅
sinh(2𝜋𝑑ox/Λ0)

𝜋 ]}
−1

Λ−1
0 (7.3)

where𝑅 is theCNT radius, 𝑑ox is the distance to the gate electrode,Λ0 is the uniform
spacing between tubes, and 𝐶′

Q is the quantum capacitance of a nanotube per unit
length, which has been reported to be 4 × 10−10 Fm−1 [Ros02]. 𝜖s is the dielectric
constant of the surface/interface where the nanotubes are placed. When the CNT
network is located on the surface of dielectric with a permittivity of 𝜖ox ≈ 6, it can
be approximated by

𝜖s = 𝜖ox + 1
2 = 6 + 1

2 ≈  3.5 (7.4)

where 1 is the dielectric permittivity of air, as suggested for example by Kang et
al. [Kan07] From AFM measurements we estimate a coverage of ≈ 35 tubes/µm2.
While our tubes are not aligned but randomly distributed, we can choose Λ0 =
1/√35 µm−2 as the mean spacing between tubes for the model calculation. This would
result in a gate capacitance of only 0.05 µF/cm2.

Figure 7.4 shows a plot of the device capacitance 𝐶FET as a function of gate bias
𝑉G of a CNT transistors with a channel width of 200 µm and a channel length of



102 Chapter 7. CNT TFTs with transfer printed source/drain contacts

2.0 1.5 1.0 0.5 0.0 0.5 1.0

Gate bias (V)

40

45

50

55

60

C
ap

ac
ita

nc
e 

(p
F)

2 KHz

4 KHz

5 KHz

10 KHz

100 KHz

500 KHz

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

D
ra

in
 c

ur
re

nt
 (A

)

Figure 7.4.: Plot of C-V characteristics of a CNT transistor with a channel width of 200 µm
and a channel length of 30 µm.

30 µm. Also shown in Figure 7.4 is a plot of the transfer characteristics of the de-
vice. The C-V characteristics were measured in a frequency range from 2 kHz to
500 kHz with the C-V module of a Keithley 4200-SCS parameter analyzer. The
source and drain contacts were electrically shorted together and connected to the
low terminals of the module, and the gate electrode was connected to the high ter-
minals to measure the device capacitance 𝐶FET. A dc bias voltage in the range of
−2V to 1V was applied through the terminals, along with a small ac probe signal
of 60mV. The difference in device capacitance between −1V and 1V gate bias is
about 0.1 µF/cm2 (normalized to the channel area). At a bias of 1V only the area of
source and drain electrodes overlapping with the gate electrode contributes to the
capacitance, while at 𝑉G < 𝑉th, the nanotubes inside the channel contribute to the
total capacitance. As the capacitance does not saturate in the measured gate-bias
range, we chose a gate bias of −1V to extract the “on-state” capacitance from the
low-frequency sweeps. The difference between on-state and off-state of 0.1 µF/cm2

can be attributed to the network capacitance. This value is significantly smaller than
the estimated parallel plate capacitance of 0.8 µF/cm2. With this value for the gate
capacitance, we estimate a field-effect mobility of ∼ 10 cm2/(Vs) as opposed to only
≈ 1.2 ± 0.9 cm2/(Vs), when using the parallel plate capacitance. These character-
istics compare favorably to those of random-network SWCNT thin-film transistors
reported in literature [Bra14, Kim13, Bis12, San12].

The dashed lines in Figure 7.3b represent the gate leakage current, which increases
strongly for negative gate-source bias. This gate current though is not caused by
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Figure 7.5.: Transfer characteristics of SWCNT TFTs with 4, 8, or 12 spray-deposited SWCNT
layers, confirming that the gate current at large negative gate-source voltages is not caused
by leakage through the gate oxide, but due to lateral percolation paths.

a current flow through the gate oxide, but by parasitic conduction paths between
the source/drain contact pads and the gate electrode outside of the channel region
(see inset in Figure 7.3b). After spray coating the nanotube network covers the en-
tire wafer. Consequently, these conduction paths can form if the network density is
sufficiently high to allow percolation between the electrodes outside of the channel.
When the gate electrode is negatively biased, this effect is more pronounced asmost
of the nanotubes on the gate electrode are rendered highly conductive by the gate
electric field. By reducing the nanotube density inside the network, we can reduce
this effect. Comparing the transfer characteristics of SWCNT transistors with 4, 8
or 12 spray-deposited SWCNT layers in Figure 7.5, we can see that the gate current
indeed remains below 100 pA when the SWCNT density is low (4 SWCNT layers).
However, this density is too small to allow percolation of channel lengths greater
than about 5 µm. A better approach to reduce the gate leakage for high-density net-
works is to confine the nanotube network to the channel region, either by selective
deposition or patterning after deposition.

An important concern for SWCNT transistors is the contact resistance between
the metal contacts and the CNT network. A common method to estimate this re-
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sistance for thin-film transistors is the transmission line method (TLM) [Bou09].
For this purpose we extracted the “on”-resistance of some devices with increasing
channel length. The “on” resistance is defined as the device resistance 𝑅 = 𝑉DS/𝐼D
taken from the linear transfer curve at a specific overdrive voltage (𝑉G = 𝑉GS−𝑉th =
0.5V). Figure 7.6 shows the transfer curves of a series of TFTs with increasing chan-
nel length. Here, the threshold voltage 𝑉th was estimated by the second-derivative
method, i.e. as the gate voltage at which the derivative of the transconductance,
𝑑𝑔m/𝑑𝑉GS, is maximum.
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Figure 7.6.: Transfer characteristics of SWCNT TFTs with a channel width of 200 µm and
increasing channel length. For each plot, the right vertical line represents the threshold
voltage 𝘝th and the left vertical line marks the gate-source voltage 𝘝GS at an overdrive
potential of 𝘝G = 𝘝GS − 𝘝th = 0.5V.

The device resistance can be written as

𝑅 = 𝑅c + 𝐿
𝑊𝜇0𝐶ox(𝑉GS − 𝑉th)

, (7.5)

where 𝑅c is the contact resistance and 𝜇0 is the intrinsic mobility, i.e. the mobility
without influence of the contacts. Consequently, a linear fit to a plot of 𝑅 versus
𝐿 should yield 𝑅c as the y-axis intercept, while the slope should correspond to the
mobility. As shown in Figure 7.7, the devices discussed here do not exhibit the ex-
pected linear dependence on𝐿 and thus we cannot determine the contact resistance
with TLM. We attribute the non-linear scaling of the devices to the network char-
acteristics of the CNT thin-film.
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Figure 7.7.: Plot of device resistance 𝘙 vs. channel length 𝘓 for SWCNT thin-film transistors.

7.3. Conclusion

The presented device fabrication scheme showcases metal transfer printing with
OrmoStamp®working stamps as a possible alternative to conventional lithography.
Theminimum channel length was limited only by the lithographymethod employed
to prepare the stamp master. Using the stamp master discussed in Section 5.3 even
shorter channels could be realized. Additionally, we showed that plasma grown
AlOx can function as a high capacitance, low leakage gate dielectric, that is fully
compatible to transfer printing and enables low operational voltages of the finished
devices. Finally, the good performance of the SWCNT thin-film transistors verifies
the viability of our transfer-printing approach.





8. Conclusion & outlook

In this thesis, we implemented a metal transfer printing process that allows repro-
ducible and reliable fabrication of metal electrodes for micro- and nano-electronic
applications by transferring the metal pattern from a stamp surface directly onto
the desired substrate in a purely additive way. In this context, we first discussed
existing technologies and demonstrated that metal transfer printing with silicon
stamps suffers from the inherent high effort that is necessary to fabricate individual
stamps. Additionally, silicon stamps can be damaged or destroyed during the trans-
fer process, which greatly questions the practicality of this approach. We have also
seen, that the alternative of using replicated stampsmade from the elastomer PDMS
has many advantages. Most importantly replicated stamps can easily be fabricated
based on their master template, which would warrant the use of a low throughput
technology such as e-beam lithography to fabricate the latter. Unfortunately, due
to the low elastic modulus of PDMS nanoscale or high-aspect ratio structures are
difficult to reproduce. In an effort to overcome these issues we utilized a novel, com-
mercially available, polymeric material for stamp fabrication combining the advan-
tages of a semi-hard material with the flexibility of a polymeric, disposable working
stamp.

For the evaluation of metal transfer printing processes we focused on transfer print-
ing of gold as a standard electrode material. We were able to demonstrate that we
can use our metal transfer printing technology to fabricate electrodes for different
use cases, such as organic thin-film transistors, thin-dielectric tunneling devices,
and carbon-nanotube thin-film transistors.

8.1. Key results

Implementation of novel transfer printing process Based on previous work on
silicon and elastomeric stamps, we developed a new stamp technology stack based
on the commercially available OrmoStamp®. We found that temperature plays a
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crucial role for a successful transfer process. On hard substrates such as silicon
or metal oxides, a relatively high process temperature of 200 °C is required, while
on soft materials such as organic semiconductors temperatures around 100 °C are
sufficient. We also found that an effective functionalization of the working stamp
with an “anti-adhesion” SAM is mandatory for a reliable and reproducible transfer
printing process. The process development wasmainly discussed in Chapters 3 to 5.

Transfer printing of metal micro- and nanostructures Owing to the structural sta-
bility of our working stamp material, complex metal patterns for electronic appli-
cations could be realized, including interdigitated electrodes. Large, micro-scale
structures, that can be contacted externally, as well as very small nano-scale struc-
tures could be transfer printed simultaneously using a single stamp (e.g. Section 5.3).

Proof-of-concept realization of electronic devices Wewere able to reliably trans-
fer print gold electrode structures directly onto an organic semiconductor to realize
top-contact thin-film transistors. Using this technology we were able to demon-
strate deviceswith both µm- and sub-µmchannel length. The latter exhibited typical
short-channel limitations (Section 5.4).

Realization of direct metal contacts onto ultra-thin oxides and self-assembled
monolayers Metal transfer printing was also used to pattern metal electrodes di-
rectly onto self-grown, thin aluminum oxide films (Section 6.1). For this purpose a
stamp/substrate alignment process was implemented. We employed this approach
to study transfer printing onto aliphatic organophosphonic acid monolayers and
found that a nonpolar methyl moiety terminal-group of the SAM can efficiently
prevent transfer printing onto the substrate, while a hydrophilic phosphonic acid
group enables transfer printing. Electronic measurements of the tunneling current
through the metal/SAM/oxide/metal junctions indicated that the SAMwas not de-
stroyed during transfer printing (Section 6.2).

Realization of low-voltage carbon nanotube thin-film transistors Based on our
results on transfer printing onto aluminum oxide we also showcased a successful
integration ofmetal transfer printing into a device fabrication scheme to realize low-
voltage carbon nanotube thin-film transistors (Chapter 7). This scheme could serve
as a base framework for future device fabrication and studies.
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8.2. Outlook

The transfer printing approach developed in this thesis provides a unique platform
for future experiments and applications.

We could demonstrate in this thesis that transfer printing withOrmoStamp®work-
ing stamps is possible onto many different substrates such as silicon, silicon oxide,
aluminum oxide, glass, as well as organic polymers such as P3HT. Development of a
reliable transfer process that does not require a process temperature of 200 °C is nec-
essary to extend the proposed fabrication approach to other, unconventional sub-
strates, such as paper, plastic foil, PET, or PEN. As we have seen in Section 6.2 the
presence of a methyl-terminated SAM on a substrate can effectively prevent trans-
fer printing onto AlOx substrates, it seems plausible that an adequately terminated
SAMcould also enhance or facilitate the transfer process, possibly allowing for lower
process temperatures. In the case of gold thin-films, a thiol-termination might be
favorable.

Patterning metal electrodes directly onto an organic semiconductor allows us to re-
alize top-contact devices without the need to expose the semiconductor to solvents
or photoresist. The presented approach should be extended to other polymers, such
as poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (pBTTT), to fur-
ther study the conditions for optimal transfer results. Additionally, the ability to
fabricate even sub-µm channels directly onto a polymeric semiconductor is very
promising. In theory, short-channel effects should be minimized by reducing the
polymer film thickness to about a monolayer. Additionally, a systematic compari-
son of different fabrication techniques (optical lithography, stencil mask evapora-
tion and transfer printing) is necessary to quantify the quality of the deposited con-
tacts with respect to contact resistance.

The ability to transfer printmetal thin-films onto very thin oxides and organicmono-
layers is also very encouraging. If the observations from Section 6.2 hold true, and
transfer printing onto self-assembled monolayers is indeed possible without de-
stroying the monolayer, this method could be extended to realize contacts for so
called self-assembled monolayer transistors (SAM-FETs) [Sch13b, Hut12, Jäg13].
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A.1. Lithography masks

A.1.1. OFET source and drain contacts layout

mask layout - type A

mask layout - type B

30 µm 50 µm 75 µm 100 µm 150 µm

2 µm 4 µm 10 µm 20 µm

Figure A.1.: Unit cells for lithography masks used for patterning of OFET source and drain
interdigitated electrodes (IDE). Electrodes of type A have a width of ≈ 40× 103 µm, elec-
trodes of type B have a width of ≈20× 103 µm. Not drawn to scale.

A.2. Process parameters

Negative optical lithography (e.g. for lift-off)

Substrate types: Si, Si/SiO2, glass
Photoresist: AZ5214E image reversal resist
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1. Substrate preparation

• (optional) Clean substrate with acetone/isopropanol ultrasonic bath.
• (recommended) Clean substrate with O2 plasma (min. 3min).
• (recommended) Bake substrate on hotplate to remove adsorbed H2O (min.
10min at 200 °C).

2. Spin-coating

• 500 rpm, 1 s ramp, 3 s duration
• 3000 rpm, 1 s ramp, 30 s duration

3. Soft-bake

• 110 °C, 1min

4. UV exposure through mask

• 350W UV-lamp, 1.0 s to 3.0 s for very thin lines: ∼1 s

Wait for N2 out-gasing (∼ 2min)

5. Reversal bake

• Hotplate, 126 °C, 2min

6. Flood exposure

• 350W UV-lamp, ca. 50 s

7. Development

• AZ400K 1:4 H2O, 35 s to 45 s

Positive optical lithography (e.g. for RIE etching, Al etching)

Substrate types: Si, Si/SiO2, glass
Photoresist: AZ5214E image reversal resist

1. Substrate preparation

• (optional) Clean substrate with acetone/isopropanol ultrasonic bath.
• (recommended) Clean substrate with O2 plasma (min. 3min).
• (recommended) Bake substrate on hotplate to remove adsorbed H2O (min.
10min at 200 °C).

2. Spin-coating

• 500 rpm, 1 s ramp, 3 s duration
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• 3000 rpm, 1 s ramp, 30 s duration

3. Soft-bake

• 115 °C, 2min

4. UV exposure through mask

• 350W UV-lamp, 3.2 s

Wait for N2 out-gasing (∼2min)

5. Development

• AZ400K 1:4 H2O, 35 s to 45 s for resist development

For Al etching replace development step with:
• AZ351B 1:4 H2O, 3min to 5min for both resist development and Al etching

A.2.1. Anti-adhesion coating (“anti-sticking layer - ASL”)

1. Substrate preparation

• (critical) Substrate should be cleaned and activated in an oxygen plasma
process (e.g. microwave plasma asher, 200W, 60 s).

2. Deposition

• Place a droplet of 2 µl of PFOTS together with substrate(s) in a desiccator.
• Pump for about 20min to 30min.

3. Post deposition

• Remove substrate from desiccator and place on hot plate (min. 120 °C,

20min to 30min)

Note For OrmoStamp® working stamps, the oxygen plasma treatment should be

short (e.g. 45 s) to prevent oxidation of the surface. However, insufficient plasma

activation can significantly reduce the efficacy of the treatment.
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