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Chapter 1

General Introduction

1.1 Introduction to lithography

Patterning of functional materials such as metals, polymemspparticles, biomaterials,
semiconductors, etc. on the micro and nanometer scale with comtosize, shape and position is a
necessity to fabricate any type of device, e.g. computers, eleciegnipment, sensors and data
storage devices. For instance, to enable the fabrication of plesiatectronic device, many
components like interconnects, transistors, resistors, wtich are made of various functional
materials, have to be arranged in predetermined positions reitis@ control over quality, size shape
and geometry. In simple words, lithography can be definedamanging materials on specific
predetermined areas of a surface of interest”.

Traditionally, photolithography is used to enable fabricatimin device structures. In
photolithography light illuminates predetermined areas on @opknsitive polymer (photoresist)
through a photomask that obstructs light to hit certdieropredetermined areas [1]. Upon exposure to
light the photoresist changes its properties, and is latalaj®d in a developer solution to remove
the exposed or non-exposed regions of the photoresist, degamdthe type of photoresist used [1].
These photoresist structures have been used as templates foalnolgjeosition, etching and ion
implantation processes to obtain the final device structuresally multiple photolithographic steps
are used to enable complete device fabrication. Photolithograghg isackbone of the all present
device fabrication methods.

However, a trend for past 30 years in technology is the miidation of components used
for fabrication of devices. Miniaturization helps to make smalitgnter and faster devices in a cost-
effective way. Miniaturization of functional materials can alsaibed to introduce novel interesting
properties of materials due to the effect of size confinementhennanometer scale [2]. These
new/enhanced optical, mechanical, electronic and electrical propertiesippaare possibilities to
use these functional materials, adding newer possible fielgjgptitation for these materials.

The resolution of photolithography is limited by the wimngth of the light used for
patterning the photoresist. Patterning high resolution festof different functional materials on sub-
micrometer length scales is difficult to achieve with conventigoiabtolithography. Modified
processes such as extreme UV light lithography [3] or laserfémence lithography [4] have been
introduced to overcome this problem. However, these technolagéesxpensive due to the use of
complex equipment. Also the possibilities of functional niakeand geometrical shapes are limited.

Other lithographic processes such as electron beam lithography [&, focused ion beam
lithography (FIB) [6] and scanning probe lithographic mdthfy] are also widely used in research for
fabricating high resolution features with high precisionEBL processes a focused electron beam is
used to write on an electron beam resist, typically PMMA. Liaresist is developed in a developer
solution. Subsequent metal deposition or etching and sggping is performed to obtain the final
pattern [5]. In the case of FIB, a focused ion beam of Galliums is used to directly mill the surfaces
to be patterned [6]. In scanning probe lithographic methodsFan tip is used as a pen to transfer
molecular inks to the surface of interest [7]. Another appraadb use mechanical scratching to
produce patterns on the surfaces of interest [7]. However thetb®ds are serial in nature and slow,
so that they can be used only in research as prototyping booistrial use of these methods is not
feasible.

1.2. Soft Lithography

In 1993, the Whitesides research group at Harvard Univansipduced a novel approach to
pattern functional materials using a micropatterned polydingtbyane (PDMS) mold [9]. The
micropatterned PDMS mold or stamp inked with an alkanethiols brought into conformal contact



with a gold surface. The alkanethiol molecules are transferredtfie PDMS stamp to form a self-
assembled monolayer (SAM) of alkanethiol molecules on the artea®\wthe PDMS stamp contacts
the substrate. This first process demonstrated in literagirknéwn as microcontact printing.
Afterwards many interesting variations of soft lithograpbiocesses have been introduced, including
micromolding in capillaries [10, 11, 12], microtransfer diog [11] and micromolding [12]. Due to
the softness of the PDMS stamp, the method is called islafiglaphy. The method attracted
considerable research interest due to the simplicity of the ajpeal its cost-effectiveness. Soft
lithographic methods are parallel methods, so that large aaeakecpatterned in a relatively short
time. It also avoids the use of complex processing equipmeéntattiple processing steps including
resist patterning, development, etching, etc. Most of theliffodigraphic processes are single step
processes. Another major advantage of soft lithography ipdttierning possibility of the functional
materials directly on the substrates, where as other lithograpbtesses use multiple steps of resist
patterning, deposition and etching.

Soft lithographic processes can be classified into two main arégeg namely surface
modification based methodologies and molding methodolodiesshematic diagram illustrating the
main soft lithographic processes is shown in figure Isuriace modification approaches an organic
molecule is used to generate locally another chemistry on tfeesuso that the chemical contrast
can be used for area-selective binding of functional materiale ag nanoparticles, polymers,
biomaterials and molecules. Typically microcontact printing @) functional alkanethiols or
organosilane molecules is used to create a chemical contrast onicnoetallicon/oxide surfaces [9,
11, 12, 13]. In molding-based approaches, the PDMS gialdp is used as mold to pattern typically
sol-gels or polymeric precursors. In micro transfer moldidgthe precursor solution is applied on
the PDMS mold first and then transferred to a receiving satbstl1, 12]. In micromolding process
(B), first the precursor is applied onto the substratestpditerned, and then the stamp is pressed on
the substrate to mold the precursor [11, 12]. After dadation of the precursors by solvent drying,
the mold is removed from the substrate. In the case of MI{@IC first a conformal contact is made
between the substrate and the mold, and then the precurs@liesddp the side openings of the
channels formed between the substrate and the mold. The ntbkhidilled with the precursor by
capillary force, dried inside by solvent evaporation throlghRDMS mold/through the openings of
the channels, after which the stamp is removed [10, 11,Ii2he case of sol-gel precursors the
substrates were heat-treated to obtain the final material patterbI]JL
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Figure 1. Schematic illustration of soft lithographic processes: agrditransfer molding, b)
micromolding, ¢) Micromolding in capillaries (MIMIC), d)iorocontact printing.

However the applicability of soft lithography on submiclength scale, and especially in the
sub-100 nm scale remains challenging. In the case of micro centaatg, problems of ink diffusion
may occur when stamp dimensions go down to the nanometer Bemldimits the lateral resolution
of the dimensions of the pattern [16]. Micromolding proessgquire application of relatively large



pressure on the PDMS mold to avoid the formation of a tfesidual layer between the patterned
features. This may cause deformation or buckling of the PDi&l, resulting in loss of pattern
fidelity and limiting the use of this technique on sulenmineter dimensions. In the case of MIMIC
processes the diffusion length of the precursor insidemeiay scale channels is limited due to the
high viscosity of sol gel precursors.

1.3. Scope of the PhD thesis

This PhD thesis addresses two major issues:
1) Fabricating nanometer-scale patterns of functional materials,
2) Extending the applicability of soft lithographic processes twide range of functional materials
on conventional silicon substrates and flexible plastic satlestr
This thesis describes novel soft lithographic processes,whiith it is possible to fabricate sub-50
nanometer to micrometer length scale patterns of a wide rangsaiohal materials, including
metals, nanoparticles, organosilane molecules, nanowires, semgtiogdmaterials and conducting
polymers on silicon and flexible plastic substrates.
Chapter 2 describes the patterning of oxide materials in sub-50 nm szaecrometer scale using
transfer printing metal loaded water soluble polymers. Thegssois a simple and low cost approach
to pattern a wide range of oxide materials on the sub -100map scale that have potential
applications in the fabrication of device structures.
Chapter 3 introduces a method to pattern organosilane molecules onnssigbstrates on the
nanometer and micrometer scale. The process is a time-controlfgdaelp which uses the
phenomena of geometry dominated condensation of organosilapeutes| from a vapor phase to
generate high-resolution patterns. PDMS stamps of large donsnsan be used to fabricate patterns
of much smaller dimensions.
Chapter 4 extends the application possibility of the process describdtiel previous chapter to
pattern inorganic functional materials on the nanometer to metesrscale. The chapter shows that
the gas phase pattern deposition of organosilane moleculdly isontrollable. Also self-assembled
molecular thin films of mercaptosilane molecules were used masesists for the electrodeposition of
metallic and semiconducting materials.
Chapter 5 further extends the application range of the process describethpber 3. Sequential
deposition of different organosilane molecules on silicorstsate is used to fabricate substrates with
multiple chemical functionalities. Multifunctional multi-lefngscale surfaces have been realized on
the micrometer and nanometer scale. The potential application ariasitpne patterns as resists for
atomic layer deposition (ALD) and as template for site-selecdsorption of nanoparticles has been
demonstrated.
Chapter 6 describes a novel process to pattern octadecanethiol (ODT) SAMslo substrate by
channel diffused plasma etching. The patterned SAMs were usethplates for electrodeposition,
electroless deposition and solution phase deposition of @ naithe of functional materials (Ni, Ag,
Zn0O, and ZnO nanowires) on the nanometer and micrometer scale.
Chapter 7 describes the potential application of channel diffused plasnfaceumodification of
plastic substrates like polycarbonate (PC), PDMS and polgsibyterephthalate (PET) to create a
hydrophilic-hydrophobic contrast on these surfaces. Aftdasa modification, subsequent material
deposition processes such as electroless deposition, sghtse deposition, site selective de-wetting
and site selective adsorption were used to obtain patternsmatfdnal materials such as ZnO, ZnO
nanowires, Ag , Ti@ conducting polymer (PEDOT:PSS) and Ag nanoparticles
Chapter 8 describes a novel process of electrodeposition in capillarespiiocess enables bottom-
up micro and nano patterning of metallic and semiconducting iadatéry electrodeposition of an
electrolyte solution inside PDMS capillaries in contact withlzsgrate.
The thesis closes with conclusions and outloathiepter 9.
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Chapter 2

Sub-50 nm to Micrometer Scale Patterning of
Functional Materials by Transfer Printing of Water
Soluble Polymers

* A shortened version of this chapter is submitted tangarmational journal

Abstract:

A fast, versatile and reproducible method to make arbitraryscafe patterns of functional metal
oxides by edge transfer printing of aqueous metal-loaded wdtdnes polyacrylic acid (PAA)
solutions on silicon is reported. Patterns of ZnO, OMI@, and FgO; with lateral dimensions below
50 nm were realized. The process uses elastomeric PDMS stathpsiisioscale feature sizes to
fabricate nanoscale patterns, so that stamp deformation problemminimized despite the high
resolution. The edge transfer mechanism is attributed taenplaly between the adhesion strengths of
the SiQ-PAA and PDMS-PAA interfaces, the cohesive strength of the flA¥\and the fact that the
stress build-up at the corners of the stamp is higher thtae aentral areas under the stamp.

2.1. Introduction:

Patterning of functional materials such as nanoparticles, idnattoxides, nanoparticle
polymer composites, etc. are very important in materials sciencexderstand the properties of
materials at different length scales, and to realize micro and cal®devices by novel fabrication
technologies. Functional patterns can be applied in the fabriaait electronic [1,2], optoelectronic
[3], data storage [4] and sensing devices [5], to name a fasgelarea, cost-effective fabrication of
high quality functional oxide patterns with sub-micrometesotfution is a challenging issue in
nanofabrication.

Several methods have demonstrated to generate functional mateeaigaguch as electron
beam lithography [5,6], nanoimprint lithography [7,@hotolithography [9] and soft lithographic
techniqgues such as microcontact printing [10], micromouldimgcapillaries (MIMIC) [11],
microtransfer moulding [12,13] and nanotransfer prinf{itd],. Among these technologies the soft
lithographic methods that employ an elastomeric polydimetbyéne (PDMS) stamp or mold for
pattern replication attracted wide research interest due to its ¢atBimplicity, cost effectiveness
and flexibility. However, patterning at the nanometer scale, eslyebglbw 100 nm length scale,
remains a challenge. In the capillary molding processes suchMECMihe friction exerted by the
capillary walls and the high viscosity of the sol-gel orypméric precursors prevents their flow in
nanometer-scale patterned PDMS molds.

On the other hand, molding processes require applicationativedy high pressures on the
PDMS stamps to avoid the formation of a thick residual 1§y} This may cause stamp deformation
or buckling of the PDMS stamp, resulting in the losfiddlity of the patterns [15,16,17] and limiting
the use of this technique in sub-micrometer length scaleerStiblds may be employed, but results
in residual layers[16,17]. Electron beam and ion beam littpity can be used for resolution
patterning down to sub-10 nm, but the costs of invedtrmed exploitation, and the long processing
times are still a serious limitation. To overcome these, iatie novel techniques utilizing the edge
of patterned PDMS stamps or the edge of patterned photosésistures, such as edge transfer
lithography,[18] electrochemical edge decoration[19,20,21]gasdohase pattern deposition[21] have
been developed to overcome this problem and pattern materiaEnometer scale. In edge contact



printing,[18] self-assembling organic molecules such as octaelingain (ODT) are selectively
deposited on the side walls of a micropatterned PDMS stamptrandfer printed to a gold
surface.[17] In electrochemical edge decoration,[19,20,21] pattetredresist structures on metallic
thin films were first used as etch resist and subsequergty as template for electrodeposition at the
edges. A wide range of functional materials could be madéelgads phase edge pattern process that
we proposed recently, organosilane molecules are condensed prefgrientiied corners between the
protruding parts of the patterned PDMS mold, and the mbstvith which it is in conformal
contact.[22] This yields organosilane nanopatterns with latesalutions that are much smaller than
the original dimensions of the PDMS mold used. The advarta@ll these techniques is that they
employ micrometer scale patterning techniques to achieve a &ttatp with higher resolution than
the features of the molds or the photoresists.

Here we report a novel, simple, inexpensive, fast and rapitdd method to realize sub-50
nanometer scale to micrometer scale patterning of functional medtis, i.e. ZnO, CuO, F®; and
NiO, by a number of modes of transfer printing of watelulde polymers. The process uses
elastomeric PDMS stamps with large feature sizes to fabricatefitlgity patterns of much smaller
dimensions. The process is residual layer-free without agplicaf high pressure on the PDMS
stamp. A schematic diagram of the patterning process is sinolgure 1. First, an agqueous solution
of a water-soluble polymer was spincoated onto an oxygen plasatad PDMS stamp [23] to obtain
a thin film of the polymer on the substrate. Then PDM$&ptwas placed on a Si substrate to make
conformal contact, and kept on a hot plate heated € 8 10 min. Then the substrate-stamp
assembly was cooled down to room temperature before peelintpeofPDMS stamp from the
substrate. Depending on the polymer used or the additive satalised, three different modes of
pattern transfer were observed as explained schematically in Figure 1

When a high molecular weight1(,=27000 g/mol) polyvinyl alcohol (PVA) was used then
cohesive failure of the PDMS stamp occurred and a pattern cogt&WiA film and protruding parts
of the PDMS stamp transferred to the substrate. When a ld@cuhar weight polyacrylic acic (PAA)
or PAA mixed with metal salts of different concentration waed, film transfer only occurred at the
edges of the protruding features of the PDMS stamp. When IBaded with metal salts was used,
complete film transfer from the protruding features of tbS stamp was observed, without rupture
of the protruding parts of the PDMS stamp.

The edge transfer mechanism of PAA thin films from the PDd#tBnp was exploited to
create sub-50 nm material patterns of functional oxides. Bmsfeér mechanism of PVA-metal salt
complex films was used to pattern micrometer-scale particle asfaysterials with similar stamps.
Our method provides a simple and cost-effective way to fabricatemeter- to micrometer-scale
patterns using micrometer scale PDMS stamps, and it avad®dthnological issue of buckling or
mechanical failure of stamps in conventional soft lithographicgsses. And as shown below, the
method is applicable to most oxides.
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2.2. Experimental

Preparation of PDMS stamps: PDMS and curing agent (Sylgard 184) were purchased from Dow
Corning Corporation and mixed in a ratio 10:1 and pounsgt the micro/nano-patterned silicon
master (created by photolithography or e-beam lithograptimgd PDMS was cured at a temperature of
70°C for 48 h. After curing, the PDMS stamps were removed fitmenmaster and cut into pieces of
desired size prior to use. The PDMS stamps were treated witemyplasma at 24 watts (Harrick
Plasma) for 30 s to 2 min to increase the surface energy ofSP&i promote its wetting by the
water-soluble polymers during the spin coating process.

Preparation of substrates: p-Type silicon substrates were cleaned with piranha solutiorixare of
H,0, and HSQ, in 1:3 volume ratio). The substrates were washed severaliiitiede-ionized water
after piranha cleaning and stored in de-ionized water. Priosdpthe substrates were taken out from
de-ionized water and blow-dried in a nitrogen stream.

Materials: Zinc nitrate hexahydrate (Zn(NR-6H0, 98% purity), gold(lll) chloride trihydrate
(HAUCly, 99.9% purity), copper () nitrate (Cu(NJ, 99.9% purity) and iron(lll)nitrate nonahydrate
(Fe(NGy)3-9H,0, 98% purity) and polyvinyl alcohoM,, 27000 g/mol, 98% purity) were purchased
from Sigma Aldrich. Anhydrous iron (IIl) chloride (FefC87% purity) was obtained from Fluka. Poly
acrylic acid M,, 1800 g/mol) was obtained from Aldrich.

Pattern Fabrication

PVA and PAA solutions with different concentrations (@55, 1, 1.5 and 3 wt%) were made in de-
ionized water. The solution was spincoated onto the PDM3pstam3000 to 5000 rpm. After spin
coating the polymer films were allowed to dry for 5 minidesoom temperature. Multiple coatings
were applied to make thicker polymer films, with intermediaygnd at room temperature before each
next coating. The PDMS stamps were then carefully placed oveultsgates manually and pressed
with slight tapping with tweezers. The substrates were drifPat for 5 min on a hot plate and
peeled off from the substrate to obtain a pattern of the wataeble polymer.

Metal salts of various concentrations (0.1 to 3 wt %) wepedwith PVA and PAA solutions and
transfer printed as described above. After patterning the polfjim, the substrates were heat-treated
at 620°C to remove the polymers and obtain the metal oxide patterns.

Solution phase growth ZnO nanowires. ZnO nanowires were grown on edge transfer printed ZnO-
patterned substrates. Zn(N@®H,O (0.15 g) and hexamethylenetetramine (0.07 g; HMTA, &luk
purity 99.5%) were mixed in 100 ml water. The solution Wweated to 70-85 °C. The substrates were



then placed floating upside down on the surface of the Ze@upsor solution. ZnO nanowires were
grown for 2 to 15 h, depending on the desired lengtheohinowires.

Characterization: Patterns of polymers and oxides were imaged using high tiesolscanning
electron microscopy (HR-SEM, Zeiss 1550). Atomic Force Mmwpg (AFM; Veeco Dimension
Icon) was used to determine the surface morphology. Tugnelirent AFM (TUNA) was used to
map the conductivity of patterned surfaces [37]. X-ray diffoac{XRD, Philips diffractometer PW
3020, Software X'Pert Data Collector 2.0e, Panalytical BA¥nelo, The Netherlands) was used for
phase determination of the patterns.

2.3. Results and discussion

Figure 2a illustrates the type of patterns on silicon trebatained when a PVA solution of
high molecular weightM,, ~ 27 kg/mol; 3 wit% in water) was used as transferrableFfigure 2b
shows a similar image, and the corresponding AFM heighil@rof patterns from a 3wt % PVA
solution to which 3 wt% Feglhad been added. Both solutions were spin coated at 400€br#n
min, and dried at 8C for 10 min on patterns PDMS stamps. This yielded 80thmiok films on
PDMS, which were then transferred to the Si substrate aftergdand peeling off. The height profile
in Figure 2a shows high aspect ratio features with a heiggi®@hm, much more the thickness of the
spincoated film. The structures are therefore torn-off protgugarts of the micropatterned PDMS
stamp. Figures 2c and 2d show height profiles of PDMSpsdmefore and after the PVA printing
process. Figure 2c shows a profile with a flat top surfacexpscted for PVA- thin film coated
PDMS stamp. The shape of the profile in Figure 2d conftimscohesive failure in the protruding
parts of the PDMS stamp after PVA transfer.

The AFM image and height profile of patterns of RdGaded PVA on silicon in Figure 2b
indicate much thinner structures than in Figure 2a. Appsrestthesive failure of PDMS did not take
place and only transfer of the metal salt incorporated PVAffibm protruding features of the PDMS
stamp in conformal contact with the substrate occurred.

Figure 3a and 3b show HR-SEM images of PAA patterns that tk@nsfer-printed onto Si
substrates in a similar way. But in this case, film transféeurred only at the edges of the protruding
features of the PDMS stamp. The thin lines in Figure 3a padterned with a PDMS stamp with 600
nm wide line features with a spacing of 800 nm. The edgeféraed line features have a line width
of 300 nm. Figure 3b shows edge-transferred PAA line festwith a line width and spacing ofuh.
The transfer printed features in both figures have a linehwa@it85 nm. The width of the features
obtained corresponds to the thickness of the PAA thintfillhwas coated on the PDMS stamp. Metal
salt-incorporated PAA films show the same patterning behasipure PAA films.
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stamp coated with PVA thin film. d) AFM height profile BOMS stamp after the printing process.
The shape of the profiles in the protruding parts of thmgtillustrates the ruptured PDMS parts that
transferred to the substrate together with the PVA film.
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Figure 3: HR-SEM images of edge transfer printed PAA patterns tuiﬂm§00 nm line width
and spacing of 600 nm b) Line pattern with 100 nm linghgiéind spacing of 1 um.

The difference in pattern transfer between PVA film, metal sattrporated PVA film, and
PAA(-metal salt) solutions is attributed to differencestlie cohesive strength of the different
polymers or polymer-metal salt complex solutions, andifferdnces in adhesion strength between
substrate surface and polymer/polymer-metal salt solutionse Sive used high molecular weight
PVA with M,, ~27 kg/mol, and low molecular weight PAA witl,, ~1.8 kg/mol, the cohesive

strength of the PVAtby,) thin film will be much higher than the cohesive strengtthefPAA (tpaa)
thin films.



We performed a lap shear test to obtain average values of the adftes®m between the
dried water-soluble polymers (PVA and PAA), and the padtaig surfaces, i.e. Sfand oxygen
plasma treated PDMS. A schematic configuration of the test spesiosed in the lap shear test is
shown in Figure 4. We prepared glass-PVA/PAA-glass and $#IPMA/PAA-PDMS test specimens
with similar dimensions and polymer film thicknesses. Hpedhear strength)(of the adhesive joint
is given by the formula

t=P/bL, )
whereP is the maximum failure loadh, the joint width and. the joint length.

In the test, it was observed that the adhesion strength beBv&eand both PDMS and glass
was high enough to break the glass slides or PDMS bla#d in the experiments. Adhesive failure,
i.e. separation of the glass or PDMS slides from the ANMAWas never observed. This indicates that
the PVA film acts as a strong glue between PDMS and subsifigie the printing and drying
processes, possibly due to strong hydrogen bonds betweegradps from PVA and surface -OH
groups on Si@and oxidized PDMS. The high cohesive strength of P¥wf, which due to its high
molecular weight, also contributed to this phenomenon. Sibd¢Sis the weakest material in the Si
substrate-PVA-PDMS stamp configuration, cohesive failurenefgrotruding features of the PDMS
stamp occurred when PVA was used as transferrable ink.

Adhesive failure was observed during the lap shear test whem R&IA between glass slides
or PDMS blocks. Interestingly, we observed that the adhdsiae between PAA and the PDMS
surface {ppms-pan) iS three times higher than the adhesion force between PAA arsdsgidace 1s;.
paa). This provides an explanation of the edge transfer mecharfisRAA thin films that we
observed. Due to the low molecular weight of PAA, its coleesivength 1-aa) is lower than the
adhesion forces at the PAA - silicorifpas) and PAA-PDMS {ppms.pas) interfaces. And sincesipaa
is three times smaller thanr;.ppmus adhesion was lost occurred at the Si-PAA interface. However,
because the cohesive strength of PA#\) is very low compared to the adhesive strength at the Si-
PAA interface {si.pan), cohesive failure of PAA thin film occurred at the weak paftthe PAA film,
namely at the edges which were not connected directly to the BEI).

In contrast to the results with PAA, the combination ofAPMth metal salts such as FeCl
and HAuC} resulted in complete film transfer from the protruding fesstuof the PDMS stamp
without breaking the PDMS stamp. The most likely explanatiorhis is the association of metal
cations to the hydroxyl groups of PVA. The number of abéd free hydroxyl groups for hydrogen
bond formation with surface hydroxyl groups was strongdguced. This reduced the cohesive
strength of the PVA films, as well as the adhesion forcesdagt the PVA - PDMS and PVA - Si
substrate interfaces. To test this hypothesis several experimerdgsdone with varying metal salt
concentrations in an aqueus 3 wt% PVA solution. Film tearstcurred in a similar way as with pure
PVA thin films at metal salt concentrations up to 0.6 wi%, the PVA films were transferred
together with part of the protruding features of the PDISp. The best results were obtained with a
solution of 3 wt% PVA with 3 wt% metal salt.

F
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Figure 4. Schematic configuration of the test specimens used for thehkgr $est to determine
approximate values of adhesion forces between water soluble pslgnparticipating substrates.

Figure 5a shows ZnO line patterns fabricated by edge trangfiéingrof PAA-zinc nitrate
complex (1.5 wt% PAA + 0.75 wt % Zn(NI in water) using a PDMS stamp with a feature width of
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600 nm and spacing 800 nm. The patterned area of the stampx&asng. The substrate was
annealed at 620°C to convert the as-deposited patterns into XRD. analysis confirmed the

polycrystalline ZnO wurtzite phase (Figure 5b). The finaDZime patterns had a line width of 120
nm and a height of 38 nm with a spacing of 600 nm betweenlibs. Figure 5c shows the
corresponding tapping mode AFM height profile. Figure Bows TUNA conductivity map of the

ZnO lines measured at an applied sample bias voltage of 2 ¥swhiesconducting AFM tip. [27] The
results indicate uniform conductivity along the lines.

' § |
':’ i i §
1
£  §
{
i il | |
i 1
| {
i  §
§ §
§ ¥ i
1
| i
i i
t

i

b) 1000 (1011)
4 (togo) 0001
600

400

Intensity (counts)

200

30 32 34 36 33 40

2Theta (°)

3838

Height (nm) ~~

|

Length (um)
Figure 5: ZnO line patterns created using edge transfer printing of-BA& nitrate thin film and
subsequent annealing at 620 a) HR-SEM image of ZnO line pattern with a line width18D nm
and a spacing of 600 nm; b) XRD diffractogram of polycriis&lwurtzite structure; c) Tapping
mode AFM height profile; d) TUNA conductivity map of Zri@es.

S o3

The height of the ZnO patterns can be controlled by varymgdhcentration of metal salt in
the solution. Figure 6a shows the variation in thickness fasction of zinc nitrate concentration in
1.5 wt% PAA solution. The pattern width can be controligdthe thickness of the PAA-metal salt
layer on the PDMS stamp. Figure 6b shows pattern widghfaisction of spin coating speed and PAA
concentration. Best results were obtained when spincoating #osodd 1.5 wt% PAA with metal
salts at an angular speed of 4000-5000 rpm. Formation ghfehiand wider patterns required
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application of multiple layers of precursor solution ba PDMS stamp prior to transfer. In such cases
the film was allowed to dry 10 minutes at room temperatues déposition of each layer.
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Figure 6: a) Variation in pattern thickness with metal saliceatrations; All samples where
spincoated at 4000 rpm for 2 min; b) Variation in patteickhess with spin coating speed.

In order to illustrate the versatility of the technique, starwith different geometries and
dimensions were tested. Figure 8a shows a ZnO nano-ringfalmagated using a nanometer-scale
PDMS stamp with arrays of circular protruding pillarsl80 nm diameter, 200 nm spacing and 350
nm height. A solution of PAA-zinc nitrate solution withconcentration of 0.5 wt% of both PAA and
zinc nitrate was used to generate the ring patterns with b ofidt5 nm and a height of 15 nm. Figure
8b shows ring patterns fabricated using a micrometer scatrEdtPDMS stamp with circular pillar
arrays with a diameter, spacing and height of 3 pm. A soluf 1.5 wt% PAA and 3 wt% zinc
nitrate in water was used. The rings have a width of 30@manheight of 150 nm measured using
AFM. Figure 8c shows CuO ring patterns fabricated usingutico of 1.5 wt % PAA and 1.5 wt%
Cu(NGs),. The samples were annealed at°D6r 30 min after transfer printing. The rings have a
width of 100 nm. Figure 8d shows the XRD spectrum obthifiom a Si-supported thin film that
confirms the CuO phase. Examples of®and NiO nanopatterns are provided in the Appendix of
this chapt
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Figure 8: a) ZnO nano-ring array with a ring width of 45 nm.dnidiameter of the rings is 180 nm;
b) ZnO ring array with a ring width of 300 nm. Inneamlieter of the ring is 2.pm; c) Array of CuO
rings with ring width of 100 nm; d) XRD diffractograof CuO thin film.
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We used the thin ZnO patterns as nucleation areas for site geleacthition phase growth of
patterned ZnO nanoneedle arrays. Figure 9a show single-ingst&hO nanoneedles grown on the
ring patterns of Figure 8b. Figure 9b shows nanoneedtasngon the line patterns of Figure 5a.
Certain locations on the ZnO lines served as nucleation aregsofwth of single-crystalline ZnO
nanoneedles. The pictures clearly demonstrate the absence afualr@siO layer in the areas that
were in contact with the PDMS stamp.

\ 7 /28 7 Y 3

: B ey L SS32

Figure 9: HR-SEM images of single crystalline ZnO nanowires grown § ton a ZnO

micropatterns. a) Nanoneedles grown on ZnO ring patterrigofd-6b; b) Nanoneedles grown on
ZnO line pattern of Figure 5a and 5b

Figure 10a shows a micropattern of a PVA-Re€mplex that was transfer printed on Si
from a PVA-iron chloride solution (3% PVA+3%iron chidei in water). Figure 10b shows a

micropattern of a PVA-HAuGlcomplex on Si substrate that was printed in a similar way.
a) b)

Figure 10: a-b) Optical microscope images of transfer printed micropattarsi from metal salt
incorporated PVA solutions: a) Curved lines of PVA-Raf@implex with a line width of 3 um; b)
smiley patterns of PVA-HAuGIlcomplex. The width of the circular feature is 3 um.

Figure 11a-b shows isolated ZnO dot array formed byfeapsinting PAA-Zn (NQ),
complex (3 wt% PAA +3wt% Zn (N§,) using a PDMS mold with 500 nm holes separated by 800
nm with a height of 1 um height. Only the sol filledidesthe holes were transferred to the substrate.
After annealing at 62€ the ZnO dots formed has an average diameter of 250 nm.
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,,,,,, S
Figure 11: a-b) ZnO dot patterns of 250 nm diameter separated byr8dabricated using a PDMS
mold with pit array.

2.4. Conclusions

We have demonstrated a simple, fast and parallel approach feffeasive large area patterning of a
wide range of oxide materials from sub-50 nm to micrometee stiadensions using transfer printing
of two water soluble polymers, PVA and PAA. PVA and®ghowed different pattern transfer
mechanisms, depending on the molecular weight of the polyaretshe adhesion forces between the
polymers and the participating interfacéée demonstrated ZnO ring patterns with a ring width down
to ~ 45 nm. The method is suitable to fabricate nanoscale iengsoale patterns of a wide range of
oxide materials or noble metal nanoparticles by mixing the reelial with the water-soluble polymer
solutions and subsequent annealing or oxygen plasma treatmen
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2.6. Appendix to chapter 2

Examples of Fe;O3, ZnO and NiO nanopatterns

Figure S2 shows a HR-SEM image of ajfes ring pattern, and an XRD pattern of a thin film
fabricated using the same precursor solution (1.5 wt% PAA#% Fe(NQ)s-9H,0). The sample
was annealed at 62Q to convert the precursor pattern into®¢e
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Figure S2: a) FeOs ring pattern with a ring width of 250 nm; b) XRD pattef FeOs; thin film.
Figure S3 shows a tapping mode AFM image and a height profile of frepatterns fabricated
using a PDMS stamp with line width and spacing of ~4 Rigure S3c and S3d show a ZnO ring
pattern with a ring width of 80 nm, and a NiO pattern wifine width of 300 nm.
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Figure S3: a) Tapplng mode AFM |mage and (b) tapping mode helghll@m‘onO line pattern with
a line width of 600 nm and a spacing of ; c) 80 nm ZnO ring patterns; d) 300 nm NiO line

pattern.
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Chapter 3

Nanopatter ning from the gas phase: high resolution soft
lithogr aphic patter ning of organosilane thin films

* This chapter was published in Langm009, 25 (23), pp 13298-13301]

Abstract

A general methodology for nanopatterning organosilane tiins fdirectly from vapor phase
precursors is presented. Aminosilane line patterns with dwidt 200 nm in an area of 1 Emere
fabricated on silicon substrates by diffusion of aminasilgapor through the open channels of PDMS
stamps bonded to a substrate. The patterned thin films waractérized by atomic force microscopy
(AFM) and x-ray photoelectron spectroscopy (XPS). Pattemre witially formed at the three-phase
boundary lines between substrate, PDMS mold and vapor, litexgpthe fact that vapors condense
preferentially in geometrically restricted areas with a concave shapeaced to flat surfaces. The
lateral resolution of the formed patterns is about one afdeagnitude smaller than the feature sizes
of the PDMS stamp. Prolonged exposure to the precursor wagdted in micron-sized patterns with
similar features and dimensions as the stamp. This methgdplayides an easy and low cost
parallel fabrication route of functional organosilane nanoscalterpat of arbitrary shape and
composition from micron-size patterned stamps.

3.1. Introduction

Patterned self-assembled monolayers (SAMs) or thin fill@ganosilane molecules can be used to
modify the surface chemical properties at specific locations [].ekkample, patterned SAMs and
multilayer films can provide hydrophilicity, hydropholticior a desired chemical functionality on
specific locations on the substrate during device fabricafipnThey have also been employed in
nanofabrication technology as etch resist [2], and as temfitatetectroless deposition [3] and site
selective immobilization of different materials like nanopartiffds polymers [4] and biomolecules
[5]. Patterned organosilane SAMs or thin films can theretmeeused for nanofabrication of
electronics, data storage devices, MEMS and biological sens@sefyhsmall size and the chemical
stability of the organosilane molecules enable them as a very fpbweterial for high resolution
nanopatterning [1].

Electron beam lithography [2,6,7], focused ion beam lithplay [7], photolithography [8],
scanning probe lithographic methods [9,10], microcontactipgrill] and nanoimprint lithography
[4] are the most widely used serial and parallel patterningadstfor organosilane thin films and
SAMs. Serial techniques based on electron and ion beams can befouskih resolution
nanopatterning either by using a polymer resist or direatighiftying/destroying the SAM or thin film
upon irradiation. The processing times are relatively longtlaadost of fabrication and maintenance
are considerable [12]. Photolithography gives good resultstandard clean room fabrication
processes, and yields resolutions up to the diffractiont lohithe wavelength of light used for
patterning the photoresists [12]. Scanning probe liti@graan also be used for patterning up to sub-
10 nm resolution. The processing time for scanning prokderpageneration is high comparing to
parallel methods. Microcontact printing (LCP) using a solgdimethylsiloxane (PDMS) stamp is a
versatile approach due to its parallel nature, speed and lowacggnerate massively patterned
substrates. However, the resolution of uCP is limitedtddlee noticeable effect of diffusion of ink on
the substrate at higher resolutions [11]. Nanoimprintodtaphy (NIL) is a successful tool for
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patterning nanoscale patterning of SAMs. NIL is a fast panp#iékerning method. It does require
elevated pressures and temperatures during the processing afdual lager is present after the
imprint has been made [4].

Here we propose a new single step method to pattern organasitde®ules on silicon substrates
directly from the vapor phase using a PDMS stamp as templeeapproach belongs to the family of
soft-lithography techniques since it makes use of a polymenigldnin conformal contact with a
substrate for replicating the features of a master structuie QL8 technique enables the effective
fabrication of organosilane patterns on large surface areas. Tampdtave a high resolution, down
to 200 nm, and a high packing density. A special featureiofmzthodology is that the resolution of
the formed patterns is about one order of magnitude higharthe features of the PDMS stamp with
which the pattern is generated. The reason is that precursoiteptakes place primarily in areas
that are very near to the triple phase contact lines between sebBE#IS mold and organosilane
vapor, i.e., in those areas that have a sharp concave shape. Thatiscimmgram of the patterning
process is shown in Figure 1. A patterned PDMS stampessed against a pretreated silicon
substrate. A connected channel structure is formed between stdraplatrate, with openings to the
ambient on the vertical sides of the stamp. The open channefnpést then exposed to an
organosilane saturated environment in an evacuated desiccator.afteersdlecules diffuse into the
channels via the openings and react with the exposed regiottte ubstrate. The regions in
conformal contact with the PDMS stamp are protected from thenosjane molecules. Depending
on the time of exposure to vapor, two different modes depageneration are possible with this
technigue. When the substrate is exposed to vapor for &dirperiod of time, patterns are formed
only in the regions where the edges of the protruding megié the PDMS stamp are in contact. When
the substrate is exposed for a longer period of time tharias of the substrate are also covered by
reactive organosilane molecules.

Bond PDMS stamp and substrate

LL B LI

Gas phase silanization

c) ml m
Short deposition time Long deposition time

) [—l_l_l_l_l_l—l I_I_I_I_I_I_I_I

Remove PDMS stamp

Figure 1: Procedure of direct gas phase patterning of organosilaneilthg1ifsing a PDMS stamp
template. a) Reversible bonding of PDMS stamp to substrat®eposition of organosilane in
desiccator. ¢) Removal of substrate and stamp from desiccatoegiesure. d) Removal of stamp
from substrate.

b)

—

3.2. Experimental section

Preparation of PDMS stamps: PDMS and curing agent (Sylgard 184) were purchased from Dow
Corning Corporation and mixed in a ratio 8:1 and poured the micro/nano-patterned silicon master
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(created by photolithography or e-beam lithography). The B@Ms cured at a temperature ofG0
for 48 hours. After curing, the PDMS stamps were remowveuh fthe master and cut into pieces of
desired size and stored in absolute ethanol for 15 days hefer&very five days the PDMS stamps
were taken out of the ethanol, washed with ethanol, and stoagd ingresh ethanol. This treatment
reduced the amount of unreacted PDMS oligomers in the stangh whght otherwise contaminate
the substrate during the patterning process. After thisriesdf the PDMS stamps were dried at®0
for 3 hours to remove any trace of ethanol prior to use.

Preparation of silicon substrates: P-Type silicon substrates cleaned with piranha solution Xaurei

of H,O, and HSQO, in 1:3 volume ratio) were used in the experiments. The ubstwere then
washed several times with de-ionized water and stored in @mdbwater. Prior to use the substrates
were blow-dried in a nitrogen stream.

Fabrication of organosilane patterns. (3-Aminopropyl)triethoxysilane (APTES, 98% pure) was
purchased from Sigma Aldrich and used in the experimenecai/ed. The dried PDMS stamps with
micro/nano-patterned features were gently pressed against siliosinages facing the patterned side
of the stamp against the polished side of the silicon sbstfhe PDMS stamp made conformal
contact with the substrate via attractive Van der Waals forcestr&aisswith a bonded PDMS stamp
were transferred to a desiccator. A drop of aminosilane precwesoplaced in the desiccator. After
evacuation of the atmosphere by a mechanical pump to 100 mbdediceator was closed and an
organosilane vapor-saturated environment formed inside #&. Sitbstrates were exposed to the
organosilane environment for a time period of 3 to 12 hothe substrates were taken out from the
desiccator and washed with absolute ethanol followed by deiomizégl and stored for further
analysis.

Characterization: The patterned organosilane thin films were characterized usimgicatorce
microscopy (AFM, Dimension D3100 Nanoscope IVa controléeeco Instruments) for surface
morphology and X-ray photoelectron spectroscopy (XPS, QuUaXM scanning electron microprobe,
Physical Electronics) for surface chemical information.

3.3. Results and discussion

Figure 2 and Figure 3 show tapping mode AFM height argg@images of patterned aminosilanes
on silicon wafers after deposition for 3 and 12 hourspeetively. The PDMS stamp used for
patterning the organosilane lines in Figure 2 has a line widthum and a spacing of 1.3 um in an
area of 1 cth The width of organosilane line patterns is approximat@ly®m and the height is ~7
nm. The phase image indicates that the areas in between the amindsiéen did not contain
noticeable amounts of aminosilane. The organosilane molecules ethier@®MS channels through
the openings located on the side walls of the stamp. The effetéimeted of APTES is smaller than
0.8 nm, and the vapor pressure at 293 K is 2 Pa [14]. &isickground pressupe10 kPa inside the
desiccator, the mean free pattkgT/(N2ndp) (ks is the Boltzmann constant, aficthe temperature)
of APTES in the gas phase is of the order of 200 nns iBhalmost an order of magnitude smaller
than the dimensions of the channels. Therefore, the predonmrettanism of gas transport inside
the channels is bulk diffusion. The molecules then depositédeosubstrates, forming covalent bonds
with the OH terminated silicon surface. Upon exposure to emhbair, the alkoxy-functional
organosilane molecules react with water vapor by sol-gel hyisolgnd condensation into a
polymerized network. Interestingly, the AFM data clearly shioat patterns are generated that have
much smaller dimensions than the original PDMS stamp teeaplat

Figure 3 shows micropatterns of condeng@minopropyl silane after deposition for 12 hours. The
PDMS stamps shown had a line width and spacing of appralimatum in an area of 1 éniThe
thick lines at the edges of the line confirm that the molecdpssited first at the PDMS—silicon-air
triple phase boundary lines and then deposited in the regioveén the edges. The AFM height-
distance plot shows that the thickness of the aminosilandlthiis approximately 3 nm in the central
regions, with well-defined thicker edges of approximately &0 hreight and 200 nm width. The
method bears some resemblance to the gas transfer lithograpkgpproposed by De la Rica et al.
[15], because it uses PDMS molds and gaseous aminosilanegcassprs, but there are some
essential differences with our technology. It also bears resecablanthe solvent-assisted soft
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lithography method introduced recently by Shi et al. [b&l our method uses gaseous precursors
instead of liquid sols.

20.0 nm 50.0°
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Figure 2: y-Aminopropylsilane based thin line patterns formed after aslitpn time of 3 hours.
(@) AFM height image; (b) AFM phase image; (c) Distance — héeligkt scan in a direction
perpendicular to the line pattern.
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Figure 3: y-Aminopropylsilane based line patterns formed after a depoditioe of 12 hours. (a)
AFM height image; (b) Distance — height line scan in a diregg@pendicular to the line pattern.

XPS experiments were done to validate the chemical identity opdkterns and confirm the
presence of an aminosilane line structure. Figure 5 showdBeN I spectrum obtained on the thin
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line patterns of Figure 2. The data indicate a notable presenu&agfen from the end functional
groups of the condensed aminosilane molecules on the ateb&this confirms the deposition of an
aminosilane network on the substrate, and rules out thebpibgdhat the lines are composed of
PDMS oligomers that somehow segregated from the stamp. Yimenasry of the N & peak suggests
that more than one type of nitrogen was present. The peéklm®deconvoluted into two Gaussians,
with peak positions at 399.7 and 401.5 eV. Most likbgse correspond to the amine end group (-
NH,) and the protonated amine end group {Naf the patterned aminosilane thin film, respectively.
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Figure4: XPS N B spectrum of patternedaminopropylsilane based lines from FigureThe peaks
at 399.7 eV and 401.5 eV represent -NIHd —NH" groups, respectively.

The AFM images in Figure 2 and Figure 3 confirmed two madegzmttern generation, depending
on the time of exposure of the substrate to the organosi@mer. Short exposure led to pattern
formation along lines where the silicon substrate was in comilctthe edges of the protruding
regions of the stamp. Upon increasing the exposure timeydlexules also condensed and assembled
in the regions between the edges and filled all unmasked aréas sifibstrate surface. This means
that the aminosilane molecules condense first along edges rathdrdmogeneously over the entire
OH terminated silicon substrate. Although the proces®tisunderstood in microscopic detail, this
type of preferential wetting is generally interpreted in terfrinaeased Van der Waals interaction of
vapors due to size confinement [17]. The edges of the phnogrdRDMS features in contact with the
silicon substrate form very sharp concave corners. This geopretmotes the initial condensation of
organosilanes compared to deposition on flat areas. Uponnpgesloexposure, the organosilanes
eventually also condense on flat surfaces, resulting in miczed-organosilane patterns with a
thickness of 10 nm.

3.4. Conclusions

In conclusion, we have presented a novel gas phase patterningjtechsing PDMS templates as
a reliable method for nanopatterning organosilane thin filB@me aspects of this gas phase
patterning procedure may make it more suitable for organosiEmepatterning than soft lithographic
techniques based on printing liquid precursors. The metbggaloes not depend on the application
of a controlled pressure on the mold, so that stamp defiormiatlimited, and contact times are less
critical. Secondly, gas-phase deposition of organosilanes pseaggtegation of reactants prior to
deposition and results in regular patterns of controllezkniess. The process had a high fidelity and
high quality patterns were obtained over large surface areasefarberiments to make materials
using other organic and inorganic precursors are under way.
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Chapter 4

Nanopatter ning of functional materials by gas phase
pattern deposition of self assembled molecular thin
filmsin combination with electrodeposition

* This chapter was published in Langmuir, (2011, 27 (p)12760-12768)

Abstract.

We present a general methodology to pattern functional materialse nanometer-scale using self
assembled molecular templates on conducting substrates. Aliteoffraphic gas phase edge
patterning process using PDMS molds was employed to fdectrieally isolating organosilane
patterns of a few nanometer thickness and a line width that beutdned by varying the time of
deposition. Electrodeposition was employed to deposit pattdrili and ZnO on these prepatterned
substrates. Deposition occurred only on patches of the aighstnere no organosilane monolayer was
present. The process is simple, inexpensive and scalable to lagge Wfe achieved formation of
metallic and oxide material patterns with a lateral resoluti@dafm.

4.1. Introduction

Microcontact printing of alkanethiols [1,2,3] is the masideed method to pattern self-assembled
monolayers (SAMs) on gold films. It has attracted wide rebemterest due to the ability of the
patterned SAMs to act as etch resist [1], or as template for celepwsition [2] or electroless
deposition [3]. This makes patterned SAMs very importantuinre micro and nanofabrication
technologies. In microcontact printing a soft poly-dimegidxane (PDMS) stamp inked with alkane
thiol inks is pressed against a gold substrate to releasektiiolecules in a controlled way to the
substrate. The method is a scalable parallel process whiche&lwalimplemented in industry to
fabricate micrometer scale features. However, the miniaturizatistillia challenge in microcontact
printing due to the limitations of the elastomeric propeftthe PDMS stamp used and the limitation
of ink diffusion [4, 5, 6, 7] which may cause loss wfefity and larger defect concentration of the
patterns fabricated.

In order to minimize the defect concentration and overcome thaepmoof ink diffusion, it is
necessary to develop new methodologies for patterning self-dgsgnnolecules. Patterning a
prefabricated film by area selective destruction or chemical roatldhn by an electron beam [8,9] or
AFM tip [10,11,12] are very efficient in terms of patterdelity and resolution. Preformed molecular
films can have high film quality since the molecules are reacted fhe liquid or gas phase for
longer times when compared to short time microcontact priniied. fDue to the serial nature and
high capital investment costs of electron beam lithography &hd IRhography, these techniques can
only be used in research. It is also possible to patteinduglity molecular thin films in a parallel
manner using a preformed mask such as photoresist on aageibfbricated by photolithography
[13] or nanoimprint lithography [14], and followed hygas phase or liquid phase deposition process
of the self assembling molecules and finally a resist remdepl Blowever, these techniques require
multiple process steps of resist patterning, etching anegaitual layer removal [13,14]. Recently, we
demonstrated a single step process for patterning organosAdie f®m the gas phase using PDMS
molds on silicon substrates [15]. The method can be empltyedenerate nanometer scale
organosilane patterns using micrometer-sized PDMS molds authet fact that organosilane
molecules prefer to condense in geometrically restricted areas ta#imeicondensing onto planar
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areas of the substrate. Patterns are therefore formed first thréleephase boundary lines between
substrate, PDMS mold and vapor, before condensing on gecaigtiplanar patches. The lateral
resolution of the formed patterns was about one order ofitoadg smaller than the feature sizes of
the PDMS mold [15].

In the present paper we used the same patterning methodoldgymtanercaptosilane (MPTS)
monolayers and thin films to act as patterned resists bseguent fabrication of functional materials
by electrodeposition. The process is a fast, inexpensive ageldega approach for pattern generation
and can be employed in future device fabrication technologies.chleengatic diagram of the process
is described in Figure 1. A micro or nanopatterned PDMS risopressed against a silicon substrate
with a sputter deposited gold film of thickness ~75 nmcoknected channel structure is formed
between the mold and the substrate with openings to the arohiéim¢ vertical side of the mold. The
substrate-mold assembly is then exposed to a low pressum®nment containing a source of self-
assembling molecules for a certain period of time at a temperdt6@& The natural vapor pressure
of the mercaptosilane molecules at the given temperature leads adlyetduthe formation of a
molecular thin film on the unshielded areas of the substragpeming on the time of exposure to
vapor, two different modes of pattern generation are posdible \Vhen the substrate is exposed to
vapor for a limited period of time, patterns are formed onlyhe regions where the edges of the
protruding regions of the PDMS mold are in contact. When dubstrate is exposed for a longer
period of time, the flat areas of the substrate are also coversghttyve mercaptosilane molecules.
And as will be shown below, the difference between these twaesnednishes when the pattern
resolution goes into the nanometer-scale domain. The three nuidestterning are shown
schematically in Figure 1. After organosilane deposition, tihstsates were used as electrodes in an
electrodeposition process to generate functional micropattemdsasfd ZnO. We generated patterns
with lateral resolutions ranging from ~ 80 nm to a few prioeters.

Attach PDMS stamp and substrate

vacuum

m M —

Gas phase silanization

Short time deposition Long time deposition Deposition with nanomold

g 4 4
e S

Patterned organosilane molecules

Figure 1: Schematic diagram of the patterning process.

4.2. Experimental

Fabrication of PDM S molds: PDMS and curing agent (Sylgard 184) were purchased from Do
Corning Corporation, mixed in a ratio 10:1 and poured tlvermicro/nanopatterned silicon master
(created by photolithography or e-beam lithography). The B@Ms cured at a temperature ofG0
f?TrF48 h. After curing, the PDMS molds were removed frbm master and cut into pieces of 1 x 1
cnr size.

25



Preparation of gold coated silicon substrates. p-Type silicon substrates cleaned with piranha
solution (a mixture of kD, and HSQO, in 1:3 volume ratio) were used in the experiments. The
substrates were washed several times with deionized water anddawn a nitrogen stream. Gold
thin films of 75 nm thickness on silicon substrates waepared using a Perkin-Elmer sputtering
machine operating at 50 W at a deposition pressure of2xih@r using Argon as sputtering gas. A
titanium film of thickness 10 nm was sputtered at 150 \&raadhesion promotion layer prior to gold
sputtering.

Patterning organosilanes. (3-Mercaptopropyl) methyldimethoxysilane (95% purity)RTS) was
obtained from Sigma-Aldrich. The PDMS molds with micesin-patterned features were gently
pressed against the gold coated silicon substrate. The pattataed the mold faced the gold coated
side of the silicon substrate. The PDMS mold made confornmshcowith the substrate via Van der
Waals adhesion to the substrate. The PDMS can be peeled afbdimte easily by gentle force. The
substrates with bonded PDMS mold were transferred to a desicgadoop of MPTS was placed in
the desiccator and evacuated by a mechanical pump. The desiccator wadcheatiemperature of
60°C. A MPTS vapor saturated environment formed inside the @desic@he organosilane molecules
diffused from the gas phase into the PDMS channels and d&posithe substrates, forming covalent
bonds with the Au surface. The substrates were exposed tovirenement for a period of 1 to 12 h to
study the effect of deposition time on pattern formatiofterAdeposition, the substrates were taken
from the desiccator and washed with absolute ethanol and zkdoniater, and stored for further
analysis.

Electrodeposition of ZnO and Ni: MPTS patterned Au thin film substrates were used as stdstr
for electrodeposition. Electrodeposition was carried out usitiree-electrode potentiostat (Autolab
PGSTAT 128N, Metrohm Autolab B.V., The Netherlands). BAdMl-patterned substrates were used
as working electrodes. A small Pt mesh was used as countep@deciihe reference electrode was
Ag/AgCl in 3M KCI (Metrohm Autolab). Nickel patterns wererfned from an electrolyte containing
0.23 M nickel sulphate hexahydrate (Nig&H,0, Sigma-Aldrch, purity 99%,) and 0.15 M boric acid
(H3BOs, Aldrich, purity 99.99%). Deposition occurred at -1\@ersus reference. Zinc oxide patterns
were formed at 60 °C at -1.00 V in an electrolyte containirdi@ OM zinc nitrate hexahydrate
(Zn(NGs),.6H,0, Sigma-Aldrich, purity 98%,). Further details can benfbalsewhere [16].

Characterization: MPTS patterns were characterized using tapping mode Atomic Force
Microscopy (AFM; Veeco Dimension Icon) to determine the surfasghology. Tunnelling current
AFM (TUNA) was used to study the conductivity of the gnowatterns, as well as to map the
conductivity of patterned surfaces [17]. Grown metal and op@lterns were imaged using high
resolution scanning electron microscopy (HR-SEM, Zeiss 1%5@) tapping mode AFM. X-ray
diffraction (XRD, Philips defractometer PW 3020, SoftwareeXMData Collector 2.0e, Panalytical
B.V., Almelo, The Netherlands) was used for phase determinafiaime patterns. The in-plane
magnetic anisotropy of the polycrystalline Ni line arrays wharacterized by a vibrating sample
magnetometer (VSM\odel 10 VSM, Digital Measurement System ‘DMS’, ADE Teclugies) at
room temperature. Hysteresis loops were taken at diffaneptaine field directions with intervals of
10 field angle.

4.3. Results and discussion

1. Deposition of organosilane patterns

Figure 2a shows tapping mode AFM height image and AFM hembfile of patterned
mercaptosilane film on Au coated silicon substrate. The pattegne grown at a temperature of°60
for a period of 5 h. In principle, it should be possibd increase the rate of deposition further by
working at higher vapor pressures, e.g. by employing higbmperatures for deposition. The
dimensions of the patterns in the PDMS molds are 110 menwlidth, 140 nm spacing and 100 nm
channel height. A negative replica of the PDMS mold formed theesubstrate with an approximate
height of ~2-3 nm. Figure 2b shows AFM image and AFM Higggofile of patterned mercaptosilane
film on Au coated silicon substrate. The patterns were growartemnperature of 6Q for a period of
5 h. The dimensions of the patterns in the PDMS molds%0enfh line width, 450 nm spacing, and
200 nm channel height. A negative replica of the MPTS molohddrover the substrate with an
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approximate height of ~2-3 nm. The patterns were very homogenawd of high quality. No
difference could be observed between patterned areas near the oatepkte PDMS mold, and
areas near the center of the mold.
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Figure 2: AFM image and AFM height profile of MPTS pattern. a) patteith line width 110 nm,
spacing 140 nm; b) pattern with line width 350 nm, spadi@ nm. Both patterns have a height of
~2-3 nm and were grown at®Dfor 5 h.

We also used PDMS molds with micrometer and nanometer scaleefefdupatterning MPTS thin
films to exploit the possibility of preferable edge condensatif the organosilane molecules as we
reported previously [15]. We grew MPTS patterns for diffepariods of time and studied the pattern
formation process with a series of tapping mode AFM scagard-3a-b show tapping mode AFM
images and height profiles of MPTS patterns grown fora@D240 min using a PDMS mold with a
line pattern with lines of ~4m width and ~ 2um heights grown at 68C. The thick lines formed at
the corners between the PDMS mold and the substrate indicat®l®@e® molecules prefer to
condense and polymerize initially in the corners rather thathemplanar Au surface. The height of
these edge patterns increased from ~1 nm after 60 min, to &&ntn after 180-240 min. Further
growth did not lead to a further increase of the height@ktige pattern. However, the AFM images
also show an ongoing increase of the width of the edge matidtimtime, as shown in Figure 3c. On
the other hand, the unshielded planar areas of the Au subdimted no signs of significant
condensation of MPTS molecules during the first 180 midegfosition. Figure 3b shows an AFM
image pattern after ~240 min of growth. Here the uncovered pdaeas between the corners clearly
increased height by <1 nm. AFM scans of samples grown fanii248 h (not shown here) showed
that these areas did not increase thickness upon prolonged rexpp®dPTS vapor. This indicates
that after the formation of about one monolayer, no furtmewth of the thickness of the SAM
occurred. It is also possible to grow patterned MPTS f{ipsto 5-7 nm) by increasing the deposition
temperature to 70-8{C for 3 h or more. An external load was applied to the BDiwld to keep the
mold on the substrate during the deposition process, ind@DMS molds were not stable and lifted
off from the Au thin film (or lost conformal contact) al@85°C, probably due to expansion of the
molds above this temperature.

Similar experiments with a nanometer scale patterned PDMS mitbicaine width of 450 nm, an
interline spacing of 350 nm, and a height of 200 nm algevetl preferential condensation in the
corners where PDMS and substrate meet during the first 2iépokition. After 1 h of deposition, the
edge-condensed lines had a width of 80-90 nm as showheirHR-SEM image of Figure 3d.
However, due to the narrow size of the channels, a homogeM®TS film of 2-3 nm thickness
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formed across the width of the channels upon longer expdaliren we used a PDMS mold with a
line width of 140 nm, a spacing of 110 nm, and a heifit00 nm (as shown in Figure 2a), we did
not observe preferential corner condensation but only fimdtion across the entire surface of the
channel.

By comparing the AFM images of MPTS patterns grown usiigoscale and nanoscale patterned
PDMS molds it can be concluded that the predominant mechahisfP®S deposition in PDMS-
substrate formed channels is geometry dominated adsorptioafeatmn of molecules in narrow
corners by an effect similar to capillary condensation as desdrbB@scon and Perry [18]. Only in
later stages of growth does complete coverage of the Au surfage Wwen the channel dimensions

go down to ~100 nm or less, deposition by condensatioanrs predominantly on the inside substrate
surface.
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Figure 3: Tapping mode AFM height images and AFM height profileMBfTS lines formed; a) after
180 min of deposition. b) after 240 min of depositibhe red lines in the height profile in Figure 3b
illustrate the height increase of >1 nm of the planar areaeofjold substrate. c) Increase of width of
edge-condensed lines with time. d) HR-SEM image of condeviBas lines of 80 nm width on Au

substrate, deposited using a PDMS mold of line widthrBB0spacing 450 nm and height 200 nm for
1 h at 66C.
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2. Electrodeposition experiments

The patterned MPTS thin films were used as templates torawd ZnO micro and nanopatterns
by electrodeposition. Ni was deposited on the uncovered pathe MPTS patterned Au substrates
using a bath containing nickel sulphate and boric acid at a @dtehtl V. Figure 4a-c show HR-
SEM images of Ni line and dot patterns. The Ni line width350 nm and has a spacing of 450 nm.
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The square dot patterns have a width of 350 nm, with a spati#§0 nm between two dots. The

patterns were deposited on an area of approximately 1x1\&mdeposited Ni patterns for different

periods of time, ranging from 5 s to 120 min. The Ntgrat could be grown up to ~200 nm thickness
without significant lateral growth. The rate of depositimas approximately 2 nm/s, and was

independent of deposition time. The grown Ni patterns warBmmus and smooth irrespective of the
deposition time. Longer deposition times (> 2 min) cauatatdl growth and resulted in widening of

the Ilnes Figure 4d shows the Ni film thickness as funomiodeposmon tlme

R

Vg toaiiins g oo 0354,

A e

?
5
5
.‘D

3
A
i

.
2

]
i

%

7

3

T T T T
30 40 50 60

P . . ) e Deposition Time (sec)

Flgure4 a—b) Ni line patterns with W|dth of ~350 nm at twiffefent magnifications; c) Ni square
patterns with a width of ~350 nm; Patterns were growr3os to ~60 nm height; d) Film thickness of
Ni pattern by electrodeposition versus deposition time.

Figure 5 a-d show Ni patterns grown on MPTS patterneduhstrates with edge-condensed ~80
nm wide MPTS lines. Figure 5a shows 10 nm thick Ni natepet by electrodeposition for 5 s on a
substrate that was made using a nanometer scale-patterned PDd®itima line width of 350 nm
and a spacing of 450 nm. After the first deposition stepribld was rotated by 90 degrees, followed
by a second deposition step under the same conditions tm @baattern of crossing lines. The
spacing between all rectangular Ni dots was ~ 80 nm, in agreeviterthe width of the patterned
MPTS lines. Figure 5b and 5c show Ni patterns grown fmiriLto obtain a thickness of ~ 120 nm on
Au substrates with ring-shaped MPTS patterns. The MPTi8rpathad been grown for 3 h to a line
width of ~350 nm.

Figure 5d shows a Ni pattern electrodeposited on an MP&$titterned substrate that had grown
for 12 h. In this case the MPTS film covered both cornersptanthr areas of the substrate. It is noted
that the Ni film grew over the MPTS film. The SEM image whdhat the density of the Ni film
grown on the MPTS monolayer film was lower than the dgmdithe film that had formed on bare
patches of the electrode. It shows that the thin MPTS filmotscompletely isolating the substrate
from electron transfer, which could be due to the low clexigth of the molecules (>1 nm), and/or
small structural defects in the MPTS film. A film of MPW&h a height above ~1.5 nm is completely
isolating the substrate from electron transfer, as willdseahstrated below using TUNA conductivity
mappings.
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Flgure 5 Nickel patterns on MPTS patterned Au substrates a) Squarenpétttmkness 10 nm),
MPTS line width ~80 nm; b,c) Inverse ring structure (thiess 120 nm), MPTS line width 350 nm; d)
Line patterns (thickness 120 nm) of pi#h width, MPTS line pattern had grown for ~ 12 h.

The conductivity of the Ni patterns was characterised via tungelFM (TUNA). Figure 6 shows
the contact mode AFM image, TUNA conductivity map, and contextte height profile of Ni line
patterns with a nominal thickness of 20 nm (10 s of giéipa time). The contact mode image and
conductivity map were recorded simultaneously with an appliegleanms of 1.221 mV versus the

AFM tip. The data illustrate the uniform high conductivafythe Ni patterns.
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Figure 6: a) AFM contact mode image of Ni pattern on MPTS-prepatterneguBstrate; b) TUNA
AFM conductivity map of Ni line pattern recorded at 1.121 applied sample bias versus AFM tip;
¢) contact mode height profile of the same pattern.
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Figure 7a shows thil-H loops at room temperature at directiofis31°, 60° and 90 with respect
to the edge of the substrate. As can be seen in Fig. 7blvhathdM; oscillate with a periodicity of
18C, with the highest value af @nd the lowest value at ®0rhe highest values of Mind M, are
115 and 158 emu/cinrespectively.

The saturation magnetization is smaller than that of bulk4®# (emu/cr) [19]. However, the
values did not change much with the change of field angle.ifidlisates that the films have a weak
in-plane magnetic anisotropy. Regarding the origin of magaeisntropy in the films, we consider
two main sources of the magnetic anisotropy: magnetic dipolaraction (shape anisotropy) and
spin—orbit interactions (magnetocrystalline anisotropy andhetagelastic anisotropy), as outlined in
detail in ref. [20]. As can be seen in theH loops, theM, value was much smaller than thigvalue
at any filed angle, and the easy axis could not be determined. €agilthe magnetocrystalline
anisotropy is not dominant and this points to the pghtalline nature of the electrodeposited Ni
patterns. TheM, and Mg values were probably affected by shape anisotropy normally velosér

polycrystalline materials.
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Figure 7: (a) Magnetic hysteresiditH) loops and (b) Remnant magnetizatidry)(and saturation
magnetizationNlg) as a function of field angle of 80 nm thick Ni line asayith a period of 800 nm
and a line width of 450 nm on Au coated Si (100) substidte.magnetic field was applied in-plane
along a number of angles with respect to the direction ofrtgs.|

ZnO patterns were grown from an aqueous zinc nitrate electraliggos at a voltage of -1 V
versus reference. Figure 8a shows ZnO patterns that were depositadMPTS line-patterned
substrate with ~400 nm line width. The ZnO patterns halreeawidth of 450 nm and a spacing of
350 nm. Figure 8b shows ~600 nm wide patterned ZnO Viitsa gap of ~150 nm between them.
The gap was formed using edge condensation of MPTS formir®@sing a PDMS mold with a line
width of 600 nm and a spacing of 800 nm. Figure 8calsha ZnO line pattern grown on a MPTS
prepatterned gold substrate. The MPTS lines had been depasitéd min, and condensation had
occurred preferentially in the corners. The lines had a watit160 nm. After ZnO electrodeposition
a spacing of ~140 nm was present between thgm wide ZnO lines.
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Figure 8: HR-SEM images of ZnO patterns on MPTS pre-patterned iaitn. a) Line width ~450
nm, spacing ~350 nm; b) line width 550 nm, spacing ~A80 c, d) ZnO lines grown on Au
substrates with ~150 nm wide MPTS line patterns.

The conductivity of ZnO patterns was also characterized via tim@&FM (TUNA). Figure 9a
shows a tapping mode AFM image of a MPTS film formed uaiRPMS mold with a line width and
spacing of ~4pm. The MPTS thin film was grown for 2 R@C to a thickness of ~1.5 nm. A small
load was placed on the PDMS mold to keep it in conformalacontith the substrate at this
temperature. Figure 9b-e show the contact mode AFM image, TedMAuctivity map recorded at a
sample bias of 1 V versus AFM tip, TUNA conductivity maeparded at a sample bias of 3 V versus
AFM tip, and an AFM height profile of the ZnO line pattegrewn by electrodeposition on MPTS
patterned Au substrate as shown in Figure 9a. Figures %mdOe were recorded simultaneously
with an applied sample bias of 1 V versus the AFM tip. Téa dhow uniform conductivity of the
ZnO patterns. The relatively low tunnelling currents at tagthlied voltages shows semiconducting
nature of ZnO line pattern. In this case the MPTS-covered patifh#ee substrates showed no
conductivity at applied voltages between up to at least 5 \ighnillustrates the high electrical
resistance of MPTS thin films of ~1.5 to 2 nm thickn@3ss is very important when they are to be
used as resists in electrodeposition processes. Figure 9fs sBMA |V characteristics of
electrodeposited ZnO measured at a particular position in a gattéra. The shape of th¥ curve is
characteristic of semiconducting materials, and illustrateseimicenducting behaviour of the ZnO
patterns. In order to obtain consistent data)theharacteristics were recorded at several points of the
patterned lines.
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Figure 9: a) Tapping mode AFM image of patterned MPTS thin film groat 76C for 2 h; b)
Contact mode AFM image of ZnO line pattern electrodeposited®ndvthin film as shown in (a); ¢)
TUNA conductivity of ZnO line patterns at applied sample loiag V with respect to AFM tip; d)
TUNA conductivity of ZnO line patterns at applied sample B8V with respect to AFM tip; e)
Contact mode AFM height profile of ZnO pattern. f) TUNWX characteristics of electrodeposited
Zn0.

4.4. Conclusions

We presented an easy and cost effective methodology to pagecaptosilane thin films on the
nanoscale using micro and nanometer-scale PDMS molds. We obpeefedble condensation of
mercaptosilane molecules in the corners where the vertical wak 6fIMS channel came in contact
with the gold substrate during the initial stages of tapodition process, so that very thin lines of
MPTS with a width of 80 nm could be established when theditpn time of MPTS was kept
limited. After prolonged periods of MPTS deposition, algo observed a thin mercaptosilane layer on
all unshielded areas of the substrate, but no film thickmessdse was observed when the time of
exposure was increased further. When nanometer-scale molds werghas&tPTS molecules
condensed directly across the width of the channels, ditie $mall dimensions. The method can be
used to pattern mercaptosilane lines down to a lateral dimewfsgthnm on gold substrates. We used
mercaptosilane patterns as templates for electrodeposition ohdNizaO. The method can be
employed to deposit a wide range of functional material patteatscan have potential applications
in the fabrication of functional devices. The process is eapigalable provided that the mold is
carefully designed to minimize the diffusion length of comaties vapor inside the channels of the
substrate-mold assembly.
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Chapter 5

Patter ning of Organosilane Molecular Thin Filmsfrom
Gas Phase and itsApplications. Fabrication of
Multifunctional Surfacesand Large Area Molecular
Templatesfor Site Selective Material Deposition

*This chapter is submitted to an international journal
Abstract:

A simple methodology to fabricate micro and nanometer-scale medtesurfaces with multiple
chemical functionalities is presented. Patterns with lateral diovenslown to 110 nm were made.
The fabrication process involves multi-step gas phase patteshengine, thiol, alkyl and fluorinated
alkyl-functional organosilane molecules using PDMS moldshasleav masks. Also a combination
process of channel diffused plasma etching of organosilane narlelbin films in combination with
masked gas phase deposition to fabricate multi-length scalésfumgaitional surfaces is demonstrated.

5.1. Introduction

Patterning of organosilane self-assembled monolayers (SAMk}hin films on silicon substrates
[1] has attracted a wide interest due to the ability of pate®AMs to act as etch resists [2] or as
templates for area selective atomic layer deposition [3,4]fieolphase deposition [5], or electroless
deposition [6]. Patterned organosilanes have also been useditefoselective immobilization of
nanoparticles [7], biomaterials [8,11] and polymers [7]. Béjmn of organosilanes with different
chemical functionalities can be used to create multifunctionahsesfin micrometer and nanometer
scale [9,10]. This makes patterned SAMs very promising dituré micro- and nanofabrication
technologies for nanoelectronics, data storage and sensing devices

Several serial and parallel technologies to pattern organosilalts $A various substrates have
been demonstrated, including electron beam lithography (EBLY][9ion beam lithography (FIB)
[12], photolithography [13,14], scanning probe lithodnad15,16], nanoimprint lithography [7],
colloidal lithography [10] and microcontact printing [8erial processes including EBL, FIB and
scanning probe techniques are excellent tools to generate hiditioes material patterns down to a
resolution in the order of sub-10 nm [9,11,12]. Howedete to the serial nature of these processes
and their high capital investment and maintenance costs, thesedsietin only be used as research
tools. Scaling-up for industrial applications is difficihotolithography requires standard clean room
conditions but can be employed for large area patterninggahosilane molecules [13,14] and yields
high quality patterns with resolutions up to the diffi@etimit of the light used for patterning process
[17]. Nano imprint lithography (NIL) has also been den@isd as a tool for the patterning
organosilane SAMs/thin films. NIL provides capability tattern SAMs in sub-100 nm resolutions.
The process is a multi-step process that includes the patteshia resist at high temperature and
pressure, followed by plasma etching of the residual resist lzefore organosilane deposition [7].
Microcontact printing provides an alternative method, by usimglastomeric polydimethylsiloxane
(PDMS) stamp that is employed for large area, fast patterfiogyanosilane molecules by controlled
release of organosilane inks to the receiving substrate [4]. tHerehallenges are to overcome the
limitations of ink diffusion [18], which may cause larglefect concentrations in the fabricated
patterns, and to increase the resolution to sub-micrometer slonenwithout compromising the
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quality of the replication process. The reason is that theogelasic property of the PDMS stamp can
lead to mechanical deformation at high resolutions, thereliyrigrthe fidelity of the process.

Recently, we demonstrated a single step process to pattern diage&AMs or thin films from
the gas phase using PDMS mold templates on silicon sdssfi#1,20]. A schematic diagram of the
patterning process is shown in Figure 1. PDMS molds mitdrometer scale features were used to
pattern nanometer scale organosilane patterns by selectively cogderganosilane vapor at the
corners formed between the protruding features of the PDM& anal the Si substrate in a short time
period (up to 5 h). This resulted in features with latdeassof less than 100 nm. Upon increasing the
deposition time the entire unshielded substrate area also becamedowitbrdeposited organosilane
molecules, resulting in micrometer-scale features.

In the present contribution we demonstrate that the same apparaealso be used to generate
multiple patterned surfaces. Surfaces with multiple patterned cakfunctionalities are interesting
both for fundamental research and device fabrication technol®gitsrning of organosilane
molecules with multiple chemical functionalities can be an ideailesgy to create surfaces with
multifunctional surfaces as described previously by diffeestiniiques such as electron beam
lithography [9], colloidal lithography [10], photolitgeaphy [21] and photochemical modification
[22,23]. As will be shown, gas phase patterning of orgtames is a simple, fast and cost effective
methodology to create multifunctional surfaces with contrel aimensions and geometry. We also
demonstrate the applicability of patterned organosilane molebinidiilms by using them as
templates for site-selective immobilization of nanoparticlesagied selective atomic layer deposition

(ALD).

Attach PDMS stamp and substrate

vacuum

m N —

Gas phase silanization

Short time deposition Long time deposition Deposition with nanomold

+ + 4
mninbeinisinies  sailsiitien ikl

Patterned organosilane molecules

Figure 1. Schematic diagram of the patterning process, showing theeirti of variation of feature
size and deposition time on pattern formation.
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Figure 2: Schematic diagram of the organosilane molecules used for experiasatitstrated in
suppliers website (Sigma Aldrich)

5.2. Experimental section

Preparation of PDMS Molds: PDMS and curing agent (Sylgard 184) were purchased from Dow
Corning Corporation and mixed in a ratio 8:1 and pouxent the micro/nanopatterned silicon master
(created by photolithography or e-beam lithography). The BDMs cured at a temperature of°@0
for 48 h. After curing, the PDMS molds were removed ftbmmaster and cut into pieces of desired
size and stored in absolute ethanol for 15 days before vsg; & days, the PDMS molds were taken
out of the ethanol, washed with ethanol, and stored agdiash ethanol. This treatment reduced the
amount of unreacted PDMS oligomers in the mold which migihérwise contaminate the substrate
during the patterning process. After this treatment, the 8Dhblds were dried at AT for 3 h to
remove any trace of ethanol prior to use.

Preparation of Silicon Substrates. P-Type silicon substrates cleaned with piranha solution (a
mixture of HO, and HSQO, in 1:3 volume ratio) were used in the experiments. Caubure to
potential risk of explosion this treatment has to be carrigdwith proper safety precautions. The
substrates were then washed several times with deionized wateomttis deionized water. Prior to
use, the substrates were blow-dried in a nitrogen stream.

Fabrication of Organosilane Patterns: (3-Aminopropyl)-triethoxysilane (APTES, 98% pure), (3-
Mercaptopropyl)methyltrimethoxysilane (95% purity), octadenygkthoxysilane (OTS, 97% pure)
and 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (97% pyritvere purchased from Sigma Aldrich
and used as received. A schematic diagram of the chemical strotctbheeorganosilanes used in the
experiments is shown in Figure 2. The dried PDMS moldk wicro/nanopatterned features were
gently pressed against silicon substrates facing the pattedeedfshe mold against the polished side
of the silicon substrate. The PDMS mold made conformal cowititthe substrate via attractive Van
der Waals forces. The desiccators were pre-heated in an overf@ttiE20re organosilane deposition
in order to remove adsorbed water and obtain a low humildiposition environment inside the
desiccator. Substrates with a bonded PDMS mold were transferred desiccator. A drop of
organosilane was placed in the desiccator. The desiccator was @aosgedfter evacuation of the
atmosphere by a mechanical pump to 100 mbar, an organosilanesafyrated environment formed
inside. The substrates were exposed to the organosilanefoafd@ - 48 h. The substrates were taken
out from the desiccator and washed with absolute ethanolEdldy deionized water and then stored
for further analysis.
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Fabrication of multifunctional surfaces. Two different types of organosilane were deposited in
two successive gas phase deposition processes. After depdsdirfigst organosilane pattern, the
PDMS mold was rotated by ®@nd the second type of organosilane was deposited. Several
fabrication schemes are shown in the Supporting Information.

Combination of channel diffused plasma surface modification and gas phase patterning: An
OTS monolayer on silicon wafer (without using any PDM3dhwas made by gas phase deposition
at 90C for 12 h inside an evacuated desiccator. The PDMS stampsiigithynano-patterned features
were gently pressed against the SAM-coated substrates. The patislmenf the stamp faced the
SAM-coated side of the substrate. The PDMS stamp made confoomialct with the substrate via
attractive Van der Waals forces. The substrate-stamp assembtyawsterred to an oxygen plasma
cleaner (Harrick Plasma) operating at 25 W at a pressure < 1 Titeasubstrates were exposed to
oxygen plasma for 20 min. After plasma surface modificatienRDMS stamp was peeled off the
substrate. Then a second organosilane pattern was formed bages geposition using a PDMS
mold as template, as explained in the previous section.

Atomic Layer Deposition: ALD deposition was carried out using a commercial ALD reactor
(Savannah 100, Cambridge Nanotech Inc) operating with Ar asrcaas. 20 cycles of ZnO
deposition, corresponding to a pattern thickness of 5 ram,carried out at 12G with diethyl zinc
(Zn(C;Hs),, DEZ) and water as precursors. Pulsing and purging tim@$ @nd 10 s were applied for
DEZ, and of 1.3 and 10 s for water.

Preparation of Au nanoparticles and site selective adsorption: Gold(lll) chloride trihydrate
(HAuCly-3H,0), purity 99.9%) and sodium citrate dihydrate (HOC(COQ@®IE)COONa)-2H,0,
purity 99%) was obtained from Sigma-Aldrich. A colloidsdlution of gold nanoparticles was
prepared, as described in ref. [24]. The substrates were imnmetsedgold nanoparticle solution for
12 h to immobilize the nanoparticles on the mercaptosilang@étierns on Si substrate.

Characterization: The patterned organosilane thin films were characterized usingcatoroe
microscopy (AFM, Veeco Dimension Icon by Bruker Nano) forfaste morphology and X-ray
photoelectron spectroscopy (XPS, Quanta SXM scanning electwopmibe, Physical Electronics)
for surface elemental information. Helium ion microscopy (HBHV Orion+ Carl Zeiss NTS) [25]
was used to image substrates with multiple organosilane nmattéiM utilizes a beam of He ions to
scan the specimen surface with a sub-nanometer spot size. &gceledtrons generated by the ions
during interaction with the sample are used for image formaBood lateral resolution (<0.5 nm), a
high surface sensitivity and the possibility to image clmgrgiamples distinguishes this technique
from conventional scanning electron microscopy. High resaligéanning electron microscope (HR-
SEM, Zeiss 1550) was used to image patterns of ALD depda&it®dand Au nanopatrticles patterns.

5.3. Results and discussion

5.3.1. Formation of multiple functional surfaces by sequential gas phase deposition of
organosilane patterns

An example of a patterned 3-aminopropyl-silane (APTES) SAMSi wafer after deposition for 4
h is given in Figure 3a, where a tapping mode AFM height énaengl profile are shown. The height of
the features is 8-9 nm. The PDMS mold used for this pattas a line width of ~im and a spacing
of ~1.5um over a total area of 1 éniThe AFM image and height profile show no indicationshef t
presence of aminosilane molecules on the planar patches in betweaontensed lines of
aminosilane molecules in the corners. To study the influendepafsition time on pattern formation,
edge-patterned APTES molecules were deposited at room tempdoatperiods ranging from 30
min to 48 h, followed by tapping mode AFM scans. PDM&yatterned channels of approximately
~ 4 pm width and ~2 pm height were used. The height cfdge features remained almost constant
with increasing deposition time. The width of the conderised can be controlled by varying the
deposition time, as shown in Figure 4. After 5-6 h ofad#n isolated clusters of organosilane
molecules could be observed on the planar areas in between thecoomiensed organosilane lines.
A continuous thin film formed when the samples were exptséte organosilane vapour for longer
periods of time, and after 8 h of deposition all unshieldgiions were completely covered with 3-
aminopropyl-silane molecules as shown in Figure 3b. Howéwerelationship line width-deposition
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time varies with the geometry and edge features of the PDM®st&maller features were obtained
when using PDMS stamps with sharp edges at the protrddatgres [20]. We observed similar
behavior when other organosilane molecules, such as mercaptepamgyl octadecylsilane,
perfluorooctylsilane, etc., were used [19,20].
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Figure 3: a) APTES line patterns (line width 300 nm and spacitgui) formed over Si substrate
after 4 h of deposition by edge condensation. b) APTESpattern (line width 1.8m and spacing 1
um) after 8 h of deposition, showing the presence of an ARMIBSIIM in between the thick corner-
condensed lines.
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Figure 4. Increase of line width of corner-condensed lines with tiffiee experiments were
performed with a PDMS mold with channel width and spacingpom, and a channel height of 2 um.

The effective diameted of most organosilanes is ~0.8 nm. The saturation vapmsspre of
APTES and octadecyltrimethoxysilane at 293 K are 2 Pa andPd.326], respectively. The
background pressure inside the desiccatais ~ 10 kPa. So the mean free path ks T/(V2nd?p) (kg
is the Boltzmann constant, aidhe temperature) in the gas phase is of the order of 200hisnis an
order of magnitude smaller than channel dimensions. The predoininechanism of gas transport
inside the mold is therefore bulk diffusion. The orgammss condense first at the PDMS-silicon-air
triple phase boundary lines due to the increased Van der Waalaction in the corners formed
between the PDMS mold and the substrate as described by Rasd®ergnf27]. We also tested the
deposition of organosilanes on other substrates, incluslingnd 1H,1H,2H,2H-perfluorooctylsilane
SAM coated silicon substrates. Interestingly, we observed preifar condensation of APTES in the
corners even with hydrophobic substrates such as the pedtigisilane SAM coated silicon wafer.
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No difference in condensation behaviour was observed when jiitgubstrates were used instead
of hydrophobic ones. Figure 5 shows a secondary electroniidige of a substrate patterned with
perfluorooctylsilane and mercaptosilane, produced by multigdmization steps. First an antidot
pattern of perfluorooctylsilane was deposited from the gasehising a PDMS mold with circular
pillars with a feature of 2 um, and a spacing of 2 umngut2 h at 6%C. The pattern has essentially
SiO, patches of ~2 pum diameter, embedded in a patterned matrix dfumgmerctylsilane SAM. The
fluorinated areas are indicated as Area 1 in Figure 5. Then a ssitamdation step from the gas
phase was performed using (3-mercaptopropyl)methyltrimetiiargsand a PDMS mold with line
features of 1 um width and 1.3 pm spacing, for 12 h at °6Q The condensed
mercaptopropylmethylsilanes formed a continuous film on i@ atches to which it was exposed,
and only edge-patterned lines on the fluorinated silane regidresmercaptosilane SAM patches on
SiO, are indicated as Area 2. Although mercaptosilanes cannot react eiBilg perfluorosilane
SAM, they showed preferential condensation on perfluorosilegiens in the corner areas due the
increased interaction as a result of size confinement. The HIM incéeggerdy proved this hypothesis.

Figure 5: Helium lon Microscopic (HIM) image of a silicon oxide suhg, patterned with two
different organosilanes deposited in two successive gas phtaseatibn steps using different PDMS

molds. The different surface terminations yield different @sttdepending on their work function.
Area 1: perfluorooctylsilane layer. Area 2: mercaptosilane layea 3: Native Si@surface.

We also used PDMS molds with sub 200-nanometer-scale fediturgsitterning organosilanes
from the gas phase. Figure 6 shows tapping mode heiglieprof OTS patterns on a Si substrate,
deposited at room temperature. The PDMS mold used has aiditheofr140 nm, a spacing of 110 nm
and a height of 110 nm. When the dimensions diminishedref@rential corner condensation was
observed. In this experiment the channel dimensions were srifalerthe mean free path of the
organosilane molecules. This led to a situation in whichretepgential corner condensation occurred
and the OTS molecules condensed directly as a flat thin filmdohm thickness, as shown in Figure
6.
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Figure6: OTS pattern formed on Si substrate with a line widthld®f Am and a spacing of 140 nm.

Figure 7a shows a tri-functional surface fabricated by a twogstegphase deposition process using
a PDMS mold with meandering line patterns. First a perfludydsilane pattern (Area 2) was formed
by gas phase patterning at 8D for 10 h using a PDMS mold with meandered line patterns as
patterning mask. Then a second masked gas phase depdsjiamas employed by first rotating the
mold by 96 angle, followed by depositing a mercaptopropylsilane (Argaa8grn at 66C for 6 h.
The difference in morphology, i.e., planar condensation @a/& and corner condensation in Area 3,
is caused by the difference in deposition times. The finahsairEontains three different chemical
functionalities: perfluorooctylsilane, mercaptopropylsilaned &, (Area 1). The meandering lines
have a width of 5.5 um separated by 23.5 um between the higgge 7b shows a similar
trifunctional surface fabricated using a PDMS mold with lindth and spacing of gm. The surface
has three different areas; Si(area 1), perfluorooctylsilane (area 2) and mercaptopropylditara
3). All deposition steps were monitored with tappingdmAFM scans and XPS. The XPS data
confirming the presence of the elements sulphur and fluone finercaptosilane and perfluorosilane,
respectively, are provided in the supporting information.
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Figure 7: Multifunctional surfaces fabricated by two step gas phase patdeprocess. a) Tri-
functional surface fabricated using PDMS mold with meandédinegpatterns. The surface has three
types of regions: SigXarea 1). perfluorooctylsilane (area 2) and mercaptopropylggaea 3). b) Tri-
functional surface fabricated using PDMS mold with line featofes4 um width and spacing. The
surface has three types of regions: SiQarea 1), perfluorooctylsilane (area 2), and
mercaptopropylsilane (area 3).

We employed also another soft lithographic method, termed chaliifigded plasma surface
modification [28,29], in combination with masked gas phasteming to fabricate more complex
multifunctional surface patterns on multiple length scalethérexample shown in Figure 8a, an OTS
SAM that covered the entire substrate was made first. ThenAMe vi&as patterned by channel
diffused oxygen plasma surface modification. Area 1 in therdigndicates the masked areas of the
OTS SAM, and area 2 indicates the OTS-oxidized regions. Oxgptgma exposure of the;{C
hydrocarbon chains of OTS creates OH, CO-, and COOH- termiregezhs [28]. After this plasma
patterning step another PDMS mold with similar featuresrbtated by 99 with respect to the
underlying pattern was placed onto the substrate, and an edg@nipgtt step using 3-
mercaptopropylsilane was carries out. The result was a trilmmadtsurface with (1) hydrophobic
CigHs7~ terminated OTS patches, (2) hydrophilic plasma-treated @ES with OH, CO-, and
COOH- surface terminations, and (3) thiol-terminated silares ] as shown in Figure 8b and 8c.
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Figure 8. Multifunctional surfaces fabricated by a combination of chaniiilsgéd plasma surface
modification of SAMs and gas phase patterning process. a) Adilyht image and height profile of
surface created by a channel diffused plasma modified pattern aFSusAM film (line width 4 um,
spacing 4um). Area 1 is the original OTS SAM; area 2 is the oxygennpdamodified area of the
OTS SAM; b) Tri-functional surface created from the previpatsern by rotating the PDMS mold by
90 angle, followed by gas phase patterning of mercaptopropdsitamolayer. Area 1 is the original
OTS SAM, area 2 the plasma-functionalized OTS SAM, and areatt® isnercaptopropylsilane-
functional region. c) A multi-length scale multifunctionaltpated surface similar to Figure 6b. The
MPTS lines have a dimension of 450 nm and the —COOH furadized area has a dimension of 350
nm.

Figure 9a and 9b show nanoscale tri-functional surfaces protydibe combination technique of
channel diffused plasma patterning and gas phase pattern depdsitst an OTS monolayer was
patterned by channel diffused plasma patterning to obtain 60®xidized lines of OTS, each
separated by 800 nm. Then another PDMS stamp with line feataeplaced on the oxidized line
patterns under a 9@ngle to the oxidized lines. Mercaptosilane lines with aiith of 450 nm and
a spacing of 350 nm between lines were formed in this stepfifidl surface contains three different
chemical functionalities: OTS (area 1), mercaptopropylsilane (ayem@)pxidized OTS (area 3).
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Figure 9: Nanoscale multifunctional surfaces fabricated by a combinatichasfnel diffused plasma
surface modification of SAMs and gas phase patterning proceBapping mode AFM height image;
b) tapping mode surface morphology; c¢) AFM height proffl@dS lines corresponding to the red
line in Figure 9a; d) AFM height profile of mercaptosilange$ corresponding to the blue line in
Figure 9b. Area 1 represents the original OTS SAM; Area Zsepts the oxygen plasma modified
area of the OTS SAM; Area 3 represents mercaptosilane patchegnifiodified OTS lines have a
width of 800 nm with a spacing of 600 nm between each Tihe. mercaptosilane patches have a
width of 450 nm and a spacing of 350 nm between each patch.

5.3.2. Area selective ALD of ZnO

Atomic layer deposition (ALD) is a versatile technique to ifsdie ultrathin conformal layers of
materials such as zZnO [30,31], %i(31,32] and AJO; [31,32], using a surface reaction of
organometallic precursors from the gas phase under contrdilgsical and chemical conditions
[31,32,33]. Here we used nanopatterned perfluorooctylsilanelmg@rs as templates for ALD of
ZnO line patterns. After perfluorosilane SAM deposition tiubstrate was treated with a freshly
prepared piranha solution for 1 min to maximize the concemtrati hydroxyl groups on the non-
perfluorinated regions of the substrate. The hydroxyl ggomp the surface of the SiGubstrate
promote the initiation of the ALD reaction by chemisorbiihg organometallic precursor, in this case
DEZ, and providing reactive sites for water to form ZnOthe subsequent half-reaction.. The
perfluorinated areas are hydrophobic, and no ALD reaction otfeens, since neither DEZ nor water
can chemisorb. Figure 9a and 9b show HR-SEM images of Zn@nmm{~90 nm line width and 140
nm spacing) formed selectively on the hydrophilic regionsaoperfluorooctylsilane patterned
substrate. Figure 9¢ shows AFM height profile and Figursidvs the AFM-3D topography of the
ZnO lines. The formation of ZnO by ALD was confirmedX®s.
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Figure 9: a-b) Nanoscale ZnO line patterns fabricated on peyfiatylsilane patterned Si substrate by
20 cycles of ALD. The lines have a width of 90 nm and a spafiig0 nm. The height of the ZnO
lines is ~4 nm. ¢) AFM 3D surface topography. d) AFM hejgofile of the ZnO pattern.

5.3.3. Site selective immobilization of Au nanoparticles

Figure 8 shows a HR-SEM image of Au nanopatrticles that \8etectively immobilized on
mercaptopropylsilane lines on a Si substrate. The thiol-fumadtigroups of the silane nanopattern
reacted with the surface of the Au nanopatrticles in solutidorto covalent S-Au bonds to attach the
particles to the surface. The mercaptosilane patterns have a litre ofi850 nm and the spacing
between the lines is 450 nm. The homogeneous distributidm manoparticles on the prepatterned
lines illustrates the quality of the prepatterning process.
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Fie . Au nanoparticles sIcter immobilize merﬂpmslines patterned by gas phase
pattern deposition

5.4 Conclusions

Sequential gas phase deposition of organosilane molecules amab@ation process of channel
diffused plasma surface modification along with gas phase pateposition were successfully
demonstrated as a tool to create multifunctional surfaces. We siutigesreated di-, and tri-
functional surfaces using different organosilane molecules. Tipdicalpility of nanopatterned
organosilanes for site-selective adsorption of nanoparticlesiterdelective atomic layer deposition
was demonstrated.
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Chapter 6

Patter ning functional materials using channel diffused
plasma-etched self-assembled monolayer templates

* This chapter was published irangmuir, (2011,27 (19), pp 12235-12242)

Abstract.

A simple and cost-effective methodology for large area micromeéde-patterning of a wide range
of metallic and oxidic functional materials is presented. &dkmbled monolayers (SAM) of alkyl
thiols on Au were micropatterned by channel diffused oxygasnmh etching, a method in which
selected areas of SAM were protected from plasma oxidation vidt ditsographic stamp. The
patterned SAMs were used as templates for site-selective ebgmbsition, electroless deposition and
solution phase deposition of functional materials such as KiGAg thin films and ZnO nanowires.
The patterned SAMs and functional materials were characterized byirgraectron microscopy
(SEM), x-ray diffraction (XRD), atomic force microscopy (MFand tunneling AFM (TUNA).

6.1. Introduction

Realization of patterns of functional materials is often cruciali kinds of device fabrication
technologies. Over the last two decades various technologies éavealéveloped for achieving high
fidelity micro and nanoscale patterns. Technologies that enpalttgrned self-assembled monolayers
(SAMs) of organic molecules such as organosilanes and alkalsedhe very powerful tools in device
fabrication due to their ability to act as templates or registstching [1], electrodeposition [2], and
electroless deposition [3]. Patterned SAMs can also be usaddt@ site-selective local chemical
functionality on the surface in order to attach nanomaterial®idiolecules [5] or polymers [4].

Several techniques including photolithography [6], ion beé&hodraphy [7], electron beam
lithography [1,8], microcontact printing [9], scannin@lpe lithographic techniques [10,11], gas phase
soft lithography [12], gas phase pattern deposition [A8§# nanoimprint lithography [4] have been
demonstrated for patterning SAMs. The advantage of patteraahgologies in which a pre-formed
SAM on a substrate undergoes local destruction or chemicalioadidin by photo-oxidation, focused
ion beam (FIB) or e-beam lithography (EBL), is the highldy of the final SAM pattern, because the
formation of SAMs from the liquid or gas phase is kndwityield densely packed SAMs with a low
defect density. Scanning probe techniques such as nanoshayiogrilaso be used to pattern SAMs
by displacing the self-assembled molecules from selected reditmvgever, the serial nature of
processes like EBL, FIB and scanning probe techniques lilngts application window enormously,
even though these methods can produce extremely high resgatiems. In comparison, the more
commonly used micro-contact printing technique can fabricateerpatt SAMs directly in a
potentially up-scalable patterning process, but the contridledse of ink molecules to the substrate
from the elastomeric poly-dimethyl siloxane (PDMS) stangjasl$ to SAM patterns with a relatively
higher defect concentration. Problems such as loss of fidklgyto ink diffusion in lateral direction
may occur, which sets a limit to the contact pressure, contetiatiuand ink concentration in micro-
contact printing processes [15, 16, 17].

Koumoto and co-workers used a photo-oxidation techniqueidopattern preformed SAMs by
modifying the chemical functionality of the SAM end groupa exposure to UV light through
photomasks [18,19,20,21,22,23]. They used patterned S#sMemplates for site-selective solution
phase or gas phase deposition of functional materials such@sSfi©2, and Ti@by selectively
adsorbing or precipitating materials [19,20,21], or bytetdess deposition by binding Pd catalyst on
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the oxidized regions of the substrate [22,23]. The techniggestudied thoroughly and has proven its
ability to pattern a wide range of functional materials on tleeameter scale. However, the technique
can only be used for local chemical modification of the SAM,idubt suitable for complete uniform
destruction of the SAM in order to expose the underlyuizssate.

Recently, Lin et al. introduced another novel “ink-free” appro@cipattern SAMs via channel
diffused plasma surface modification [24]. In this technidue dhannels formed between a PDMS
stamp and a SAM-coated substrate are used to guide oxidizemalto selected areas where the
SAM has to be etched or modified. The plasma is spatiafifralted inside the channels and only the
patches of SAM that are directly exposed to the plasma are modited method provides easy
nanometer-to-millimetre scale nanopatterning of SAMs over largace areas. The method is faster
than photo-oxidation, EBL, FIB and scanning probe technjcuas$ does not have the limitations of
microcontact printing with respect to pattern resolution.

In the present paper we demonstrate the micropatterning ofearande of functional metallic and
oxide materials such as Ni, Ag, ZnO, and vertically aligned Ba@owires via the channel-diffused
plasma surface modification technique. A schematic diagram of tkernpag) process is shown in
Figure 1. First conformal contact is made between the PDM$ stach the SAM-coated substrate.
The substrate is a gold-covered silicon substrate with anematadthiol (ODT) SAM. The substrate-
stamp assembly is then exposed to oxygen plasma. The pgigglasma diffuses into the PDMS
channels and oxidizes the part of the SAM that is expostttplasma. The regions on the substrate
that are in conformal contact with the protruding parts @RDMS stamp are protected from etching.
After plasma exposure the PDMS stamp is peeled off the atdsind functional materials are
selectively patterned via electrodeposition, electroless depoaitibsolution phase deposition.

“ . FONE s

SAM

Bond PDMS stamp and the SAM coated substrate substrate

Channel diffused oxygen plasma etching of SAMs

Removal fromn oxygen plasma

Peel off the PDMS stamp

FElectrodeposition/solution phase deposition/gas phase deposition

Figure 1: Schematic diagram of the channel diffused plasma patterning proces

6.2. Experimental

2.1. Preparation of PDM S stamps: PDMS and curing agent (Sylgard 184) were purchased from
Dow Corning Corporation and mixed in a mass ratio Hid poured over the micro/nano-patterned
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silicon master (created by photolithography or e-beam Iiigiyy). The PDMS was cured for 48 h at
70°C. After curing, the PDMS stamps were removed from the mastdr cut into pieces of
approximately 8 x 8 mm size.

2.2. Preparation of Au-coated silicon substrates: p-Type silicon substrates cleaned with piranha
solution (a mixture of kKD, and HSQO, in 1:3 volume ratio) were used in the experiments. The
substrates were washed several times with deionized water agdl istoleionized water. Prior to use,
the substrates were blow-dried in a nitrogen stream. A filith a thickness of 10 to 75 nm were
prepared on silicon substrates using a Perkin-Elmer smpgftenachine operating at 50 W at a
deposition pressure of 2 x 1@nbar using Ar as sputtering gas.

2.3. Preparation of ODT-SAM on Au, thin films. 1-Octadecanethiol (ODT, purity 97%) was
purchased from Sigma-Aldrich and used for self-assembly. GBWMs on Au were prepared by
soaking the substrate in a 0.5 M solution of ODT in ethforo12-48 h. After SAM deposition the
substrates were taken out of the solution and washed in shsthanol and dried in a stream of
nitrogen and stored for further use.

2.4. Channel diffused plasma etching of SAMs. The PDMS stamps with micro/nano-patterned
features were gently pressed against the SAM-coated substratgmtiEneed side of the stamp faced
the SAM-coated side of the substrate. The PDMS stamp maderrmahftontact with the substrate
via attractive Van der Waals forces. The substrate-stamp agsembltransferred to an oxygen
plasma cleaner (Harrick Plasma) operating at 25 W at a pressurmbarl The substrates were
exposed to oxygen plasma for 20 minutes. After plasma ettinBDMS stamp was peeled off the
substrate and the substrate was stored until further use.

2.5. Electrodeposition of ZnO and Ni: ODT-SAM patterned Au thin films with an Au layer
thickness of ~75 nm were used as substrate for electrodepositertrodeposition was carried out
using a three-electrode potentiostat (Autolab PGSTAT 1288tydim Autolab, Netherlands). The
SAM-patterned substrates were used as working electrodes. A Bmalksh was used as counter
electrode. The reference electrode was Ag/AgCl in 3M KCI (Metrdliolab). Nickel patterns were
formed from an electrolyte containing 0.23 M nickel sulphagahydrate (NiSQ6H,0, Sigma-
Aldrch, purity 99%,) and 0.15 M boric acid {B{Os, Aldrich, purity 99.99%). Deposition occurred at
-1.00 V versus reference. Zinc oxide patterns were formed &C7at -1.00 V in an electrolyte
containing 0.10 M zinc nitrate hexahydrate (Zn@¥®H,O, Sigma-Aldrich, purity 98%,). Further
details can be found elsewhere [36].

2.6. Electroless deposition of ZnO: Electroless deposition of ZnO was carried out as described in
ref. [25]. An ODT-SAM-patterned thin Au film of ~10 nthickness was used as substrate. 1.5 g of
Zinc nitrate hexahydrate and 0.058 g of dimethylamine bof2MAB, Aldrich, purity 97%) were
dissolved in 100 ml water. The solution was heated tor#dC and the substrates were immersed
in the solution for 15 minutes up to a few hours fo©zhin film growth.

2.7. Deposition of silver: Ag deposition solutions (Silver enhancer A and Silver ecéraB) were
obtained from Aldrich and mixed in equal proportions. Tolet®n was diluted with water to 25%.
The ODT-patterned Au substrates were placed in the solutideviominutes for Ag film growth.

2.8. Solution phase growth of vertically aligned ZnO nanowires. An ODT-SAM patterned thin
Au film of ~10 nm thickness was used as substrate. Hexagofakeeds were grown at 65 °C for 15
min on the Au patches of the substrate by exposing theratdssto the solution used for thin film
growth as described in section 2.6. After seeding, ZnO naeswere grown on the substrate as
described in more detail in ref. [26]. Zn(N®H,O (0.15 g) and 0.07 g of hexamethylenetetramine
(HMTA, Fluka, purity 99.5%) were mixed in 100 ml wateheTsolution was heated to 70-85 °C. The
substrates were then placed floating upside down on the suffalse Z2nO growth solution. ZnO
nanowires were grown for 2 to 15 h, depending on theatkkngth of the nanowires.

2.9. Characterization: SAM patterns were characterized using tapping mode Atomic Force
Microscopy (AFM; Veeco Dimension Icon) to determine the surfacghology. Tunnelling current
AFM (TUNA) was used to study the conducting propertiethefgrown patterns, as well as to map
the conductivity of patterned surfaces [37]. Grown metal atidegoatterns were imaged using high
resolution scanning electron microscopy (HR-SEM, Zeiss 1%5@) tapping mode AFM. X-ray
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diffraction (XRD, Philips diffractometer PW 3020, Softwaffert Data Collector 2.0e, Panalytical
B.V., Almelo, The Netherlands) was used for phase determinatittre patterns.

6.3. Results and discussion

3.1. Channel diffused plasma patterning of SAMs

Oxygen plasma treatment is a common technique to clean subs®atez3] 29] or chemically
modify plastic surfaces to induce hydrophilicity [27]. Irofts lithographic techniques like
micromolding in capillaries (MIMIC) and microtransfer molgdijuTM), oxygen plasma is used to
increase the surface energy of the PDMS surface to improve thegnhetil promote the flow of sol-
gel precursor solutions in PDMS channels [28,29]. In tesgnt paper we exploited the fact that the
hydrocarbon chains of the alkanethiols and organosilane SAMxigized by the plasma.

Figure 2a shows tapping mode AFM images of a patterned GIM-& an Au substrate. The
squares indicate the areas where the PDMS stamp was in conforrizedt eoith the substrate. The
SAM in that region was protected from exposure to oxygemaa$he square patterns have a size of
5.2 um and the spacing between the squares is 2.8 um. Thehgight — distance plot shown in
Figure 2b indicate that the plasma-modified regions are elevgite® lImm with respect to the non-
modified SAM covered regions. We think that exposure of thesirface to plasma affected the
atomic packing in the close-packed structure of the Au film lipcsd that the film density decreased
and the Au film was lifted up slightly. To confirm thig/pothesis, we plasma-patterned an OTS
monolayer on a native oxide-coated silicon substrate and deegtifiie local heights on the substrate.
No height increase of regions that had been exposed to the plesnwbserved in this case. This is
attributed to the chemical resistance of the native oxide layer.

The plasma diffusion process inside the channels is time emdedry-dependent [24]. We found
that the etching time for the complete removal of SAMs in aa af about 6x6 mm is ~15 minutes.
However, a substantial degree of chemical modification can already be@st®d by partial
oxidation over an area of 1x1 &mwithin 10 minutes of exposure time. Large area patterning is
possible using multiple stamps. We found that the starapsbe used for many patterning cycles
without any loss of quality of the replicated patterns. We é@xaginvarious PDMS stamp pattern
geometries including straight lines and interconnected nettypekehannel structures such as square
grids, circular grids and honeycomb-type channel arraysc@ptiicroscopy examination confirmed
that relatively long exposure times were required for compbeigation of SAMs in non-connected
channel structures (straight lines, zigzag lines, bended lietes) when compared to pattern
geometries derived from interconnected channel structures. We asoned PDMS stamps with
different height-to-width aspect ratios to determine the depwredof the plasma diffusion rate on
aspect ratio. PDMS channels with a larger aspect ratio allowed thStesion of plasma, so that
substantial diffusion distances could be accomplished iriitess
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Figure 2: (a) AFM height image and height profile of ODT-SAM on substrate. The square pattern
containing the SAM has a size of 5.2 pm and the spacing betieesguares is 2.8 um. (b) the
height-distance plot shows that the etched regions are elevatedespect to the SAM-covered
regions. The white line in (a) indicates the exact trajectonyighaobtted in (b).

3.2. Deposition Experiments

3.2.1. Electroless deposition of ZnO thin films

ZnO thin films were deposited on SAM-etched regions follmnihe recipe of Izaki and Omi as
explained in section 2.3 [25]. The film growth mechanismexjslained in detail in ref. [25]. Figure 3
shows various ZnO patterns grown on the etched regioe afubstrate. The plasma-roughened Au
patches were more hydrophilic than the hydrocarbon end grédips 8AMs. The hydrophilicity and
roughness promoted the nucleation of ZnO on these areafie@nsitbbsequent growth into thin films.
To show the versatility of the technique we used differenepageometries, including lines, dots,
grids and honeycomb patterns. The SEM images in Figure\8 stad nucleation took place only
within the etched regions of the substrate. No depositiadn@f was observed on the SAM-covered
regions even after 3 h of reaction.

regions of the substrate. All patterns were grown for 1chteve a thickness of ~200 na). Line
pattern (width 3.5 um; spacing 4.3 prh). Pit-patterned ZnO film (diameter large circles 4.5 um;
diameter small circles 2.5 pm; minimum spacing between circlgsm)2c) Square-patterned film
(width 5.2 um; spacing 2.8untg) Magnified image of the square-patterned film of Figure 3c.

It was also possible to fabricate isolated ZnO patterns whaiglatly modified procedure was
adopted. A PDMS mask with an interconnected square channelistruas used. After the plasma
etching step, a Au etching step was introduced to remove tHani\from all plasma-etched areas.
This yielded a pattern of isolated square Au patches on trstrate The SAM was removed by a
second exposure to plasma of the entire substrate. ZnO was lgyastectroless deposition on the Au
patches. The resulting ZnO square dot array on silicon isrshm Figure 4a. The polarity of the
native silicon oxide layer is higher than of the ODT SAMeTydrophobic-hydrophilic contrast of
Au-patterned SiQsubstrates is therefore lower than on ODT-patterned Auratgsstwhich is why
some isolated ZnO nuclei are found on the barg &i€as of the substrate, as illustrated in Figure 4b.
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Figure 4. (a) Square array of ZnO square dots on-Au patterned silicate atibstrate(b) Magnified
view showing a high concentration of ZnO nuclei on Au patched, a low concentration of ZnO
nuclei on the surrounding Sj@ubstrate.

Figure 5 shows the AFM height profile corresponding whith ZnO patterned substrate of Figure 4.
The deposition time was 1 h. A ZnO film of ~200 nntkmess formed on the patterned Au patches.
Figure 6 shows the ZnO film thickness as function of diéipastime. The rate of deposition was
approximately 3—-4 nm/min, independent of deposition tidevever, the SEM images showed that
during the initial 15-30 min of film growth the filmedisity was not uniform. Longer deposition times
yielded more uniformly covered films. Figure 7a and 7b shtwssurface morphology of films
grown at 55 and 65 °C, respectively. The films grown atG%vere continuous and dense. At 65 °C,
individual hexagonal ZnO crystallites with a preferentiakotétion perpendicular to the substrate
grew on the Au film. Their crystal structure was analyseXRip. Figure 8 shows the XRD pattern
of ZnO thin films grown at 65 °C. The peak &t 24.5° corresponds to the (0002) orientation of the
wurtzite crystal structure. This indicates preferentially (Q0@iented growth of the ZnO films, in
agreement with the columnar structure that is visible in Eigbr

The conductivity of these patterns was characterised via turgn@likivi (TUNAFM). Figure 9a-b
show a contact mode AFM image, TUNA conductivity map and TUMAharacteristics of isolated
ZnO patterns obtained via electroless deposition. The contaet imade and conductivity map were
recorded simultaneously with an applied sample bias of 3 Susethe AFM tip. The data shows
uniform conductivity of the ZnO patterns. The shape of tWe curve is characteristic of
semiconducting materials, and illustrates the semiconductargater of the ZnO patterns. In order to
obtain consistent data, thH& characteristics were recorded at several locations. Furthermore, to
exclude the possibility that the conductivity of the silicibstrate is measured instead of the sample,
IV characteristics were also measured on the silicon substrate aoohdoctivity was observed
during the measurements.
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Figure 5: AFM height profile of ZnO square grid patterns after 1rhafudeposition time. The film
has a thickness of ~200 nm, with a surface roughness ah40 n

53



200 4 "

1501 _/
100
50 4 /

Film Thickness (nm)

Deposition Time (minutes)
Figure 6: Film thickness of ZnO thin films by electroless depositiersus deposition time. The rate
of deposition is 3-4 nm/min.

12000 -

10000 -

8000 +

6000 4

Intensity (counts)

2Theta (%)

Figure 8. XRD pattern of ZnO thin films grown at 65 °C. The peaktB4.4° corresponds to the
(0002) reflection of the ZnO wurtzite structure. The squagpsesent ZnO pattern peaks and the
circles represent substrate peaks. The double ped@k38°2s from the silicon substrate. The splitting
of the silicon peak is due to presenc&paindKg radiation.
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Figure 9: AFM contact mode image, contact mode height profile, TUNA Adeiiductivity map and
TUNA -1V characteristics of isolated electroless ZnO pattern.

3.2.2 Patterning ZnO nanowires

ZnO nanowires are important nanostructures with many pategplications in the fabrication of
devices such as nanogenerators [30], nanophotonic deviceg@dliensors [32], solar sells [33],
field emission devices [34] and biosensors [35]. The falicatf vertically aligned ZnO nanowires
is very important for many device component applications.r€i@Q shows SEM images of vertically
aligned ZnO nanowires deposited on plasma-etched Au patche&nih nanowires were deposited
following the recipe of Greene et al. [26]. First, a ZnO sgeavth step was performed to generate
hexagonal wurtzite seeds of ZnO. This step was essential becaDsearowires did not nucleate
heterogeneously on the plasma-etched areas of the Au substthte intrient solution, and only
homogeneous nucleation in the solution occurred. The subsirateskept floating on the surface of
the nutrient solution, with the ZnO seeded side facingneieawd into the solution. This was essential
to avoid any homogeneously grown ZnO nanowires from d@ppson the substrate. The ZnO
nanowires were grown vertically downwards, following the tedysrientation of the ZnO seeds. The
XRD data confirmed the preferential [0001] growth directibmvortzite ZnO. The growth rate of the
nanowires was ~100 nm/h. We grew nanowires for periodstof24 h. It was necessary to replace
the nutrient solution after 10 h to maintain a constantwijrarate, in view of the considerable
reduction of ZA" ion concentration in the solution due to consumptionrbyth.
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Figure 10: (a)-(c) showSEM images of ZnO nanowires grown on plasma-etched regiotie Au
film at different magnifications. Growth time was 15 h. THaowires were approximately 1.5 pm
long. d) XRD pattern of ZnO nanowire patterns grown at 75 °C. Jéuk at 8 34.4° corresponds to
the (0002) reflection of the ZnO wurtzite structure. The blsgkares designate ZnO pattern peaks
and the black circles indicate substrate peaks. The double peaBaft @ from the silicon substrate.
The splitting of the silicon peak is due to the present&, ahdKg radiation.

3.2.3. Electroless deposition of Ag

Figures 11a and 11b show Ag micropatterns formed over Giit€rped thin Au catalyst film. The
deposition time was ~10 min for a thickness of 100 nne iowth rate can be controlled by the
dilution of the Ag enhancer solution. Film thickness candygrolled by the deposition time.

3.2.4. Electrodeposition of ZnO and Ni

Figures 11c and 11d show SEM images of electrodeposited tdinmbn etch-patterned Au films.
Figures 11e and 11f show AFM and SEM images of ZnO pattiossited on etch-patterned Au thin
films. The electrodeposition process was in both cases carriedtazonstant voltage for short
intervals of time, i.e. 10 to 60 s. The deposition raténg was ~ 4 nm/min. The ZnO patterns shown
in Figure 13 were grown for 30 s, and the thickness oflépesited film was ~120 nm.
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Figure 11: SEM images of patterned materia¥ Electroless Ag micropatterns formed on plasma-
etched Au film with square array of square holes (widthyBr8 spacing 2.8 um}) electroless Ag
film with a square array of circular pits (diameter large circlésun; diameter small circles 2.5 um;
minimum spacing between circles ~2 pm); Electrodeposited Ni square array of circular pits
(diameter 2.5 um, spacing 2.5 pumd);electrodeposited Ni hexagonal array of circular pits (diameter
3.3 um, spacing 4.8 ung) Electrodeposited ZnO circular pit pattern (diameter and spaqing)J)

3D taping mode AFM image of electrodeposited ZnO line pattesth line width and spacing ~ 4
pum.

6.4. Conclusions

Channel diffused plasma etching is a simple, cost effectiveeHiimibnt technique to pre-pattern
substrates for subsequent site-controlled depositionmaftinal metal and oxide materials such as
ZnO films and nanowires, and Ag or Ni films by electrodéjmos electroless deposition or solution
phase deposition. Both interconnected patterns and isolatedefeatare deposited. PDMS stamps
with a connected channel structure provided the best resulte thefast diffusion of oxygen plasma
that is possible in such structures. Channel diffused platofdng is a time dependent process.
During the etching process we observed a roughened Au filmpddiena exposure, which stimulated
the nucleation of ZnO during the subsequent electroless tiepgsiocess. The deposited ZnO thin
films and nanowire micropatterns have semiconducting properfies process could be more
efficient and faster by engineering more plasma inlets fromittess @ind at the top of the PDMS
channel mask.
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Chapter 7

Micro- and nanopatter ning of functional materialson
flexible plastic substrates via site-selective surface
modification using oxygen plasma

* A shortened version of this chapter is published in daluof Materials Chemistry (DOI:
10.1039/C1IM14931H)

Abstract

A simple and cost effective methodology for large area micronandpatterning of a wide range of
functional materials on flexible substrates is presented. Aophadbic-hydrophilic chemical contrast
was patterned on surfaces of various flexible plastic substrateg molds and shadow masks with
which selected areas of the substrate surface were shielded frasuexpo oxygen plasma. The
exposed areas became hydrophilic and were then used as templagds-$etective adsorption,
electroless deposition and solution phase deposition ofidmattmaterials like ZnO, Ag thin films,
Au nanoparticles, conducting polymers, titania and ZnO namewThe patterned surfaces and
functional materials were characterized by scanning electron microscogy diffraction and atomic
force microscopy.

7.1. Introduction

Flexible polymeric substrates are important in novel rehetb manufacturing technologies. Plastic
substrates are ideal candidates for ultra-light electronic deyioetsble computers, personal health
monitors and ultrathin foldable display screens due to tlieixibility, low weight and
inexpensiveness. In order to realize functional flexible devitescontrolled patterning of various
materials such as conducting polymers, metals and metal orites form of thin films, nanoparticle
assemblies, or nanowire arrays is crucial. To ensure higth gred low cost production of flexible
devices, the invention of cost-effective, low temperature pattenmincesses under mild chemical
conditions is very importantConventional device fabrication approaches such as photolithggrap
chemical vapour deposition or wet /dry etching often requireanaloom and are not always suitable
on plastic substrates due to the instability of organicrpeiyg in these kinds of process environments.
More recent methodologies such as surface modification [1], ialatiemsfer [2] and self-assembly
[3] are ideal in combination with plastic substrates, dudeotéchnical simplicity, low temperature
and mild chemical process conditions. Site-selective surface inadih of flexible substrates,
followed by local immobilization or growth of materialsas ideal strategy for patterning functional
materials on flexible substrates. A similar strategy has beportegl to achieve site-selective
functionalization on plastic substrates by Langowski et &lg wtroduced plasma lithography on
plastic substrates as a way to pre-pattern a wide range ot @abstrates with a hydrophobic-
hydrophilic contrast prior to deposition of biomoleculakd [1]. The method provided an easy way to
achieve site-selective chemical functionalization of plastics by magfiplasma species inside the
channels formed between the plastic substrate and a polydisiletkeshe (PDMS) mold.

In the present paper we employed different templates such tabttsmfraphic PDMS moles and
silicon-based micro/nano stencil shadow masks to prepattexiblé substrates such as PDMS,
polycarbonate (PC) and polyethylene terephtalate (PET) site-gelgdtising oxygen plasma. The
hydrophobic/hydrophilic contrasted substrate were used &a selective deposition of functional
polymeric, metallic and ceramic materials. A schematic diagraimegbatterning process is shown in
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Figure 1. First conformal contact is made between the shieielnglate, i.e., a patterned PDMS mold
with connected channel structure or a silicon-based shadow ramdkthe flexible polymeric
substrate. The substrate-shielding template assembly is theseekto oxygen plasma. The oxidizing
plasma diffuses reaches all non-shielded areas and oxidizes #ntsseffihe substrate surface so that
it is partly oxidized and becomes hydrophilic. The regionstiee substrate that are in conformal
contact with the protruding parts of the PDMS mold orghadow mask are protected from surface
modification and remain hydrophobic. After this prepatternstgp, functional materials are
selectively patterned onto the hydrophilic areas via electrolessitiepp site-selective de-wetting,
colloidal self-assembly and/or solution phase depositioe. d&monstrate the versatility of our
approach by patterning a wide range of functional materials suZm@s ZnO nanowires, Ti
silver, gold nanoparticles and the conducting polymer pd@ydihydrothieno-1,4-dioxin)-
poly(styrene sulfonate) (PEDOT: PSS) on length scales tmarfiew hundred nanometers.

Bond PDIMS stamp and the flexible plastic substrate

channel diffuced plasina swface modification

solution phase/gas phase material growth

Figure 1: Schematic diagram of the channel diffused plasma patterning praiceplasma
modification.

7.2. Experimental

2.1. Preparation of PDMS molds and substratess PDMS and curing agent (Sylgard 184) were
purchased from Dow Corning Corporation and mixed in a matss 10:1 and poured over the
micro/nano-patterned silicon master that had been created Wwfitiiography or e-beam lithography.
For fabrication of planar PDMS substrates the mixture wasredowver a silicone wafer
functionalized with a monolayer of 1H,1H,2H,2H-perfluorgtsitane . The PDMS was cured for 48
h at 70C. After curing, the PDMS molds were removed from the enast the silicon wafer and cut
into pieces of required size.

2.2. Channdl diffused plasma surface modification and surface modification through micro/nano
stencils The PDMS molds with micro/nano-patterned features were gemrgdsed against the flexible
substrates, so that the patterned side of the mold facedu$tease. The PDMS mold made conformal
contact with the substrate via attractive Van der Waals forcessiibstrate-mold assembly was
transferred to an oxygen plasma cleaner (Harrick Plasma) opeaa®?tgW at a pressure < 1 mbar.
The substrates were exposed to oxygen plasma for 10-15esiirfter plasma etching the PDMS
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mold was peeled off the substrate and the substrates were usediately for further deposition of
functional materials.

In addition to PDMS molds, patterning experiments were pé&formed with silicon and
silicon nitride micro- and nanostencils with regular arrdygesforations. Silicon microstencils with 6
pm perforations were fabricated in the MESA+ cleanroom follgvanfabrication process that has
been reported elsewhere [4]. Silicon nitride nanostencils pétforation diameters of 200, 400, and
800 nm were obtained from Aquamarijn BV, Netherlands. PIBBS substrates were brought into
conformal contact with the stencils and were exposed to oxylgama for 5 min. After plasma
treatment the PDMS substrates were peeled off the stencil and imt@hedsed for further deposition
of functional materials.
Patterning TiO,: Ti(IV) isopropoxide (Ti[OCH(CH),l4, >99.999%) was purchased from Sigma-
Aldrich. Benzyl alchohol was purchased from Acros. The reacteits used as received and stored
in a water-free environment. A solution of 0.ZTMIV) isopropoxide in benzyl alcohol was prepared.
5 uL of the solution was spin-coated at a speed of 2000 rp fioin on plasma patterned substrates
that had been exposed to water vapor prior to spin codiiitgy. spin coating the substrates were
again exposed to water vapor to convert the precursor to amuspikania. The substrates were then
dried at 60°C for 2 h.
2.3 Silver seeding for electroless deposition: Plasma-patterned substrates were dipped in a 1 mM
agueous solution of silver nitrate (Arcos Organics, P88%o for 1 h to attach silver ions to the
modified regions. After removing the substrates from tgmiuthey were washed in a stream of
absolute ethanol, dried in a stream of nitrogen and annealed@tf8020 min, and then exposed to
light for 30 min to ensure complete photoreduction of Agsi Ag deposited in the hydrophilic
regions acted as seed layer for the electroless depositionarfdAgnO.
2.4. Electroless deposition of ZnO: Electroless deposition of ZnO was carried out as describyed in
[5]. 1.5 g of zinc nitrate hexahydrate (Zn(§©6H,O, Sigma-Aldrich, purity 99%) and 0.058 g of
dimethylamine boranéDMAB, Aldrich, purity 97%) were dissolved in 100 ml wat The solution
was heated to 55 or 65 °C and the substrates were immertez solution for 15 min up to a few
hours for ZnO thin film growth.
2.5. Deposition of silver: Ag deposition solutions (Silver enhancer A and Silver ecéraB) were
obtained from Aldrich and mixed in equal proportions. Tolet®n was diluted with water to 25%.
The plasma patterned substrates were Ag seeded first and dbed pi the solution for few minutes
for Ag film growth.
2.6. Solution phase growth of ZnO nanowires. After the plasma surface modification process the
substrates were immersed in a 0.2 M ethanolic solution obzigiate (Aldrich, purity 99.99%), taken
out and allowed to dry at room temperature. The samples werakapoven at 8 for 1 h. An
oxygen plasma treatment was employed for 5 minutes to caheezinc acetate to ZnO seed
particles. After seeding, ZnO nanowires were grown on thdraidas described in more detail in ref.
[14]. Zn(NO)-6H,0 (0.15 g) and 0.07 g of hexamethylenetetramine (HMTA,&lpkirity 99.5%)
were mixed in 100 ml water. The solution was heated to 7@8%he substrates were then placed
floating upside down on the surface of the ZnO growthtismiuZnO nanowires were grown for 2 to
15 h, depending on the desired length of the nanowires.
2.7. Conducting polymer micropatterns. PEDOT/PSS [Poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrenesulfonate)] was purchased from Sigma Aldrichul5@f PEDOT/PSS suspension was
spin coated at a speed of 2000 rpm for 60 s on the plasmeanpdtisubstrates. After spin coating the
PDMS substrates were heated t’@dor 15 min and stored for further analysis
2.8 Adsorption of gold nanoparticles. (3-Aminopropyl)triethoxysilane (C¥H,0);Si-CsHe-NH>
(APTES, 98% purity) was purchased from Sigma Aldrich. Jteacil oxidized PDMS substrates were
soaked in a 0.5 wt% solution of APTES in absolute ethimmd 0 min. The substrates were removed
from the solution, washed several times with absolute ethamalplow-dried in pure nitrogen stream
A colloidal solution of gold nanoparticles was prepared as itbestcim ref. [7]. The substrates were
immersed in the gold nanoparticle solution for 12 h. Thimarfiunctional groups on the surface where
protonated and electrostatically bound to the citrate ion coatddhgooparticles.

62



2.9. Characterization: Prepatterned substrates and patterned materials were imaggdhigin

resolution scanning electron microscopy (HR-SEM, Zeiss 1%5@) tapping mode AFM. X-ray
diffraction (XRD, Philips defractometer PW 3020, SoftwareeXMData Collector 2.0e, Panalytical
B.V., Almelo, The Netherlands) was used for phase determinattittve patterns.

7.3. Results and discussion

3.1. Plasma patterning of flexible substrates
Oxygen plasma treatment is commonly used as a technique to sléatrates [8, 9, 10] and
chemically modify surfaces to promote the wetting proper8gdi soft lithographic approaches like
micromolding in capillaries (MIMIC) and microtransfer molgdiguTM), oxygen plasma is used to
increase the surface energy of the PDMS surface to improve thagnetiil/or promote the flow of
sol-gel precursor solutions in PDMS channels [28,29].08upe of plastic surfaces such as PET, PC,
and poly-methyl-methacrylate (PMMA) to oxygen plasmas creatéasceu—CO and —COOH groups
which are responsible for the increased hydropilicity of thgosed surface [11,12]. In the case of
PDMS, plasma exposure yields a silica ($ilike surface [13]. In both cases the surfaces return to
their previous hydrophobic state in the course of time P1,13].

Figure 2a shows an HR-SEM image of a microstencil that we fosamlir experiments and
Figure 2b shows an HR-SEM image of a plasma-patterned PiikiSrate using the microstencil of
Figure 2a. The stencil has perforations of 5 um; the oxidizesl on the PDMS substrate have the
same diameter. Figures 2c and 2d show plasma-patterned RiigtBates using nanostencils of 400
and 200 nm, respectively. Nanostencil lithography was ondgiple on PDMS substrates since the
elasticity of the PDMS allowed to make good conformal contaetdeet stencil and substrate. The
plasma diffusion process inside the channels is time and ejgedependent [24]. A substantial
degree of chemical modification could be achieved by plasma exposer an area of 1x1 ém
within 10 min of exposure time. The same molds could beeteis many patterning cycles without
loss of quality of the replicated patterns. We tested diffeRIDMS mold pattern geometries,
including straight lines and interconnected network-type chastnettures such as square grids,
circular grids and honeycomb-type channel arrays. Optical micrpseagmination confirmed that
surface modification occurs faster when connected channel strug¢tir@dar grid, square grid,
honeycomb patterns, etc.) were used, when compared to patteretgesnderived from non-
connected channel structures (straight lines, zigzag lines, Wt.also examined PDMS molds with
different height-to-width aspect ratios to determine the deperedof the plasma diffusion rate on
aspect ratio. PDMS channels with a larger aspect ratio allowed thStesion of plasma, so that
substantial diffusion distances could be accomplished initaes
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Figure 2. HR-SEM images of a) microstencil with 5 um perforatidnsPDMS substrate plasma-
patterned using microstencil of Fig. 2a; ¢) PDMS substratés 400 nm wide oxidized dots; d)
PDMS substrate with 200 nm wide oxidized dots.

3.2. Deposition Experiments
3.2.1. Electroless deposition of ZnO thin films

ZnO thin films were deposited on plasma patterned silver seedgahs of the substrate
following the recipe of Izaki and Omi as explained in secti@[Z]. The film growth mechanism is
explained in detail in ref. [5]. Figure 3a and 3b show honmmycpatterns of ZnO grown on plasma-
modified Ag-seeded regions of a PDMS substrate. Figure 38cadow a zigzag line pattern of ZnO
formed on a PET substrate. The hydrophobic non-seeded segfidhe substrates were almost free
from ZnO. However, a few small particles of ZnO were founthie non-seeded areas. These were
attributed to homogeneously nucleated particles from the gresitition. To illustrate the versatility
of the techniqgue we used different pattern geometries, inclduliag, dots, grids and honeycomb
patterns. The SEM images in Figure 3 show that nucleatiémplaoe within the plasma modified and
seeded regions of the substrate.
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Figure 3: SEM images of ZnO patterns formed by area-selective electr@pesition on plasma-
modified Ag-seeded regions of PDMS and PET substrates.r@yidomb pattern on PDMS substrate,
line width 3.2 um; b) Magnified view of image in Figure 8aZigzag line pattern of ZnO grown on
PET substrate, line width 5.3 um; spacing 2.8um; d) Migghimage of the zigzag line pattern of
Figure 3c.

Figure 4 shows the tapping mode 3D topography and heigfitepof a high aspect ratio ZnO
pattern on PDMS substrate, corresponding to the SEM intddegure 3a and 3b. A ZnO film of ~2
um thickness formed on the plasma-modified silver seeded afemss h of deposition time. The
wurtzite phase of ZnO was confirmed by the xrd diffractografigure 5. The rate of deposition was
approximately 5—6 nm/min, independent of deposition tifmwyever, the SEM images showed that
during the initial 15-30 min of film growth the filmedsity was not uniform. Longer deposition times
yielded more uniformly covered films.

Height (pm)
o
@

T T T T
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Figure 4: Tapping mode AFM 3D topography and height profile ghhaspect ratio ZnO pattern
shown in Figure 3a and 3b. The patterns grew to ~1.8 jchn#ss in ~5 h time.
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Figure5: XRD spectrum of ZnO thin films grown at 55 °C.
3.2.2 Patterning ZnO nanowires
ZnO nanowires are one-dimensional nanostructures with pdtepplications in device fabrication of
nanogenerators [14], nanophotonic devices [15], gas sqtgdrsolar sells [17], field emission
devices [18] and biosensors [19]. Patterning of ZnO naeswain plastic substrates is very interesting
due to their possible application in flexible devices. Figuse@dvs SEM images of ZnO nanowires
deposited on plasma-patterned regions of the PDMS sub3th&&nO nanowires were grown
according to the method of Greene et al. [6]. First, a ZnOg®esdh step was performed by
immersing the plasma patterned substrates in a 0.5 M ethaolalios of zinc acetate, followed by
drying at 80C for 1 h. A subsequent oxygen plasma treatment was emgimygedvert the zinc
acetate phase to ZnO seed particles. Then the substrates weredtaqy éin the surface of the
nutrient solution, with the ZnO-seeded side facing downvdedthe solution at 8. This was
essential to avoid any deposition of homogeneously nucleatedimhan the substrate. The ZnO
nanowires grew downwards, following the crystal orientatibthe ZnO seeds. The XRD data
confirmed the preferential [0001] growth direction of wugZnO. The growth rate of the nanowires
was ~100-200 nm/h. We grew nanowires for periods of2éth. In view of the considerable
reduction of ZA" ion concentration in the solution due to consumptionrbwth, it was necessary to
replace the nutrient solution after every 10 h to maintain staohgrowth rate.
2y 7 - - 8 ' L o BV P~

&\

Figure 6: a-b) SEM images of ZnO nanowires grown on channel diffpteeina modified regions of
PDMS substrate at different magnifications. Growth time Iak. The nanowires were ~3 um long.
3.2.3 Patterning of amorphous TiO,

Titania deposited onto conductive and/or transparent plasticeecatilized, among others, in solar-
cell applications [20], optical humidity sensors [21], ambtpcatalysis 42]. Figure 7a shows HR-
SEM image of titania patterns formed on a PET subsfratetapping mode height profile of titania
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pattern is shown in Figure 7b. The formation of titania e@sirmed by EDX analysis. The patterns
have an average height of 80 nm and a surface roughness afim. 3atterns of amorphous TiO
were obtained by a selective deposition and subsequent hydralf/ditanium(lV) benzyloxy-
isopropoxide. The precursor was synthesized by reacting @My isopropoxide with benzyl
alcohol yielding a 0.2 mol/dhsolution. The'H NMR measurements showed that at least 88 mol% of
the isopropoxy ligands were directly exchanged by benzyl aldigaoids during preparation [23]. By
this means the overall reactivity of titanium(lV) precursor wigsificantly decreased, so that it can
be handled relatively easily in a typical laboratory environm@akgel processing of titanium(1V)
alkoxide into titanium oxide gel follows through hydreily and condensation reactions [24].
Depending on hydrolysis ratio, used catalysts, and card@ alcoholic ligands, different titania
morphologies can be obtained [25]. The as-prepared titaarmasphous, but can be converted easily
into crystalline rutile or anatase by mild hydrothermal trestnj26].

3.2.4. Electroless deposition of Ag

Metallic patterns on plastic substrates are important dueeio dpplication as interconnects and
active components like sensing elements in flexible devices. Wesilsedseeded plasma-treated
regions of the plastic substrates for site-selective elecdrdiegosition of Ag. Figure 7c and 7d show
an HR-SEM image and tapping mode AFM height profile of Agroapatterns formed over plasma-
patterned silver-seeded PC substrates. The patterns have a tmefdim and a line spacing of 1.2
pm. The deposition time was 15 min for a thickness ofritB0The growth rate can be controlled by
dilution of the growth solution, and film thickness candontrolled by deposition time. Formation of
Ag was confirmed by XRD and EDX analysis of the patteowg on PC substrate.
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g . QSatterns on PET substrate. b) Tapping mode AFM height
profile of TiO2 pattern; c) HR-SEM images of Ag micropatseom PC substrate; d) Tapping mode
AFM height profile of Ag pattern grown on PC substrate.

3.2.5. Patterning of PEDOT: PSS by site-selective de-wetting

Conducting polymers such as PEDOT: PSS and polyaniliA&lljPare important materials in the
manufacture of flexible devices such as flexible displays.r€i@a-c shows an HR-SEM image, a
tapping mode AFM 3D topography image and an AFM heightilprogspectively of PEDOT: PSS
patterns spin-coated over a plasma-patterned PDMS substrate fitlade silicon stencil. The dot
patterns have a diameter of 5 um and a spacing of 5 pm betwealotdh The height of each
PEDOT:PSS dot is 65 nm.

3.2.6. Site-selective adsor ption of Au nanoparticles

Figure 9e (5 pm dots) and 9f (800 nm dots) shows aptiicroscope images and figure 9g (5 pm
dot) shows a HR-SEM image of Au nanoparticles that were sedpctattached on an APTES-

67



patterned PDMS substrate. After plasma modification on PDddBstrates using micro and
nanostencils, APTES molecules were selectively bonded to thdiedodieas. The hydroxyl groups
on the oxidized areas of the substrate reacted with APTES andda self-assembled molecular thin
film. Gold nanoparticles were deposited selectively on the @sitéme areas by immersing the
patterned substrates in a colloidal solution of gold nanofest The —GH¢NH, side chains in the

film were protonated at a pH of 2.5 and formed s;Nind groups which selectively bonded to
oparticles.

Height (nm)
S
1

Figure8: a) HR-SEM image of PEDOT: PSS dot array selectively spiecoon the hydrophilic
regions of the substrate. b) Tapping mode AFM 3D topodgeaptage of PEDOT:PSS dots. ¢) AFM
height profile of PEDOT:PSS dotd) Optical microscopic image of Au nanoparticle arrays of 5pum
dots selectively adsorbed on the stencil patterned substratgsica) micrograph of 800 nm dots; f)
HRSEM image of ajim dot with adsorbed Au nanoparticles.

7.4. Conclusions

We demonstrated a fast and easy approach to pattern a wide rangetioh&l materials, including
Zn0O, ZnO nanowires, Au nanoparticles, Ag and PEDOT: PSfegible substrates like PDMS, PC
and PET by oxygen plasma-modified patterning using PDM®&snor micro/nanostencil shadow
masks. We made patterns of arbitrary complexity, with diffegeimetrical features such as lines,
anitidots, honey comb and isolated dot arrays. The patternsed by this technique have feature
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dimensions as small as 200 nm, up to a few micrometer. Rlasttesaned surface modification using

shielding templates is a simple, cost effective and efficient tqeabrto pre-pattern plastic substrates
for subsequent site-controlled deposition of metal oxidegals and organic materials via a range of
methods, e.g. electroless deposition, solution phase depossiie-selective adsorption and site-
selective de-wetting.
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Chapter 8

Electrodeposition in capillaries. Bottom-up micro and
nanopatter ning of functional materials on conductive
substrates

* This chapter was published XCS Applied Materials & Interfaces (2011, 3 (9), pp 3666—3672)

Abstract

A cost-effective and effective methodology for bottom-up patigmgrowth of inorganic and metallic

materials on the micro and nanoscale is presented. Pulsed electitidepeas employed to deposit

arbitrary patterns of Ni, ZnO and FeO(OH) of high qualiith lateral feature sizes down to 200-290
nm. The pattern was defined by an oxygen plasma-treated patibhé8 mold in conformal contact

with a conducting substrate and immersed in an electrolyteisylso that the solid phases were
deposited from the solution in the channels of the patterra@d. it is important that the distance
between the entrance of the channels, and the location where depissiteeded, is kept limited. The
as-formed patterns were characterized by high resolution scanmoforl microscope, energy-

dispersive x-ray analysis, atomic force microscopy, and xlifrgction.

KEYWORDS soft-lithography, oxides, electrodeposition, micropatternin

8.1. Introduction

Fast and cost-effective realization of high resolution completenpat of functional materials is
crucial in future manufacturing technologies. Patterning tecksiguich as photolithography [1,2],
electron beam lithography [3], ion beam lithography [4], mapadnt lithography [5] and scanning
probe lithographic methods [6,7] are used in industryraadarch for patterning functional materials.
However all these techniques require either cleanroom processingiamdor the use of resist
materials often with complex processing steps of wet/dryirgclsome of these methods are slow
due to their serial nature. Well-known alternatives develogdtidoWhitesides research group are the
soft lithographic methods that use micro/nanopatterned ipaddylsiloxane (PDMS) molds and
stamps in conformal contact with a substrate as a templatiéef@etective patterning with functional
materials [8]. Interesting features of soft lithography ase téchnical simplicity, low capital
investment cost, and effectiveness in producing large-scaledoattatterns of arbitrary materials
[8,9]. The soft lithographic techniques can be divided printing and molding-based methods, and
include microcontact printing [10], micromolding in capilegi(MIMIC) [11], micromolding [12,13],
micro-transfer molding [14], edge lithography [15], soivassisted micro-molding [16], nanotransfer
printing [17], and gas phase pattern deposition [18].s&@meethods can be used for the fabrication of
different functional patterns including self-assemblingenoles, metals, metal oxides, nanopatrticles,
bio-molecules and polymeric materials.

Electrodeposition is a simple, scalable and cost effective todhlwicating inorganic functional
thin films of metals [19,20], metal alloys [21,22], metaldes [23] and conducting polymers [24] on
conductive substrates. Electrodeposition using templates asclpatterned photoresist [1,2],
polycarbonate membranes [25], anodic alumina membranes [26]idablystals [27], and self-
assembled monolayers [19,28] attracted a lot of research dustrial interest due to its ability to
fabricate 2D and 3D patterns of inorganic functional materia)2,19], nanowires [25,26] and
nanotubes [25]. As is shown below, a combination of l#bfigraphy and electrodeposition can be
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used as a tool for large area patterning of various functioagdrials on micrometer and nanometer
scale. In comparison with other combinations of depositi@h dithographic techniques to generate
functional material patterns, the combination of electrodeposétia soft lithography is technically
versatile and cost effective as it can be carried out under norrb&rgnsonditions, without the use
of complex patterning, etching and deposition steps.

In the present paper we demonstrate the possibility ofiglesstep, bottom up, inexpensive and
easy process for 2D nano and micropatterning of functional iadater conductive substrates by
electrodeposition using patterned PDMS molds as templatesshématic diagram of the patterning
process is shown in figure 1. A PDMS mold with micrometenanometer scale channels is gently
pressed against a conductive substrate. A connected channel sisuftitmeed between the substrate
and the PDMS mold. The substrate-mold assembly is immersedelectrolyte solution and used as
working electrode to deposit functional materials like nick&timpum, zinc oxide (ZnO) and iron
oxohydroxide (FeO(OH)). We demonstrated patterns with aairgerof 180 nm to few microns.

a)

b)

Immersion in electrolyte

c)

Electrodeposition

Remove PDMS mold

d)

Figure 1: Procedure of electrodeposition in capillaries. a) Bondingsthestrate and the patterned
PDMS mold. b) Immersion in the electrolyte solution feveral minutes to assure proper filling of
the channels. c¢) Electrodeposition inside the capillaries totfoermaterial patterns. d) Peeling off the
mold from the substrate and washing in de-ionized water.

8.2 Experimental

Fabrication of PDM S templates: PDMS and curing agent (Sylgard 184) were purchased from Do
Corning Corporation, mixed in a mass ratio of 10:1 andgubover a patterned silicon wafer that was
coated with a 1H,1H,2H,2H-perfluorooctylsilane monolayer as aati-adhesion layer. The
micrometer scale masters were patterned by standard photolithpgaamoh the patterns were
transferred to the Si substrate by etching (Lionix BV, He#mds). The nanometer scale masters were
purchased from LightSmyth Technologies, Inc., USA. The PDWS cured at a temperature of@0
for 24 h. After curing, the PDMS substrates were removem fite master and cut into pieces of
desired size.

Substrate preparation: P-type silicon wafers with a sputtered gold film of thieks ~75 nm,
deposited with a Perking-Elmer sputtering machine, were ussdbatrates. A titanium film of ~10
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nm thickness was used as an adhesion promotion layer betveesitidbn wafer and the gold thin
film.

Electrodeposition in capillaries. The patterned PDMS molds were placed in an oxygen plasma
cleaner (Harrick plasma, operating at 240 W) for 5 min pgobdnding with the substrate. The
surface oxidation process increased the hydrophilicity of thd toopromote filling of the channels
by the aqueous electrolyte. After plasma treatment, the pattedeedfghe molds was gently pressed
against the substrate and the mold-substrate assembly wassednie the electrolyte for 5 min to
assure proper filling of the entire channels. The PDMS molibtrate assembly was placed vertically
inside the electrodeposition cell. Good conformal contact isinexdjto be able to obtain well-defined
features.

Electrodeposition was carried out using a three-electrode pustiitiAutolab PGSTAT 128N
from Metrohm Autolab, Netherlands). The substrate-PDMS dsgsmwere used as working
electrodes. A small Pt mesh was used as counter electrode. Theceefelemirode was Ag/AgCl in
3M KCI (Metrohm Autolab). Nickel patterns were formed from elactrolyte containing 0.23 M
nickel sulphate hexahydrate (Nig6H,O, Sigma-Aldrch, purity 99%,) and 0.15 M boric acid
(H3BOs, Aldrich, purity 99.99%). Deposition occurred at -1\0®ersus reference. Zinc oxide patterns
were formed at 70°C at -1.00 V from an electrolyte containid@ O/ zinc nitrate hexahydrate
(Zn(NGy),-6H0, Sigma-Aldrich, purity 98%,). Iron oxohydroxide matis were formed at -1.00V
from an electrolyte containing 0.02 M iron nitrate nonahyd(&e(NQ)s-9H,0, Sigma-Aldrich),
0.430 M nitric acid (HN@, 65% solution, Arcos Organics) and 0.425 M sodiumrdyide (NaOH,
pellets, Sigma-Aldrich). Further details can be found elseavia&].

In the deposition of Ni and ZnO, we applied pulsed poterdiakctrodeposition. In most
experiments, after every 5 s of depositiog,),Tthe deposition was stopped for the next 120,¢) (by
returning to open circuit potential (OCP), and these sieps repeated for any desired number of
times. We also used other values fgy dnd T, depending on the dimensions of the PDMS template
and the electrolyte used for electrodeposition. In the case ofCF€O(ve used continuous
potentiostatic electrodeposition for 5 min. Prior to ele@pmsition the mold-substrate assembly was
immersed in the electrolyte solution for 30 min to ensumapdete filling of the channels. After
deposition, the PDMS molds were removed from the subsiratehe substrates were washed with
de-ionized water, dried using a nitrogen stream and stordédrtber analysis.

Characterization: Patterned substrates were characterized using tapping mode Atoncie F
Microscopy (AFM; Veeco Dimension Icon) to determine the surfaogphology. Grown metal and

oxide patterns were imaged using high resolution scanningalesticroscopy (HR-SEM, Zeiss

1550) and tapping mode AFM. X-ray diffraction (XRD, l¥s diffractometer PW 3020, Software
XPert Data Collector 2.0e, Panalytical B.V., Almelo, The Ne#imetd) was used for phase
determination of the patterns. Energy Dispersive X-ray Sgssripy (EDX) mapping was performed
using a NORAN EDS spectrometer.

8.3. Results and Discussion

Figure 2a shows the SEM image of a Ni pattern formed on anoAted silicon substrate by
electrodeposition. Figure 2b, 2c and 2d show a tapping mBtikimage, a tapping mode 3D AFM
image, and an AFM height profile, respectively. The PDMS mofdzrea ~5x5 mfthat were used
in this experiment have an ordered array of pillars with a demeétl.5um, a height of Gum, and a
repeat distance of @n. Deposition was carried out in 5 intervals of 2 min eadterAevery 2 min of
deposition, the deposition was stopped for the next 2without applying any potential. This time
period allowed fresh Ni ions to diffuse into the channelseface the deposited nickel ions. The
patterns grew to a thickness of approximately 100 nm aftenid@f deposition.
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Figure 2: Images of Ni patterns formed on gold-coated silicon substedter 10 min of
electrodeposition. a) HR-SEM image; b) AFM height image; B) ®urface image; d) AFM height
profile. The deposition was carried out in 5 intervals @hi, each separated by 2 min intervals in
which no potential was applied.

The 3D AFM topography image and the AFM height profile shbe sharp ring-like formation
protruding at the periphery of every circular pit. Evergtiras a width of approximately 200 nm at its
base and a height of 80-100 nm. The ring formation isgimgtthe result of an increased metal ion
concentration at the surface of the PDMS molds. The oxygemmgl treatment of the PDMS mold
prior to bonding with the gold substrate forms an amous SiQ-rich surface layer on PDMS that
becomes negatively charged in aqueous solutions above the isogleittt (IEP) of silica at pH=2-3.
Since we worked at pH 4, the negatigotential of the surface oxide leads to an increased
concentration of ions with a positive charge, in particutarbdly charged ions, in the diffuse double
layer near the surface. As a result, the local deposition rédeisthigher than further away from the
PDMS walls, and ultimately forms ring-like structures.

The pulsed electrodeposition technique was employed due to ththdadhe ion concentration
inside the channels of the mold is depleted during the depogitocess. In order to maintain a
uniform concentration of ions throughout the channels, siépo was stopped for a period of time to
allow fresh reactants to diffuse into the channels and to reactif@nu electrolyte concentration
throughout the channels, before the next deposition pulsaitiated. The T, and T times have to
be carefully tuned in order to achieve uniform film thicknegs ¢he channels. The average diffusion
distancd. of ions over a given interval of timiés given by

L? = nDt (1)
whereD is the self-diffusion coefficient of the ion, and6 in the case of unconstrained molecular
movement in three dimensions. In aqueous solutions theliffeion coefficients of most ions are

similar and have values in the range of 0.6kx16 2x10° mf/s at room temperature. In the
experiments we employed PDMS templates with a total patternedo&rBa5 mnf, and well

74



interconnected channel structures were employed. The maximumcdidiatween the edge to the
center of the template is approximately 2.5 mm. Considehat) diffusional supply of reactant
occurred from external openings at all sides of the PDMS rhalds constrained inside the channels
due to the presence of walls on a length scale of micrometerdijffili@on process is quasi-two-
dimensional in this case, so thmais approximately 4. Then the time scale for replenishiisnof the
order of ~100 seconds. The diffusion lengths can be reduceddiyeering the PDMS mold, e.g. by
constructing a few larger access channels between smaller channels, Bndf@king access
channels from the top side of the PDMS molds.
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Eigure 3: Ni patterns on gold-coated silicon substrate after 2 mitoofinuous electrodeposition.
a) SEM image of honeycomb pattern. b-c) Tapping mode AFM imageAFM height profile of
complex line patterns.

We also tested continuous potentiostatic electrodeposition. éidwever, it did not result in high
quality patterns when the PDMS molds did not have veryeaglhected channel structures. Probably
in this case the diffusional supply ofNinto the channels of the PDMS mold was smaller than the
rate of consumption of nickel ions inside the channels. Herwyewvhen a PDMS mold with well
connected channel structure and large channel dimensions were emptmytétdjous potentiostatic
reduction of Ni* also yielded high quality patterns, as illustrated in Eidifor a honeycomb pattern
of Ni, fabricated by continuous deposition for 2 min a¥-1IThe PDMS mold, with a patterned area
of ~5x5 mnf, had channels with a width of ~3.2 pm and a height ofm6The grown patterns have
an approximate thickness of ~15 nm as measured by AFM. Ihetgsossible to grow thicker layers
by continuous deposition for longer periods of timebpitdy due to diffusional limitations. Longer
deposition resulted in thicker films near the channel openargs thinner films in the central
channels. This means that a concentration gradient of nickekignasent in the channels, leading to
a situation in which most metal ions were deposited onubstisite before reaching the middle of the
channels.

We also used PDMS molds with smaller nanometer-scale featsiresnplates. Figure 4 shows a
tapping mode AFM image, an AFM height profile, and an ARMt8pography image of a hexagonal
array of Ni antidots on Au. The PDMS mold with an area®%& 5 mni contained a hexagonal array
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of circular pillars with a diameter of 290 nm and a spacinig00 nm between the pillars. The height
of the pillars was 250 nm. The pattern was fabricated by p@strodeposition, using 30 cycles
with T, = 5 s, and J¢ = 120 s. The height profile shows that the resultingdanpattern has a
thickness of 65 nm. Figure 5a and 5b shows the chronoamaeragcorded during the deposition
process. Figure 5a shows an example of a single 5 s depgmitsm EDX analyses are provided in
the Supporting Information file, showing that the areagrehthe PDMS mold was in conformal
contact with the substrate, was isolated from deposition.
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Figure 4: Nanoscale antidot Ni patterns on Au-coated silicon substrate 180 s of deposition at -
1.00 V. Deposition was carried out in 30 cycles of 5 ih an interval of 2 min between cycles in
which no current was applied. a) AFM height image; b) 3Easarimage; c) AFM height profile.
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Figure 5. a) Chronoamperogram of pulsed Ni deposition inside nanose@imMS molds.
Potentiostatic deposition lasted 5 s at -1.00 V. Waitiimge tbetween pulses was 2 min. b)
Chronoamperogram of the complete deposition process.
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Figure 6: ZnO patterns on Au-coated silicon substrate. a-b) ed after 5 cycles of
cathodic deposition. of = 1 min, Tg = 2 min; ¢c) Magnified view of ZnO pattern morphology of
Figure 6b; d) AFM height profile of ZnO pattern of Figuéb; €) ZnO nuclei on Au coated Si
substrate after 10 deposition pulses, T 1 sec, T = 1 min; f) Magnified view of ZnO pattern of
Figure 5e.

Figure 6a-c shows HR-SEM images of ZnO patterns formea gold-coated silicon substrate by
pulsed electrodeposition. Each deposition pulse was 1 ndrtharinterval between deposition cycles
was 2 min. The pattern in Figure 6a was grown in 4 putsagtickness of ~20 nm. The PDMS mold
used has lines of width 4.2 um, spacing 5.8 um and heéigim. The pattern in Figures 6b and 6c
were grown in 10 pulses to a thickness of ~55 nm, adridhesl in the AFM height profile of ZnO
shown in Figure 6d. The PDMS mold used has square pilfavidth 4.25 um, spacing 3.25 um, and
height 6 um. The ZnO patterns formed has a flake-like paorface morphology. Figure 6e and 6f
shows ZnO nuclei formed as a result of applying very steposition pulses during the deposition
process. The PDMS mold used here has complex line featuresltbf 6 um, spacing 4 um, and
height 6 pm. Each deposition pulse was for 1 s, followed Waiting time of 1 min. The total number
of deposition pulses was 10. Due to the short duratidheoEntire deposition process, only isolated
hexagonal ZnO nuclei had formed and no further growth occume®. deposition involves the
reduction of nitrate and water to hydroxyl ions, followsdpbecipitation of zinc hydroxide, which is
directly transformed into ZnO above 60°C via [25]:

NO; + H,O + 2é > NO, + 2 OH 2

Zn**+ 2 OH > ZnO + HO (3)
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The x-ray diffractogram of the patterned wurtzite film isvshan Figure 7. The strong (0002) peak
is indicative of preferential (0001) growth of the ZnO ghashich is common under these growth
conditions.
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Figure 7: XRD pattern of ZnO grown on Au substrate. The peald &424° corresponds to the (0002)
reflection of the ZnO wurtzite structure. The squares reprede@t pattern peaks and the circles
represent substrate peaks. The split peald &32 is from the silicon substrate. The splitting of the
silicon peak is due to the presenc&pfindKg radiation.

Figure 8 shows a SEM image of amorphous iron oxohydeok&lD(OH) patterns formed on a Au
coated silicon substrate after 5 min of continuous deposkHiost an iron hydroxide gel formed inside
the channels by precipitation of Favith OH that formed via reaction (4) at -1.00 V. The substrate-
mold assembly was then dried on a hot stage “@ & 1 h. During drying, the iron oxohydroxide
phase formed from the gel following [25].

Fe’* + 30H > Fe(OH) (ag)> FeO(OH) (s) + HO 4)

R L
Toal Mo s BN
., 4 't% o @ § 2N g &4 =R @ E >
Figure 8: SEM image of FeO(OH) pattern on gold-coated silicon satesafter 5 min of continuous
deposition at room temperature, and 1 h of drying €60

“‘;\
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The process described here generated negative replicas of the paitdradDMS mold. Patterns
with complex shapes such as sharp angles and curves can be pbgptredmethod. The process
gives precise control of size and shape of the generated patiewes,the lateral dimensions are
defined by the dimensions of the PDMS template used and tlghthis defined by the
electrodeposition time. The process is a cost effective, botopatierning process in which metal,
metal oxide and/or multilayered materials can be deposited.rdlepbsition is an old process which
has proven its capacity to deposit a wide range of technolggiocgibrtant functional materials, such
as metals (e.g. Ni, Au, Ag, Cu, Al), metal alloys (e.g. es@miconducting oxides (e.g. ZnO,Bg
TiO,) and conducting polymers [24]. Due to low depositiongerature conditions, the process is
suitable for any conductive substrate, including flexibletigasubstrates with conductive coatings.
We used conventional PDMS molds for the deposition expetankeuat other materials could be used
as well, provided that they make good conformal contact Wétstibstrate. More research needed to
design the molds with more access holes for the electrolytetfresides as well as the top so that the
process could be faster and even higher resolutions can be achieved.

8.4. Conclusions

Electrodeposition in capillaries is a promising tool fattprning nano and microscale structures on
conducting substrates, especially for bottom up growthmetallic patterns which cannot be
achievable easily by other soft lithographic patterning methéshave patterned a wide range of
functional materials including ZnO, Ni and FeO(OH) by #ehhique. A wide range of materials can
be patterned in micro and nanometer scale by this techniqueefFtetiearch is recommended with
PDMS molds with engineered channels with more access channelgedtolyte for fast deposition
over large areas of substrate.
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8.6. Appendix to Chapter 8

EDX analysis of Ni patterns

Figure S1 shows an Energy Dispersive X-ray (EDX) spectesaorded on a Ni patterned substrate.
Figure S1a shows an EDX spectrum taken on the area where the fBfSwas in contact with the
substrate. No significant Ni signal can be seen in the spedfigore S1b shows an EDX spectrum
recorded on areas where the PDMS mold was not in contactheigubstrate, i.e. the areas where Ni
was deposited. The presence of a strong Ni signal indicati ipatterned regions, and the near
absence of a signal in the other areas indicates that the PDMSsplatéd the substrate completely
from where it was in conformal contact with the substrate.

a) 600 c).

counts

0
0.000 keV 10.240

b
) 500 Bu

counts

0.000 keV 10.240

Figure S1: EDX analysis of Ni pattern. a) EDX spectrum taken at the pldisee PDMS mold was in
conformal contact with the substrate during deposition.mX Epectrum taken out side the PDMS

contact area during deposition. c) HR-SEM image of Ni pattdinh correspond to the AFM images
in Figure 4.
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Chapter 9

Conclusions

Soft lithography is developed as a powerful tool for paitgy functional materials in the
micrometer and nanometer scale. The beauty of soft lithograjtny degree of freedom it has.
Researchers working on the field demonstrated soft lithograplaytool to pattern virtually any
material (including, molecules, polymers, biomaterials, meggthiconductor, oxides, nanowires,
nanoparticles etc) on any arbitrary substrate (metallic, seducting, insulating, paper and plastic).
Also the simplicity and cost effectiveness of the technique maiesthography as a powerful
candidate for future manufacturing techniques.

This thesis demonstrates the potential applicability oflgléigraphy as a tool to pattern a
wide range of fabricates functional materials on silicon, metaiid plastic substrates on sub-50 nm
to micrometer length scale. It shows the possibility of damf soft lithography with various
deposition techniques including electrodeposition, electrokgsssition, sol-gel synthesis, atomic
layer deposition and solution phase deposition. Alsthibeis put forward novel ideas of gas phase
patterning of organosilane molecules, edge transfer printingitafr soluble polymers and
electrodeposition in capillaries. The major findings of tiesis is concluded in the following table

Materials can be resolution advantages disadvantages
patterned
Transfer Oxides Sub 50 nm Simple, cost Requires high
printing of (Cu0,Zn0,Fg0,,NiO) effective, parallel,| temperature
water-soluble PDMS, metal fast procedure, | annealing
polymers nanoparticles, water- micrometer scale | process.
(Chapter 2) soluble polymers, stamps for
complexes nanopatterning,
Large area direct
patterning of
simple oxides.
Channel diffused | SAMs, plastic surfaces Sub 300 nm Cost effective, | Only PDMS with
plasma (subsequent templated simple, parallel | connected
patterning deposition of ZnO, patterning, fast | channel
Nanowires,Ni, TiQ, technique, Easy | structures or line
(Chapter 6 & 7) | conducting polymer, way to create features can be
Au nanoparticles and templates for used, Process is
AQg) solution phase slower when
deposition using nanometer
,electrodeposition] scale low aspect
electroless ratio PDMS
deposition, ALD | stamps.( takes ~
etc. 40 min to pattern
5x5 mnf area
with stamps 200
nm line width
and hight)
Electrodeposition | Metals, ZnO, FgO3 Sub 300 nm Cost effective, | Relatively slow

In capillaries simple bottom up,| electrodeposition
parallel approach, process (takes
(Chapter 8) direct patterning | ~1h to ~2h) due

82



of metallic
structures.

to the waiting
time for ion
diffusion , more
research is
required to
engineer PDMS
stamps, Only
PDMS with
connected
channel
structures or line
features can be
used, Process is
slower or
inefficient when
using low aspect
ratio PDMS
stamps.

Gasphase
pattern
deposition using
PDMS masks

(Chapter 3,4 &
5)

Organosilanes, self
assembling molecules
(Subsequent

deposition of ZnO, Ni,
Au nanoparticles etc)

Sub 100 nm

Use of
micrometer scale
PDMS stamps for|
nanometer scale
features, High
quality
organosilane self
assembled thin
films, cost
effective, parallel
approach, and
fabrication of
patterned multi-
length scale,
multifunctional
surfaces. Large
area patterning is
possible.

The process
takes 15 min to
several hours to
generate pattern
in different
pattern
resolution.

Soft lithography has the potential of being the major debédation technology in future,
especially in the area of flexible light weight devices. Congidethe research efforts and findings
from various research groups in the area of soft lithograpbguld be a technology of the future for
direct structuring of devices on various substrates. Moresgétlithography can be used in
combination with the current well established technology ofghhography, which may give more
dimensions to the current fabrication technologies.
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Samenvatting

In dit proefschrift komen twee belangrijke kwesties ter sprake:

1) Het fabriceren van patronen van functionele materialen op naneotetar

2) Het uitbreiden van de toepasbaarheid van zachte lithografisatesgen voor een breed
bereik aan functionele materialen op conventionele silicium sutrsteat flexibele substraten.

Dit proefschrift beschrijft nieuwe zachte lithografische procestierhet mogelijk maken om
structuren van een breed bereik aan functionele materialen als medaledeeltjes, organosilaan
moleculen, nanodraden, halfgeleidende materialen en geleidende polymesigcium en flexibele
plastic substraten te maken met een lengteschaal van beneden deobfhmumoineters.

Hoofdstuk 2 beschrijft het patroneren van oxide materialen over een lengtesehaal v
beneden de 50 nm tot micrometers met behulp van een printte¢tnarefer printing) waarbij
gebruik wordt gemaakt van water oplosbare polymeren waaraan megalgabonden. Dit proces is
een eenvoudige en goedkope manier om een groot bereik aan oxidelematempatroneren op een
schaal beneden 100 nm en vindt een potentiele toepassingabridade van apparaat structuren.

Hoofdstuk 3 introduceert een methode om organosilaan moleculen te patronesitiniom
substraten op nanometer en micrometer schaal. Het procesgedgdtroleerd en maakt gebruik van
het fenomeen van geometrisch gedomineerde condensatie van orgamositgarien vanuit een gas
fase om patronen te genereren met een hoge resolutie. PDMS stewipgiste dimensies kunnen
gebruikt worden voor de fabricage van patronen met veel kleiireemsies.

Hoofdstuk 4 breidt de toepasbaarheid van het proces dat beschreven staatjaeval
hoofdstuk uit door het patroneren van anorganische funationalerialen op de nanometer tot
micrometer schaal. Het hoofdstuk laat zien dat depositie vampatk@nuit de gas fase volledig
controleerbaar is. Daarnaast werden zelf-geassembleerde moleculaireadi@mneain mercaptosilaan
moleculen gebruikt als dunne beschermlagen voor de elektrodepasitmetallische en
halfgeleidende materialen.

Hoofdstuk 5 breidt verder uit of the toepasbaarheid van het proces dat desclataat in
hoofdstuk 3. Sequentiéle depositie van verschillende organosilal@culen op silicium substraten
werd gebruikt om substraten met verschillende chemische fualitéen te fabriceren.
Multifunctionele oppervlakten met verschillende lengteschalen weyekabriceerd. De potentiéle
toepassing van organosilaan patronen als beschermlagen vooratamgidepositie (ALD) en als
sjabloon voor plaats-selectieve adsorptie van nanodeeltjes teeedss in dit hoofdstuk
gedemonstreerd.

Hoofdstuk 6 beschrijft een nieuw proces om patronen van SAMs van octadech&@oihir)
op goud substraten te vormen met behulp van een kanaal gddéfde plasma ets techniek. De
gepatroneerde SAMs werden gebruikt als sjablonen voor elektsitiepelectroless depositie en
depositie vanuit een oplossing van een breed bereik aan figletioaterialen (Ni, Ag, ZnO en ZnO
nanodraden) op hanometer en micrometer schaal.

Hoofdstuk 7 beschrijft de potentiéle toepassing van kanaal gediffundeerdegplasm
oppervlakte modificatie op plastic substraten als polycarbon@at FOMS, en
polyethyleentereftalaat (PET) om een hydrofiel-hydrofoob cantygasleze oppervlakten te creéren.
Na opperviaktemodificatie werden depositie processen als electref@ssitée, depositie vanuit een
oplossing, locatie selectieve opdroging en locatie selectieve adspeptuikt om patronen te
verkrijgen van functionele materialen als ZnO, ZnO nanodradenTi®g, geleidende polymeer
(PEDOT:PSS) en zilver nanodeeltjes.

Hoofdstuk 8 beschrijft een nieuw proces van elektrodepositie in capillairen behulp van
elektrodepositie van een elektrolyt oplossing binnenin PDM#iasgn die contact maken met het
substraat, werden micro- en nanopatronen van metallische endidégele materialen gevormd
(bottom-up).
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