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Summary 

Polymer and nanocomposite based surface patterning by Dip Pen Nanolithography (DPN) was 

investigated in this study. First, the focus was on producing consistent and reproducible polymer 

patterns. Later, it is aimed to use this patterning experience to build nanocomposite surface 

architectures. Nanocomposite patterning was further improved to construct gradient 

nanocomposite structures. Mechanical characterizations suitable for the micro-ranged 

nanocomposite patterns were investigated and successfully conducted.  

DPN writing mechanisms for liquid polymer ink were found which led to construction of patterns 

having consistent sizes with their dwell times/writing speeds. Previous studies of O’connel et al. 

[1], [2] revealed the effect of ink volume (Laplace pressure) for liquid ink writing. In our study, it 

is shown that not only the ink volume, but also physisorption and surface diffusion are relevant. It 

is confirmed that in the first writing steps, the effect of ink volume is higher than in the 

subsequent writing steps. In consecutive writing steps; physisorption and surface diffusion 

prevail leading to consistent pattern sizes with dwell times and writing speeds. Ink delivery is, on 

one hand, increased by a decreased viscosity of the ink, e.g. at high relative humidity, and on the 

other hand by more hydrophilic substrates. Therefore, three main parameters to build consistent 

patterns were revealed to be ink amount, surface hydrophilicity and ink viscosity. 

In the case of nanocomposite patterning, it is crucial to maintain even distribution of particles in 

the matrix to preserve composite properties. In this study, it is confirmed that particles are 

deposited together with polymer matrix and are homogeneously distributed within the written 

material. Focused Ion Beam cutting of nanocomposite patterns with subsequent Scanning 

Electron Microscopy and Scanning Transmission Electron Microscopy characterizations proved 

that high concentrations of nanoparticles are evenly distributed in the polymer matrix. The 

constraints for nanocomposite patterning are revealed to be the same as polymer patterning with 

the addition of adjustment of nanoparticle concentration since the particle loading changes the 

viscosity of the matrix polymer. According to our knowledge, there is no study regarding the 

mechanical properties of nanocomposite patterns written by DPN. In this study, colloidal probe 

microscopy and nanoindentation tests proved that particle concentration in the nanocomposite ink 

is proportional to hardness and especially modulus values of the written patterns.  
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Gradient polymer nanocomposite patterns were successfully produced for the first time in DPN 

history. The scale and height of the patterns were adjusted by tuning the dwell times, the relative 

humidity levels and the number of approach/curing steps. A spatial resolution of 3-20 µm was 

achieved. It is confirmed that gradient nanocomposite patterns have graded hardness and modulus 

values tuned by locally adjusted particle concentration. 

Polymer patterning was further improved by building multilayer polymer structures showing the 

ways to construct 3-D architectures. It is indicated that UV curing between writing steps is 

essential to increase thickness of written patterns. Additionally, it is revealed that the thickness of 

the patterns could be further heightened by tuning the hydrophilicity of the polymer ink.   

To summarize, polymer and nanocomposite structures with consistent sizes and reproducible 

mechanical properties were produced. The information obtained from polymer/nanocomposite 

patterning and mechanical characterizations was utilized to build gradient nanocomposite 

structures having graded mechanical properties. Additionally, polymer patterning was further 

elaborated by building multilayer polymer structures suggesting the ways to construct 3-D 

architectures.   
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Zusammenfassung 

Das Thema dieser Arbeit war die Oberflächenstrukturierung mittels Dip Pen Nanolithographie 

(DPN) von Polymeren und Polymer-Nanopartikel-Kompositen. Im ersten Teil der Arbeit wurde 

die reproduzierbare Herstellung von reinen Polymer Strukturen studiert. Das dabei gewonnene 

Wissen wurde anschliessend auch auf Nanokomposite angewandt. Das Strukturieren von solchen 

Nanokompositen wurde daraufhin zur Herstellung von Gradientenstrukturen weiterentwickelt. 

Diese Strukturen wurden schlussendlich auch mechanisch charakterisiert. 

Die Entdeckung von neuen Parametern für das Schreiben von flüssigen Polymertinten erlaubten 

uns, Strukturen mit Durchmessern proportional zur Verweil-Zeit der Spitze und der 

Schreibgeschwindigkeit herzustellen. Vorhergehende Studien von O’Connel et al. [1], [2] haben 

bereits den Einfluss des Tintenvolumens (Laplace Druck) auf das Schreiben von flüssigen Tinten 

gezeigt. Wir konnten in unserer Studie zusätzlich feststellen, dass nicht nur das Tintenvolumen, 

sondern auch Physisorption und Oberflächendiffusion der Poymerketten das Schreibverhalten 

beeinflussen. Der Effekt des Tintenvolumens ist grösser während den ersten Schreibschritten, 

wohingegen Physisorption und Oberflächendiffusion in den darauffolgenden Schritten 

überwiegen. Der dabei vernachlässigbare Einfluss des Tintenvolumens erlaubt das konsistente 

Schreiben von Strukturen mit Durchmessern proportional zu Verweilzeit und 

Schreibgeschwindigkeit. Zusätzlich kann die Zufuhr der Tinte kontrolliert werden. Eine tiefere 

Viskosität der Tinte, zBsp. bei erhöhter relativer Luftfeuchtigkeit, und die Verwendung von 

hydrophileren Substraten führen beide zu erhöhter Tintenzufuhr. Die drei Parameter, die die 

Herstellung von konsistenten Strukturen zu einem grossen Teil kontrollieren, sind daher: 

Tintenvolumen, Hydrophilie des Substrates und Viskosität der Tinte. 

Um die gewünschten Eigenschaften der Nanokomposite nach der Abscheidung zu garantieren, 

muss die gleichmässige Verteilung der Nanopartikel in der Polymermatrix während des Prozesses 

erhalten bleiben. Diese Studie hat bestätigt, dass Nanopartikel zusammen mit einer 

Polymermatrix abgeschieden werden können. Rasterelektronenmikroskopie- und 

Rastertransmissionselektronenmikroskopie-Analyse haben gezeigt, dass hohe Konzentrationen 

von Nanopartikeln homogen in der Polymermatrix verteilt sind. Dabei sind die Einschränkungen 
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für die Strukturierung von Nanokompositen dieselben wie für die Strukturierung von einfachen 

Polymer-Tinte, solange beachtet wird, dass die Konzentration der Nanopartikel die Viskosität der 

Tinten entscheidend beeinflusst. Die nach unserem Wissen erste mechanische Studie von 

Polymer-Kompositen hat gezeigt, dass die Härte und im Speziellen der Elastizitätsmodul 

Funktionen der Partikelkonzentration sind. 

Zum ersten Mal konnten wir zudem graduierte Polymer-Nanopartikel Strukturen mit DPN 

fabrizieren. Der Durchmesser und die Höhe der Komposite konnte mittels Verweilzeit, relativer 

Feuchtigkeit und Anzahl Schreib-Härte Zyklen justiert werden. Eine Auflösung von 3 – 20 µm 

wurde erzielt. Dabei wurde bestätigt, dass Härte- sowie die Elastizität-Gradienten mittels lokal 

eingestellter Partikelkonzentration hergestellt werden können. 

Schlussendlich wurde das Potential für 3-D Architekturen durch die Herstellung von 

mehrschichtigen Polymerstrukturen demonstriert. Dabei hat sich gezeigt, dass die UV-Härtung 

zwischen einzelnen Schreib-Schritten essentiell für eine Dickenzunahme der Strukturen ist. 

Zusätzlich wurde ein Einfluss der Hydrophilie der Tinte auf die Dicke der Strukturen 

nachgewiesen. 

Zusammenzufassend kann man festhalten, dass Polymer und Polymer-Nanokomposit Strukturen 

mit reproduzierbaren Dimensionen sowie mechanischen Eigenschaften erfolgreich hergestellt 

wurden. Die dabei gewonnenen Informationen wurden verwendet, um Komposite mit graduierten 

mechanischen Eigenschaften zu fabrizieren. Zusätzlich wurde mittels mehrschichtigen 

Polymerstrukturen demonstriert, dass 3-D Strukturen mit der DPN Technik hergestellt werden 

können.  
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1 Introduction 

1.1 Surface Modification Techniques  

Nanostructured materials are synthesized in various forms such as: surface patterning, thin films, 

coatings, powders and bulk materials. Among these forms, surface patterning, which is the focus 

of this thesis, is utilized in two main groups; namely mask and template based techniques and 

beam assisted techniques. On one hand, mask and template based techniques such as 

photolithography and micro-contact printing are observed to be very efficient, high throughput 

processes. On the other hand, beam assisted techniques (e.g. focused ion beam and electron beam 

lithography) deliver extended pattern flexibility whilst have lower throughput.  

So far, photolithography is the most utilized and well-established technique especially used for 

integrated-circuit production. Yet the resolution of photolithography is limited by the diffraction 

of the UV light. The drawback of diffraction limit are overcome by focused ion beam (FIB) [3] 

and electron beam lithography (EBL) [4] techniques, main application of which is the 

lithographic mask production. The other benefit of these techniques is that they could be 

performed without using any mask. Even though they both have resolutions in nm scale, because 

of the higher momentum of the ions than the electrons, FIB has higher resolution than EBL.  

Micro-contact (µc) printing is a low cost surface patterning technique utilizing PDMS stamps for 

ink delivery. The ink molecules are transferred to the surface which are in contact with the stamp. 

µc printing allows printing on both flat and curved surfaces and could be preferred over 

photolithography as it is more cost-effective. Self-assembled monolayers are produced by 

inducing alkanethiol coated stamp with the substrate [5]. Then the ink is transferred to the regions 

which are physically in contact with the stamp. The other application of µc printing is the 

production of metal microcontacts [6]. However, it has the resolution limitation induced by the 

grain size of the substrate and the etching procedure. 

A ‘direct write’ surface patterning procedure is inkjet printing [7]. The main patterning principle 

is pushing the ink out of a nozzle either by applying pressure or heating. As it is a non-contact 

deposition method, substrates are not damaged. Both polymers and inorganic particles in a 

solution could be utilized as inks which have applications in flexible electronics. For instance, 
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patterned semiconductor polymers (such as PEDOT:PSS) could be used in organic thin film 

transistors since they can confine channel regions inhibiting parasitic leakage [8].  In addition to 

it, inkjet printing of polymers is utilized to produce field-effect transistors. 

By the introduction of scanning tunneling microscopy (STM) in 1982 and atomic force 

microscopy (AFM) in 1986, characterization of topography and surface related properties in 

atomic resolution became possible. In addition, it also led to a new surface patterning method, 

named as Scanning Probe Lithography (SPL). Mostly, SPL methods are destructive based on 

delivering energy (mechanical, thermal, oxidative, electrical, etc.) for manipulation or patterning 

surfaces. 

1.2 Scanning Probe Lithography 

Three approaches have been utilized in order to produce nanostructures by tip based lithography 

which are: material removal (AFM nanoscratching), material modification (local anodic 

oxidation), and material addition (atomic manipulation and self-assembly) [9]. The material 

removal approach which is the AFM nanostratching, basically relies on the fact that depth of 

scratching could be dictated by the applied tip force and/or tip temperature. As an example, Pires 

et al. [10] created a 3-D pattern  by simultaneously applying a force and a temperature pulse for 

several microseconds. Owing to its hydrogen bonds which could provide sufficient stability for 

various applications e.g. etch resist for lithography, but are weak enough to be efficiently 

activated thermally by the hot tip, phenolic molecular glass based film was chosen to be 

patterned. The force pulse pulled the tip into contact while the temperature pulse heated the tip 

and triggered the breaking or patterning process of the PMG resist. Matterhorn Mountain replica 

was created onto 100 nm thick film with a resolution of 15 nm. 

In local anodic oxidation, imposed bias results in oxidation of the underlying material (e.g. 

silicon) which enables both width and height control. Patterning by atomic manipulation, on the 

other hand, enables production of 3-D nanostructure with atomic resolution which was first 

introduced by scanning tunneling microscopy in 1990.  Eigler et al. [11] placed 35 Xenon atoms 

on the surface of Nickel substrate in UHV and cryogenic temperatures. However, both local 

anodic oxidation and AFM nanoscratching methods are destructive while atomic manipulation is 

only applicable in atomic resolution.   
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1.3 Dip Pen Nanolithography (DPN) 

A novel constructive SPL method, namely Dip Pen Nanolithography (DPN) was introduced in 

1999 [12]. DPN delivers materials by using the tip of a cantilever as pen and substrate as paper in 

order to form surface architectures. First study relies on delivery of small organic molecules 

(thiol-functionalized molecules) on gold substrate by the help of water meniscus which is formed 

in ambient conditions without the necessity of applied energy [12] (Figure 1). As time passes 

multitude of inks such as; polymers ([13]–[26]), inorganic particles ([27]–[31]), oligonucleotides 

([32]–[35]) and metallic salts ([36]–[38]), were examined on a variety of surfaces. Discovery of 

DPN enabled patterning with multiple inks by using multiple cantilevers for the first time in SPL 

history with high pattern flexibility.  

1.3.1 Polymer Patterning by DPN  

Biggest challenge for polymer patterning is the large size of polymers which makes diffusion 

controlled pattern generation applied to smaller alkane thiol inks more difficult.  There are 

different approaches for polymer patterning. One approach is using the inks of chemically 

tailored polymers with surface binding groups. Wilson et al. [15] utilized thiolated collagen and 

collagen like peptides which were patterned on a gold substrate having 30-50 nm line widths. 

Lim et al. [19] suggested a different approach for protein writing. In their study, both the 

substrate (SiO2) and tip (silicon nitride) surfaces were modified for writing. The tip was treated 

by polyethylene glycol forming hydrophilic surface in order to inhibit polymer reabsorption. 

Additionally the substrates were treated either with base or aldehyde to form negatively charged 

or aldehyde-modified surfaces, respectively. In the case of negatively charged substrate, the 

proteins were attached by electrostatic forces while on the aldehyde-modified surface, amine 

groups of the proteins were deposited by covalent bonding. The resulting protein features are 

observed to have 55-550 nm line widths. 

Other approach for polymer patterning is using monomer inks with subsequent surface 

polymerization process. Maynor et al. [13] utilized electrochemical DPN to fabricate 

polythiophene (poly-EDOT) nanowires. First, an AFM tip is dipped into solution of EDOT 

monomers. Then, the tip brought into contact with Si (111) surface with native oxide layer. By 

the help of applied negative voltage, electrochemical polymerization occurred at the tip-surface 
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interface. Depending on the oxide layer, applied voltage was ranged between -9 to –15 V, as 

thicker oxide layers require higher voltages. Written poly-EDOT lines are revealed to have sub-

100 nm line widths. 

According to our knowledge, only two studies have described ink delivery mechanisms and 

pattern formation using liquid-polymer inks. O’Connell et al. [1], [2] studied direct writing of 

viscous polymeric inks on silicon surfaces, pointing out that the amount of ink on the tip and 

cantilever is the primary factor determining pattern size, with the prevailing effects of dwell time, 

ink viscosity and substrate wettability. The studies of O’Connell et al. [1], [2] explain the long-

term behavior of the polymer inks up to ink depletion. However, further studies are required in 

order to obtain consistent sizes and reproducible patterns to a degree that allows distinct writing 

procedures.  

 

Figure 1 Representation of small organic molecule (thiol-functionalized) writing by 
dip pen nanolithography. 

 

1.3.2 Nanocomposite Patterning by Dip Pen Nanolithography 

If reproducible writing with polymer inks was achieved, polymer matrices could be utilized as a 

delivery medium to deposit functional particles. DPN patterning of polymer nanocomposites 

would allow for local tuning of the functionality and mechanical strength of the written patterns 

in high resolution, with the benefit of pattern flexibility. There are not many studies in the 

literature on polymer nanocomposite patterning by DPN. While polymer matrices such as 

polyethylene glycol have been utilized as a medium for particle delivery, they were subsequently 

removed by either heating or oxygen plasma treatment ([21], [22], [25]). For instance, Huang et 
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al. [22] patterned gold, Fe3O4 and C60 fullerenes on Si/SiOx and gold surfaces by using 

polyethylene glycol as matrix medium. The polymer was removed by dry oxidation in oxygen 

plasma after surface patterning. The study showed that it is possible to pattern different inorganic 

particles at the same rate by using polyethylene glycol as universal matrix which is beneficial for 

multi- pen patterning of different particles. Yet, only nanoparticles were patterned without 

polymer matrix. Lee et al. produced nanocomposite patterns by utilizing thermal probes [23]. 

Baba et al. [39] wrote carbon nanotube/polymer composite patterns in micro and nano-scale by 

micro contact printing and DPN, respectively. However, whether or not carbon nanotubes were 

distributed homogeneously in the written patterns was not explored.  

1.4 Gradient Composites 

Graded composites show spatially adjustable behavior due to their locally tuned compositions 

leading to varied mechanical, optical and electrical properties [40]–[48]. In nature biological 

systems deal with mechanically mismatched surfaces exhibiting extremely discrete elastic moduli 

by locally tuning mechanical properties in three dimensions which is achieved by changing 

concentration of the constituents spatially [40], [45].  

As an example for artificial production, Libonari et al. [43] fabricated stretchable composites 

with extreme mechanical gradients (five orders of magnitude) which is achieved by tuning both 

polymer hard domains and concentration of additives. The gradient composite layers were 

adhered by solvent welding method with spatial resolution of 0.1-0.2 mm. 

In the case of scanning probe lithography, Carrol et al. [42] changed surface chemistry by 

utilizing gradients. Amine concentration was tuned in nanometer scale by using thermally 

activated cantilevers, which is the driving force for adhesion between amine and substrate. 

However, according to our knowledge, there are no studies on gradient nanocomposite patterning 

to tune mechanical properties by probe-based lithography. With regards to mechanically graded 

composites, synthetic routes could not achieve 3-D nature and small scale tuning of 

concentrations observed in biological composites. Deliberate strengthening of the problematic 

areas such as mismatched surfaces and weak regions could be beneficial for a large number of 

applications such as flexible electronics with locally stiff constituents, NEMS and MEMS 
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systems, dental prosthesis having heterogeneous particle distributions resembling to natural tooth 

and joining mechanically different biological materials such as bone, cartilage and mussel. 

1.5 Motivation of the Study 

There are four aims for this study; the first is developing a method for reproducible polymer 

patterning. Due to the limited literature on direct polymer writing by DPN, parameters to produce 

consistent patterns are sought. Besides the ink amount on tip and cantilever; it is shown that 

viscosity and wetting of the polymer are other critical parameters to acquire this goal.  

Secondly, it is aimed to construct polymer nanocomposite patterns having homogeneously 

distributed particles with various particle concentrations. The objective is to preserve both matrix 

and additive materials in the patterns for maintaining synergistic composite properties such as 

flexibility and hardness. Optimal ink viscosities, writing conditions and particle concentration 

range are sought to obtain consistent patterns. 

The third objective is to produce gradient patterns with gradient functionality. It is confirmed that 

DPN is a perfect tool to achieve this goal by using multi-pen cantilevers. 3-20 µm spatial 

resolution with up to 2 µm height values is achieved. Mechanical tests (colloidal probe 

microscopy and nanoindentation) confirmed hardness and especially elastic modulus gradients 

were accomplished. 

And the last aim is to investigate multilayer polymer writing in order to find ways for building 3-

D structures. It is shown that thickness of the patterns could be further enhanced by tuning 

hydrophilicity of the polymer ink.   
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2 Literature Review 

The use of Dip Pen Nanolithography (DPN) as a positive printing tool for patterning nanometer 

scale features was first introduced in 1999 by Piner et al. [12]. Alkane thiole molecules were 

utilized to write on polycrystalline gold substrate which forms well-known self-assembled 

monolayers (SAM). Following studies showed that different kinds of inks such as; small organic 

molecules, polymers, colloidal particles, oligonucleotides, metallic salts, etc. could be delivered 

on a variety of surfaces by DPN. DPN inks could be divided into three main groups namely; 

small organic molecules, metallic salts and liquid inks which are summarized in Figure 2. 

2.1 Patterns Generated from Small Organic Molecules 

Long-chained alkanethiole molecular inks such as MHA (mercaptohexa-decanoic acid) and ODT 

(octadecanethiol) were shown to be effectively delivered by DPN [12], [28], [35], [38], [49]–

[55]. In fact, the first study in 1999 [12] examined MHA writing on gold substrate in ambient 

conditions accomplishing 30 nm line resolution. One of the benefits of thiolated inks is the 

possibility of patterning different kinds of them on the same area. Hong et al. [49] used MHA 

coated tip to generate geometric shapes (line widths: 80 nm triangle, 80 nm square and 30 nm 

pentagon) onto gold substrate and subsequently accomplished ‘overwriting’ with ODT coated tip 

by raster scanning previously MHA-patterned Au surface (4.3µm X 4.3µm). 

Other than gold substrates with thiolated inks, semiconductor surfaces with silane inks have also 

been investigated. Ivanisevic et al. [14] showed that HDMS (hexadimethyldisilazane) could be 

patterned with the line resolution of 75-155 nm onto silicon/silicon oxide and gallium arsenide 

surfaces. 

Most of the studies regarding the alkanethiole inks focus on  either to use them as etch resists 

[28], [50], [51] forming the templates for metallic, semiconductor and polymeric materials or to 

explain physical principles of DPN  [49], [52], [53] which are mentioned in the following 

sections: 
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2.1.1 Thiolated Templates 

There are various studies using thiolated inks in order to write nano-featured templates for 

different kind of materials. Liu et al. [28] patterned the template by MHA and passivated the 

unpatterned gold surface by ODT. Subsequently, the gold surface was dipped into the suspension 

of Fe3O4 particles resulting in magnetic Fe3O4 arrays having sub-100 nm dimensions. It is shown 

that magnetic features have dot and line sizes 45 nm–several micrometers with 10 nm thickness, 

indicating possible monolayer formation.  

Zhang et al. [51] used MHA as etch resist to form silicon nanostructures. First, MHA patterns 

were written onto Au/Ti layer coated silicon substrate by using 26-pen array cantilever to 

increase throughput. Subsequent wet chemical etching resulted in Au nanolines and nanodots 

having 35 nm minimum dot diameter and 53 nm minimum line width, respectively. These 

nanodots and lines were then used as masks for reactive ion etching to produce silicon 

nanostructures.  

In order to increase throughput, Salaita et  al. [56] used 2-D array of 55,000 cantilevers. ODT 

patterning and subsequent wet chemical etching resulted in gold nanopatterns onto gold coated 

silicon substrate. By this method, 88 million dot features were generated in one DPN writing 

step.  

Ivanisevic et al. [57] showed that redox active inks could be used as templates for patterning 

oligonucleotide-modified gold particles in orthogonal manner on gold substrate. First, 

ferrocenylalkyl-thiol ink was written having line widths between 55 nm to 1 µm. Subsequently, 

Ag/AgCl solution containing oligonucleotide-modified gold particles were deposited above the 

lines in the presence of fixed pulsed potentials of 320 mV and 620 mV for (Fc(CH2)11SH (1) and 

Fc(C)=O)(CH11)SH, respectively. 
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Figure 2 Three main groups of DPN inks namely; small organic molecules, metallic 
salts and liquid inks are represented. 

 

2.1.2 Physical Principles of DPN 

There are various focusing on physical principles behind DPN. These studies mostly concentrated 

upon small organic molecular inks since parameter control becomes more difficult for polymeric 

and nanoparticle inks. The commonly accepted theory of ink transport is that ink is delivered 

through the water meniscus formed in ambient conditions by capillary forces.  

Rozhok et  al. [58] studied temperature, humidity and meniscus effects for ODT and MHA ink on 

gold substrate. It is concluded that increasing temperature from 22 °C to 33 °C, enhances both ink 
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delivery and radius of the written dots thanks to the improved solubility in water meniscus and 

diffusivity of MHA and ODT on the surface.  

In the case of humidity effect, there are contradictory opinions in the literature. On one hand, 

Sheehan et al. [52] claimed that even at zero relative humidity level (under dry nitrogen), ODT 

deposition on gold substrate occurs. This states out that water meniscus is not needed and ink 

transport is mainly controlled by the chemistry of physisorbed ink. According to them, the height 

of the water meniscus is less than the thiol monolayer making it impossible medium for the ink 

transport. On the other hand, Rozhok et al. [58], [59] investigated the meniscus formed between 

AFM tip and NaCl substrate and revealed that even at zero percent relative humidity, meniscus is 

formed resulting from the  residual water layer on the surface.  

These observations obtained from thiolated inks also supported by simulations. Jang et al. [60] 

examined simulation of two-dimensional lattice gas model to examine liquid meniscus 

condensation in DPN confirming that meniscus width decreases dramatically as the tip radius of 

curvature decreases and pattern size is directly related to meniscus width. It is also revealed that 

temperature mildly influences meniscus width. 

Ivaniesic et al. [53] studied exchange properties of four different alkanethiols throughout DPN 

writing process. Nanoarrays of the alkanethiols showed that exchange between surface and water 

meniscus preferentially happens in defect sites of gold substrate, especially in the periphery of the 

nanostructures. It is also demonstrated that the single crystalline gold substrate leads to more 

stable nanostructures compared to amorphous one. 

Even though all of the above-mentioned studies provide a good understanding physics behind 

DPN, a full theoretical description is still missing especially for the inks consisting of more 

complex systems such as nanoparticles and polymers.  

2.2 Inorganic Patterns 

Inorganic patterns could be achieved both by the use of SAM templates and by direct delivery of 

inorganic particles in a suitable delivery medium. Studies showed that metal particles could be 

deposited by using metallic salt inks. The deposition occurs by reduction of metal ions through 

electrochemical reactions. On one hand, Maynor et al. [36] demonstrated that gold patterns could 
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be generated directly on silicon surface without the necessity of applied voltage. A contact mode 

AFM cantilever was dipped into 1% HAuCl4 aqueous solution for 30-60 seconds and then 

brought into contact with n-doped silicon substrate. The scanning range and humidity level were 

kept between 0.002- 0.5 um/s and 40- 50%, respectively. The study showed that as the scanning 

rate increases, widths of the written lines decreases, while increasing humidity level enhances 

line widths.  

Liu et al. [37], on the other hand, examined Pt patterning on silicon substrate. An ultra-sharp 

silicon cantilever was covered with H2PtCl6 solution and brought into contact with Si (100) 

surface. By the applied +4V DC voltage Pt+4 ions were reduced to Pt metal and 30 nm line widths 

were achieved. 

Since it is known that increasing temperature aids diffusion and deposition rate, a new concept 

named as ‘thermal-DPN (t-DPN)’ was introduced. Nelson et al. [61] utilized a heated atomic 

force cantilever for the delivery of indium metal on quartz, silicon oxide and glass substrates. 

Indium metal was chosen to have low melting temperature (156°C) and good wetting properties 

on the substrates. The principle of t-DPN relies on heating the cantilever above the melting 

temperature of indium resulting in liquid ink for writing and subsequently decreasing temperature 

leading to registry of written ink. Line widths less than 80 nm were achieved in the study.  

2.3 Carbon Based Patterns 

As a different approach for tip-based surface lithography, Liu et al.  [62] introduced field assisted 

surface patterning (FAM). Instead of using water meniscus, electric field gradient between the 

apex of tip and substrate (ODT-passivated gold) was utilized for the fullerene delivery. 

Therefore, humidity change did not affect deposition. Resulting fullerene lines are observed to 

have 40-100 nm lateral widths and 2-12 nm thicknesses. 

Wang et al. [54] studied sub-100 nm directed assembly of single-walled carbon nanotubes 

(SWNCs). Hydrophilic and hydrophobic natures of MHA and ODT were utilized for patterning 

the template and passivation of unpatterned area, respectively. It is shown that a drop of 

dicholorobenzene containing SWNCs preferentially arrange itself onto MHA-patterned template. 

This is attributed to the fact that van der Waals interaction between SWNTs and COOH is higher 
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than both SWNTs–solvent and SWNTs-CH3. By this method, precise control over pattern size 

and shape of SWNTs in nm-scale became possible. 

2.4 Polymer Patterns 

The inks utilized to build polymer patterns by DPN could be divided into three main groups 

which are summarized in Figure 3. One approach for polymer patterning is using chemically 

tailored polymers with surface binding groups. In the study of Wilson et al. [15] thiolated 

collagen and collagen like peptides were patterned on the gold substrate having 30-50 nm line 

widths. In the study of Lim et al. [19], both the substrate (SiO2) and tip (silicon nitride) surfaces 

were modified for writing. The tip was treated by polyethylene glycol forming hydrophilic 

surface in order to inhibit polymer reabsorption. On the other hand, the substrates were treated 

either with base or aldehyde to form negatively charged and aldehyde- modified surfaces, 

respectively. In the case of negatively charged substrate, the proteins written by DPN attached by 

electrostatic forces while for the aldehyde-modified surface, amine groups of the proteins 

attached by covalent bonding. The resulting protein features have 55- 550 nm line widths. 

Instead of direct polymer writing, monomer inks could also be used with subsequent 

polymerization process. Maynor et al. [13] utilized electrochemical DPN to fabricate 

polythiophene (poly-EDOT) nanowires. First, an AFM tip is dipped into solution of EDOT 

monomers. Then, the tip brought into contact with Si (111) surface with native oxide layer. By 

the help of applied negative voltage, electrochemical polymerization occurred at the tip-surface 

interface. Depending on the oxide layer, applied voltage was ranged between -9 to –15 V, since 

the thicker oxide layers requires higher voltages. Written poly–EDOT lines were observed to 

have sub-100 nm line widths.  

Liu et al. [63] and Zhou et al. [64] suggested a new procedure for monomer writing-subsequent 

polymerization which is named as ‘Dip Pen Nanodisplacement Lithography (DNL)’. In fact, 

DNL is the combination of nanoshaving and DPN processes. First, the gold surface was rinsed 

into the solution of MHA molecules to form self-assembled monolayer (SAM). Then, the volatile 

initiator molecules (MuDBr) were induced on the MHA coated gold surface by DNL which is 

simultaneous cracking of the SAM surface and delivery of the MuDBr molecules. This particular 

method is advantageous for trapping volatile small molecules. By performing DNL, 25 nm 



23 

 

resolution of MUDBr was accomplished. Polymerization to form PMETAC brushes, on the other 

hand, was applied by placing the patterned gold substrates in Schlenk tubes under N2 atmosphere 

and adding degassed solutions. By utilizing this approach, Mona Lisa image was patterned in 

nanoscale. 

Owing to its hydrophilic nature, Polyethylene glycol could be patterned directly (liquid ink 

deposition). In fact, it could be utilized as a matrix medium for the delivery of inorganic particles. 

In the study of Huang et al. [22]; gold, Fe3O4 and C60 fullerenes were delivered on Si/SiOx and 

gold surfaces. The polymer was removed by dry oxidation in oxygen plasma. The study showed 

that by using polyethylene glycol as universal matrix, it is possible to pattern different inorganic 

particles at the same rate which is beneficial for multi-pen patterning. 

 

Figure 3 Three main group of inks namely; chemically tailored polymers, monomer 
writing for subsequent polymerization and liquid inks to obtain polymer patterns are 

represented. 

2.5 Oligonucleotide and DNA Patterns 

DPN is preferentially utilized for oligonucleotide writing. Demers et al. [32] showed that DNA-

microarray production could be accomplished by direct-write DPN. For this reason, DNA 

molecules were functionalized by hexanethiol groups and 5-terminal acryl-amide groups for gold 

and silica surfaces, respectively resulting in sub 100 nm line resolution.  

Senesi et al. [34] examined matrix-assisted DNA delivery by adding agarose in the ink solution. 

It is seen that by changing concentration of an accelerator added in the matrix such as tricine, 

deposition rate could be controlled which provided an additional control mechanism to the 

traditional tip-substrate contact time and humidity. 
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As a different approach, Chung et al. [33] utilized oligonucleotide inks to pattern nanogap 

between two electrodes. Particular gaps with distinct functionality lead to selective binding of 

compatible DNA-capped nanoparticles. 
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3 Polymer and Nanocomposite Patterning by Dip Pen 

Nanolithography 

This chapter is partly taken from the article ‘Polymer Nanocomposite Patterning by Dip Pen 

Nanolithography’ Nanotechnology (27), 2016. 

The parameters for liquid-polymer ink deposition via Dip Pen Nanolithography (DPN) are not 

elaborated as well as those for molecular inks. Recent investigations revealed the effect of the 

amount of ink (Laplace pressure) on the mechanism of liquid ink writing. In this study, it is 

shown that not only the amount of ink but also physisorption and surface diffusion are relevant. 

After a few writing steps, physisorption and surface diffusion outweigh the influence of ink 

amount, allowing consistent patterning governed by dwell times and writing speeds. 

Additionally, polymer matrices can be utilized as delivery medium to deposit functional particles. 

DPN patterning of polymer nanocomposites allow for local tuning of functionality and 

mechanical strength of the written patterns in high resolution, and the benefit of pattern 

flexibility. There are not many studies on polymer composite/nanocomposite patterning by DPN. 

Instead, most polymer matrices with volatile components are used as delivery medium for 

nanoparticle deposition with subsequent removal of loosely bounded matrix material by heating 

or oxygen plasma. In our study, nanocomposite patterns were constructed. Differences between 

polymer and nanocomposite patterning were investigated. Cross-sectional SEM and TEM 

analysis confirmed that nanoparticles can be deposited with the liquid polymer ink and are evenly 

distributed in the polymer matrix.  

3.1 Experimental 

3.1.1 Materials 

NOA 68T, a UV-curable photopolymer, was purchased from Norland Optics. NOA 68T is 

chosen for its compatible hydrophilicity and viscosity for DPN writing. In addition to it, NOA 

68T has relatively low glass transition temperature (-60ºC) and is not composed of volatile 

components which make it easy to preserve its liquid properties for longer times. NOA 68T is 

composed of Mercapto-ester Tetrahydrofurfuryl (45- 65 %) and Tetrahydrofurfuryl Methacrylate 
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(5-20%) [1]. The benefit of mercaptan dopants that were used for many adhesives is the ability to 

cure resins rapidly at ambient temperature. 

For nanocomposite production, cobalt iron oxide (CoFe2O4) and barium titanate (BaTiO3) 

particles with 8 and 10 nm median particle diameter, respectively, were used. Nanoparticles were 

prepared via microwave-assisted sol-gel process. BaTiO3 [65] and CoFe2O4 [66] particles were 

synthesized in acetophenone (98% purity, purchased from Aldrich) and benzyl alcohol (technical 

grade, purchased from Aldrich) solvents, respectively. Cobalt iron oxide was utilized in 

individual particle state while barium titanate has more agglomeration level because of the 

difference between solvents utilized during their production.  For more detailed description of 

nanoparticle synthesis, readers are referred to references of [65] and [66]. The as-synthesized 

nanoparticles were functionalized with 2-(2-(2-methoxyethoxy)ethoxy)acetic acid (MEAAA, 

technical grade purchased from Aldrich) [67]. 

3.1.2 Ink and sample preparation  

Two types of polymer inks were prepared which are as-received and ethanol/tetrahydrofuran 

mixed polymers to observe viscosity difference. Nanocomposite inks were produced by mixing 

nanoparticles with polymers by ultrasonication and magnetic stirring. Ethanol (99.8% purity, 

purchased from Fluka) and tetrahydrofuran (99.9% purity, purchased from Aldrich) were 

investigated as dispersion mediums for nanocomposite production. Because tetrahydrofuran was 

found to be more compatible with the polymer than ethanol, it is used as dispersion medium for 

nanocomposite ink production. Nanocomposite inks were prepared by mixing constituents with 

ultrasonication and/or magnetic stirring for 3-5 hours. Most of the nanocomposite inks were 

subsequently exposed to solvent evaporation either in a desiccator or in ambient conditions in 

order to obtain optimal viscosity for writing and similar ink volumes. Production parameters of 

nanocomposite inks are shown in Table 2. It is observed that a homogeneous distribution of 

particles depends on firstly freshness of nanoparticle dispersions, and secondly mixing time with 

polymer. It is seen that BaTiO3 particles were originally more agglomerated than CoFe2O4 

particles prior to mixing with polymer resulting from different solvent mediums of acetophenone 

and benzyl alcohol, respectively. Silicon samples were exposed to piranha treatment (H2SO4/ 

H2O2: 5/3) for five minutes in order to increase surface hydrophilicity. However, it is observed 
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that H2SO4 content negatively affects the surface as it induces roughness. Therefore, the ratio of 

H2SO4/ H2O2 was kept as 3/7.   

3.1.3 DPN writing 

DPN cantilevers for writing and imaging were obtained from NanoInk’s NSCRIPTOR™ which 

are silicon nitride Type A single and Type M multiple pens (12 cantilever array). Type A and 

Type M pens consist of two different cantilever configurations in each side. One side consists of 

‘diving board’ shape cantilever (k=0.4 N/m) which is suitable for contact mode imaging and 

delivery of thiolated inks while the other side contains an ‘A‐frame’ cantilever with a higher 

spring constant (k=2.6 N/m) and is useful for patterning higher viscosity inks. Therefore, in this 

study, A-frame cantilevers were used for the delivery of the inks.  

DPN patterning was accomplished by a DPN 5000 system in various relative humidity levels (15- 

65%). Inkwells (Nanoink- Universal DPN Inkwell Array) were utilized to coat the tips with ink 

material. The inkwells consist of reservoirs which are filled with ink material by micropipettes 

and micro channels running from individual reservoirs to the microwells. The inking for polymer 

patterning was accomplished by getting the tips in contact with microwells for 1 minute. For 

nanocomposite patterning, contact time was increased up to five minutes in order to have enough 

driving force for ink delivery by increasing ink amount. Patterned substrates were cured with UV 

light. 
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Figure 4 DPN 5000 system, A and M type cantilevers, inkwell and the tip are shown.  

 

3.1.4 Pattern characterization 

The patterns were visualized by either the DPN or Asylum Cypher AFM systems with 

intermittent contact mode. Cross sections of nanocomposite patterns were prepared and 

characterized by a focused ion beam (FIB) dual station (NVision 40, Zeiss FIB- SEM). SEM 

characterization was accomplished in the same system. Cross sectional TEM lamellas were cut 

from nanocomposite patterns with the same FIB system and, subsequently characterized using a 

transmission electron microscopes (TEM) (Tecnai F30, FEI and TALOS F200X, FEI) in High 

Angle Annular Dark Field STEM (scanning transmission electron microscope) mode. 

3.2 Results 

3.2.1 Polymer Patterning by DPN 

The DPN writing procedure for polymer patterning is represented in Figure 5 a. The water 

contact angle on cured polymer surface was revealed as 35º indicating the hydrophilic nature of 

the polymer (Figure Appendix 1). The AFM topography images for polymer patterning are 

shown in Figure 5 to Figure 9. Figure 5 b demonstrates patterning with low, high and optimal 

viscosity inks which are polymer inks written in 15%, 60% and 25% relative humidity levels, 
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respectively on piranha treated silicon substrates at 23ºC. With the optimal viscosity ink, size of 

the patterned dots corresponds to their respective dwell time. Average dot width and height 

values are found to be 0.2, 0.3, 2.6 µm and 60, 100, 200 nm for dwell times of 5, 10, 70 seconds, 

respectively.  

 

Figure 5  (a) Schematic representation of the polymer deposition by Dip Pen 
Nanolithography. (b) AFM topography images of patterns for high, low and optimal 

viscosity inks which are polymer inks written in 15%, 60% and 25% relative 
humidity levels, on piranha-treated silicon substrates at 23 ºC. Average dot width and 
height values for optimal viscosity ink are found to be 0.2, 0.3, 2.6 µm and 60, 100, 

200 nm for dwell times of 5, 10, and 70 seconds, respectively. 

 

In Figure 6 a, AFM topography images for polymer pattern formation at 23ºC and 25% relative 

humidity, through successive writing steps on piranha treated silicon substrate are displayed. 

Average width and height values are shown in Table 1. Figure 6 b represents successively 

written dots for dwell times≥20 seconds. Separate writing procedures (distinct 
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approach/withdrawal of tip) for each dot are assumed and size fluctuation of initially written dots 

are excluded. Figure 6 c indicates Laplace Pressure gradient. 

 

Figure 6 (a) AFM topography images for polymer pattern formation at 23ºC and 
25% relative humidity through consecutive writing steps on piranha-treated 

ssubstrate. Dot patterning with various dwell times (100, 20, 50, 10, 70 seconds, 
respectively) was conducted using a succeeding approach and withdrawal of the tip 

from the substrate. (b) Representation of successively written dots for a dwell times ≥ 
20 seconds; it is assumed that separate writing procedures (distinct 

approach/withdrawal of tip) for each dot and size fluctuation of initially written dots 
are excluded. (c) Representation of Laplace pressure gradient. 
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Table 1 Average width and height values of dots in Figure 6 a. 

Dwell Time (s) Width (µm) Height (nm) 

10 0.4 50 

20 1.4 140 

50 1.5 150 

70 2.7 250 

100 2.8 280 

 

In Figure 7 a, AFM topography images for polymer dot patterns written at 23ºC and 30% 

relative humidity level are shown. The images were patterned in subsequent three steps from top 

to bottom. Average dot width and height values are found to be 0.2, 0.3, 1.5, 2.0, 2.3, 2.6 µm and 

60, 100, 180, 200, 230, 300 nm for dwell times of 5, 10, 20, 50, 100 seconds, respectively. In 

Figure 7 b, AFM topography image of dot patterns at 23ºC and 25% relative humidity level are 

demonstrated. Three (for dwell times of 50, 70, 100 seconds) or five (for dwell times of 1, 5, 10 

seconds) dots were patterned in each line. For shorter dwell times (1, 5 and 10 seconds) as the 

writing proceeds, dot sizes become smaller (from top to bottom) as the dot width values are found 

to have ranges of 500-100 nm, 150-50 nm and 100-0 nm for dwell times of 10, 5 and 1 seconds, 

respectively. While for longer dwell times, average dot sizes are revealed to have 2.2, 2.4 and 2.6 

µm width and 210, 250, 300 nm height values, for dwell times of 50, 70 and 100, respectively. 

The average sizes of dots having same dwell times are compared for distinct writing procedures 

in Figure 7 c. Patterns written in same or similar humidity levels (25%- 30%) result in more 

similar sizes for same dwell time than the ones written in higher humidity levels (50%). Standard 

deviation of pattern sizes are found to be 10%, 14%, 7%, 7%, 35%, 40%  and 20% for dwell 

times 1, 5, 10, 20, 50, 70 and 100 seconds, respectively  for relative humidity range of 25%- 30% 

(more information is provided in Figure Appendix 5).  
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Figure 7 (a) AFM topography images for polymer dot patterns written at 23ºC and 
30% relative humidity level are shown. The images were patterned in subsequent 

three steps from top to bottom.  (b) AFM topography image of dot patterns at 23ºC 
and 25% relative humidity are revealed. Three (for dwell times of 50, 70, 100 

seconds) or five (for dwell times of 1, 5, 10 seconds) dots were patterned in each line. 
(c) dwell time (s)-dot width (µm) plot showing distinct writing procedures at 23°C: 

H:25%-1, H:25%-2 and  H:25%-3 were patterned at 25% relative humidity level 
while H:30% and H: 50 %  were written at 30% and 50%  relative humidity levels, 

respectively. 

 

Figure 8 indicates line patterning with writing speeds of 30, 50, 70, 90 and 500 nm/s resulting in 

width and height values of 0.5, 1.5, 1.9, 1.9, 2.6 µm and 8, 13, 13, 14, 16 nm, respectively.  

The influence of substrate on consistent patterning was also investigated. The micro-contact 

angles of the polymer ink on silicon and gold surfaces were found to be 25º and 50º, respectively 

(Figure Appendix 2). Figure 9 a and b reveal polymer dot patterns which were deposited in two 

distinct writing procedures on gold substrates at 23ºC and 30% relative humidity. Figure 9 a was 
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written in the seventh writing step. In the same writing procedure, first six steps resulted in big 

connected patterns, while no ink deposition occurred in eighth writing step because of the ink 

depletion. Figure 9 b indicates two and three columns written by dwell times of 50 and 30 

seconds, respectively which were patterned in the eighth writing step. For this writing procedure, 

consistent pattern sizes were only obtained in this particular writing step. 

 

 

Figure 8 Line patterning at 23ºC and 25% relative humidity with writing speeds of 
30, 50, 70,90 and 500 nm/s resulting in width and height values of 0.5, 1.5, 1.9, 1.9, 

2.6 µm and 8, 13, 13, 14, 16 nm, respectively. 
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Figure 9  (a) and (b) show polymer dot patterns deposited in two distinct writing 
procedures on gold substrates at 23 ºC and 30% relative humidity level. (a) and (b) 
are patterned in seventh and eight writing steps, (b) indicates two and three columns 

written by dwell times of 50 and 30 seconds, respectively.  

 

3.2.2 Nanocomposite Patterning by DPN 

Table 2 shows concentrations of nanocomposite inks and their production parameters.  

Nanoparticles were dispersed in tetrahydrofuran prior to nanocomposite production. Figure 10 a 

reveals AFM topography and 3-D topography images of the pattern consisting of polymer and 

polymer nanocomposite dots which are fused with each other and having distinct height values of 

300 and 650 nm, respectively. The dots, both having 200 seconds dwell times, were written by 

multiple-cantilever array (M- Type) at 23ºC and 60% relative humidity. Figure 10 b indicates the 

nanocomposite patterns written by low and optimal viscosity inks which were patterned in 35% 

and 15% relative humidity levels, respectively. For optimal viscosity ink; width values are found 

be 0.9, 0.8, 1.2, 1.4, 2.3 2.3 µm and height values are revealed as 150, 100, 200, 250, 300, 350 

nm for dwell times of 10, 20, 30, 50, 70, 90 seconds, respectively. 
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Table 2 Nanocomposite production parameters and percentages of constituents. 

Nanocomposite 
inks 

Nanoparticle 
dispersion 

in THF 
medium 

Volume of 
Nanoparticle 

dispersion 

(µL) 

Weight of 
polymer 

(mg) 

Nanoparti
cle/ 

Polymer 

(wt%) 

Mixing 
Time of 

constituents 

(hour) 

Solvent 
evaporation 

DPN writing- 
Relative 

Humidity at 
23ºC 

(%) 

nc0.5 

 

BaTiO3 

60 mg /mL 

40 500 0.5 3 - 20- 40 

nc1 80 500 1 3 
15 min  in 
ambient 

conditions 
20- 40 

nc2 160 500 2 5 
30 min in 
ambient 

conditions 
30- 45 

nc4- even 
distribution 

320 500 4 5 
20´ min in 
desiccator 

50- 60 

nc4- uneven 
distribution 320 500 4 0.5 

20 min  in 
desiccator 

50- 60 

nc5- even 
distribution 400 500 5 5 

30 min in 
desiccator 

50- 65 

nc5- uneven 
distribution 400 500 5 0.5 

30 min in 
desiccator 

50- 65 

nc- cfo 

CoFe2O4 

100 mg /mL 

30 300 1 3 
10 min in 
desiccator 

15- 65 

nc- cfo 

agglomerated 
30 300 1 1 

10 min in 
desiccator 

15- 35 
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Figure 10 (a) AFM topography and 3-D topography images of the pattern consisting 
of polymer and polymer nanocomposite (barium titanate particles-uneven 

distribution) dots which are fused with each other. Nanocomposite dots could be 
distinguished from polymer dots by their rougher surface. As revealed by the 3-D 

topography image, polymer and nanocomposite dots have different wetting behaviors, 
resulting in distinct height values of 300 and 650 nm, respectively. AFM topography 
images of nanocomposites (nc-cfo agglomerated) patterns written by (b) low and (c) 
optimal viscosity inks are also shown. For the optimal viscosity ink, width values are 

found to be 0.9, 0.8, 1.2, 1.4, 2.3 2.3 μm and height values are 150, 100, 200, 250, 
300, 350 nm for dwell times of 10, 20, 30, 50, 70, 90 s, respectively. 

 

Figure 11 a indicates AFM topography images revealing surface roughness differences between 

the dot (15 and 15 µm width, 0.6 and 1 µm height values for polymer and nanocomposite, 

respectively.), line (3, 5 µm width and 70, 80 nm height values for polymer and nanocomposite, 

respectively.) and square patterns (20 µm width and 80, 100 nm height values for polymer and 

nanocomposite, respectively.) written by polymer and nanocomposite (nc-cfo, 1 wt% CoFe2O4 

particles) inks. In Figure 11 b FIB lamella cutting followed by STEM characterization showing 

particle distribution in dot volume. 
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Figure 11 (a) AFM topography images revealing surface roughness differences 
between dot (15 μm width and 0.6, 1 μm height values for polymer and 

nanocomposite, respectively), line (3, 5 μm width and 70, 80 nm height values for 
polymer and nanocomposite, respectively) and square patterns (20 μm width and 80, 

100 nm height values for polymer and nanocomposite, respectively) written using 
polymer and nanocomposite inks (nc/cfo). Nanocomposite surfaces possess higher 

roughness than bare polymer. (b) Focused ion beam cutting of the dot pattern to 
reveal particle distribution. Even though AFM images show some agglomeration on 

pattern surfaces, which is the reason for surface roughness, STEM revealed that 
particles are not fully agglomerated (bubbles were formed throughout FIB, because of 

high energy ions). 
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Figure 12 displays 3-D AFM Topography images for line patterning. In Figure 12 a, patterning 

with 500 nm/s writing speed was accomplished at 23ºC, and 50% and 60% relative humidity 

levels for polymer and nanocomposite ink (nc-cfo), respectively. In Figure 12 b, patterns were 

written at 23ºC, and 25% and 35% relative humidity levels for polymer and nanocomposite ink 

(nc1), respectively by 100 nm/s writing speed.  
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Figure 12 (a) 3-D AFM topography images are shown for line patterning 
accomplished at 23 °C, and 50% and 60% relative humidity levels, for (a) polymer 
and nanocomposite inks (nc-cfo), respectively, using 500 nm s−1 writing speed. As 
the tip becomes stationary at the end of the writing procedure, an increase in height 

value from 80 to 300 nm was observed for the nanocomposite ink, while there was no 
height change for the polymer ink. (b) Patterning was conducted at 23 °C and 25% 

and 35% relative humidity levels for polymer and nanocomposite inks (nc1), 
respectively, using 100 nm s−1 writing speed. As the tip becomes stationary at the end 

of the writing procedure, an increase in height value from 150 to 400 nm was 
observed for the nanocomposite ink, while there was no height change for the 

polymer ink. 

 

Figure 13 a shows AFM topography images of nanocomposite dots having different particle 

(BaTiO3) concentrations written by dwell times of 100 and 300 seconds under various 
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environmental conditions (20-65% relative humidity at 23º). Table 3 displays width and height 

values of the patterns. AFM topography images of nanocomposites having 4 wt% and 5 wt% 

nanoparticles (nc4 and nc5) were produced for both even and uneven distribution of particles. 

FIB cutting was accomplished in order to investigate interiors of the patterns via SEM and TEM. 

Backscatter Electron mode SEM (BSE) and STEM were conducted to observe particle 

distributions in the patterns as they reveal atomic number contrast drastically (Figure 13 b).  

 

Figure 13 (a) AFM topography images of nanocomposite patterns BaTiO3 particles 
written by dwell times of 100 and 300 seconds on various environmental conditions 

(20-65% relative humidity at 23º). AFM topography images of nc4 and nc5 are 
represented for both even and uneven distribution of particles. Height values of 

nanocomposite dots having 300 and 100 seconds dwell times are; 1.0, 1.2, 1.8, 1.5, 
1.1, 1.0, 1.0 µm and 250,230, 220, 200, 150, 120,120, 100 nm for polymer, nc0.5, 
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nc1,nc2 ,nc4 ,nc5, nc4-uneven, nc5-uneven distributions, respectively. (b)  SEM 
(BSE) and STEM reveal the particle distributions in the dot patterns of nc0.5, nc1 and 

nc2. 

 

Table 3 Width and height values of the dot patterns represented in Figure 13 (a). 

Particle wt% 
concentration 

 

Dwell Time: 
300 s 

Dwell Time: 
100 s 

Dwell Time: 
300 s 

Dwell Time: 
100 s 

Width      
(µm) 

Height      
(µm) 

Width      
(µm) 

Height      
(µm) 

Width      
(µm) 

Height      
(µm) 

Width      
(µm) 

Height      
(µm) 

0 10 1.0 2 0.25 - - - - 

0.5 10 1.2 2 0.23 - - - - 

1 30 1.8 10 0.22 - - - - 

2 20 1.5 6 0.20 - - - - 

4 10 1.1 2 0.15 10 1.0 4 0.12 

5 10 1.0 2 0.12 10 1.0 2 0.10 

 

3.3 Discussion 

3.3.1 Polymer Patterning by DPN 

The DPN writing procedure for polymer patterning is represented in Figure 5 a. The water 

contact angle on cured polymer surface was revealed as 35º showing the hydrophilic nature of the 

polymer (Figure Appendix 1). Therefore, the polymer ink together with water meniscus which is 

formed naturally in ambient conditions should thus form a ‘liquid meniscus’ which transfers 

polymer chain molecules to the substrate. Figure 5 b indicates patterning with low, high and 

optimal viscosity inks. The as-received polymer has 20,000 cps viscosity. Yet, throughout DPN 

writing, the viscosity is lower than this value as it is dissolved in a water meniscus. A change in 

relative humidity affects the ink-viscosity during writing. High viscosity ink resulted in no 

deposition at all, while low viscosity ink spreads on the surface leading to inconsistent patterns. 

Yet, with the optimal viscosity ink, size of the patterned dots corresponds to their respective 

dwell time.  
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The effect of temperature on writing was also investigated revealing that a temperature increase 

above 30ºC causes an increase of viscosity. This is caused by the thermal crosslinking above 

30ºC, which make polymer chains less mobile resulting in diminished ink delivery. 

In Figure 6, AFM topography images for polymer pattern formation at 23ºC and 25% relative 

humidity range through successive writing steps on piranha treated silicon substrate are 

demonstrated. Average width and height values are found to be proportional to their dwell times. 

When the inked-tip was brought in contact with the substrate, excess ink was removed in one 

approach step. Subsequently, dot patterning with various dwell times (100, 20, 50, 10, 70 

seconds, respectively) was conducted. Dots tend to combine with each other on initial writing 

steps as it can be seen in 1st and 2nd writing steps. Starting from 3rd writing step, dots became 

separated and on 4th writing step, similar dot sizes are observed for same dwell times. Therefore, 

on the one hand, after 3-4 writing steps for dwell times≥20 seconds, critical parameter for 

deposition could be mainly physisorption of polymer chains to the substrate which results in 

similar dot sizes. On the other hand, deposition on initial steps should be influenced more by the 

ink volume leading to various pattern sizes for the same dwell times. Yet, for the dwell time of 10 

seconds, the dot size fluctuates from 0.1–0.5 µm for random writing steps, which is a larger 

scatter than for longer dwell times. Therefore, critical parameter of deposition for shorter dwell 

times (<20 seconds) could be affected more from surface heterogeneity leading to inconsistent 

pattern sizes since variation of surface chemistry/roughness could lead to different wetting 

behaviors. In the literature, the influence of ink amount was revealed to result from change of 

Laplace’s pressure from tip/cantilever to substrate (equation 3.1)  [1], [2]. It is suggested that 

Laplace Pressure is related to volume of the ink on tip/cantilever, which forms a concave shape as 

it is shown in Figure 6 b and Figure 6 c. R1 and R2 in equation 3.1 represent principal radii of 

ink-air interface (Figure 6 c). R2 is negative while R1 is positive. As it is revealed in previous 

studies [1], [2], inclination angle of the tip at meniscus is 45º making ΔP= 0, while at the base it 

is 135º leading to ΔP>0. Therefore, ink flows from base to meniscus. Since the ink volume on tip 

decreases through writing, the driving force resulting from Laplace Pressure diminishes which 

leads to decreasing sizes for consecutively written patterns having same dwell times. 

Δ� = � �
�

��
+

�

��
� (3.1) 
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Physisorption could be explained by secondary bonding (such as van der Waals and/or hydrogen 

bonds) between polymer chains and substrate. The driving force for diffusion of polymer chains 

on the substrate results from the thermal energy of the ink at 23ºC. In the literature, surface 

diffusion for weakly bonding inks are explained by a ‘serial pushing’ model [9], [68] which could 

be adopted to our system as the deposited polymer chains are replaced by newly transferred 

chains. Therefore, more chains are moved from their original positions as the dwell time 

increases. This should explain the similar dot sizes for the same dwell times when the critical 

parameter is diffusion/physisorption. Additionally, literature studies also showed that [68] serial 

pushing mode of surface diffusion results in fractal patterns rather than sharp patterns. High 

resolution images of the patterns written in this study coincides with this phenomena (Figure 

Appendix 4). The effects of Laplace pressure and physisorption/surface diffusion is summarized 

in Figure 6 b for the dots having dwell times ≥20 seconds. 

Figure 7 a demonstrates AFM topography images for polymer dot patterns written at 23ºC and 

30% relative humidity level. Firstly written dots (dwell time: 100 seconds) in each image, shows 

decrease in average pattern size from 2.8 to 1.5 µm with successive writing, while for the 

following dots (except for dwell time:5 seconds) the pattern size fluctuation is less intense. 

Similarly, in Figure 7 b, initially written dots (right hand side, dwell time 100 seconds, 3- 4 µm) 

are observed to be larger than the last written dots (left hand side, dwell time 100 seconds, 1.5- 

2.5 µm). These results show that flow of ink from cantilever and/or tip to meniscus is more 

profound for initial contact of tip with the substrate making Laplace Pressure the critical 

parameter for ink delivery. For shorter dwell times (1, 5 and 10 seconds) as the writing proceeds, 

dot sizes become smaller (from top to bottom). The dot width values decreases from 500 to 100 

nm, 150 to 50 nm and 100 to 0 nm (from top to bottom) for dwell times of 10, 5 and 1 seconds, 

respectively showing the influence of surface heterogeneity for dwell times≤20 seconds. 

Standard deviation of dot sizes having same dwell times (larger than 20 seconds) written in same 

writing procedure is found to be minor. Such as for a dwell time of 50 seconds, the standard 

deviation is 1%. The average sizes of dots having same dwell times are compared for distinct 

writing procedures in Figure 7 b. Patterns written in same or similar humidity levels (25%-30%) 

indicate more similar sizes for same dwell time than the ones written in higher humidity levels 

(50%). Standard deviation of pattern sizes are found to be 10%, 14%, 7%, 7%, 35%, 40%  and 
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20% for dwell times 1, 5, 10, 20, 50, 70 and 100 seconds, respectively  for relative humidity 

range of 25%- 30% (more information is provided in Figure Appendix 5). The standard 

deviations for distinct inking/writing procedures could be due to both different ink amounts 

leading to change of Laplace pressure and surface heterogeneity disrupting surface diffusion of 

polymer chains. 

In this study, dot patterning was accomplished for dwell times 1–300 seconds. Dwell times could 

be decreased down to less than 1 second by using less viscous inks in theory. However, according 

to our experiments, less viscous inks lead to rapid ink depletion as it is shown in Figure 5 b and 

achieving consistent pattern sizes found to be more challenging. 

Figure 8 shows polymer line patterning indicating consistent width and height values with their 

writing speeds. Similar to dot patterning, consistency for line patterns were also accomplished 

after several excess ink removal steps.  

The influence of substrate on consistent patterning was also investigated. The micro-contact 

angles of the polymer ink on silicon and gold surfaces were found to be 25º and 50º, respectively 

(Figure Appendix 2). It is observed that ink delivery is more efficient on gold surface as it is 

more hydrophilic. Figure 9 depicts polymer dot patterns deposited in two distinct writing 

procedures on gold substrates at 23ºC and 30% relative humidity. Figure 9 a is written in the 

seventh writing step resulting in inconsistent pattern sizes. While the first six steps resulted in big 

connected patterns, no ink deposition occurred in the eighth writing step. The inconsistency 

originates from the fact that the polymer is more prone to spreading on the hydrophilic gold 

surface. However, Figure 9 b indicates consistency; as the first two columns written by dwell 

times of 50 and 30 seconds, respectively. These dots are patterned in the eighth writing step. The 

first seven steps resulted in inconsistently connected dots whilst successive steps led to 

decreasing deposition rates. These results show that it is more difficult to achieve consistency for 

successive writing steps for gold surfaces. This should be due to polycrystalline gold surface 

having higher hydrophilicity and heterogeneity than the amorphous silicon oxide surface. 

In summary, the studies for polymer patterning indicated three important parameters for polymer 

patterning, which are ink amount, substrate hydrophilicity and ink viscosity. Ink amount is found 

to be proportional to ink delivery as it directly affects amount of excess ink before consistent 
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patterns start. Ink flow from cantilever and/ or tip to meniscus is more profound both for initial 

contact of tip with the substrate and for shorter dwell times, (≤ 20s). Whilst for successively 

written dots (dwell time>20 seconds), the contribution of driving force resulting from 

physisorption of polymer chains are found to become more profound leading to consistent pattern 

sizes with dwell time. Surface hydrophilicity determines behavior of the ink on the substrate. 

Because the polymer ink is hydrophilic, patterns tend to spread more on gold than silicon 

surfaces. Additionally, it is also observed that enhanced surface hydrophilicity leads to additional 

driving force for ink delivery which stems from increased physisorption of polymer chains. Ink 

viscosity is observed to be inversely proportional to ink delivery.  The viscosity of the polymer 

ink could be decreased both by addition of a water soluble solvent such as ethanol or 

tetrahydrofuran and tuning environmental conditions namely relative humidity and temperature. 

On one hand, increase in relative humidity enhances the water meniscus which benefits ink 

delivery. Temperature increase, on the other hand, causes both improvement and reduction of 

viscosity below and above around 30ºC, respectively. That should be because of the temperature 

induced crosslinking above 30ºC, which makes polymer chains less mobile resulting in 

diminished ink delivery. 

3.3.2 Nanocomposite Patterning by DPN 

The work above was successfully extended to nanocomposite inks which were also written by 

DPN. A compatible dispersion medium was sought to mix polymer with particles. Ethanol and 

tetrahydrofuran were investigated for this purpose. It is observed that tetrahydrofuran is more 

compatible with the polymer than ethanol enabling higher particle loadings. This could be related 

to similar chemical structures of tetrahydrofuran and tetrahydrofurfuryl methacrylate component 

of the polymer as tetrahydrofurfuryl methacrylate has the same cyclic ether component as 

tetrahydrofuran. Therefore, nanoparticles were dispersed in tetrahydrofuran prior to 

nanocomposite production. Figure 10 a shows AFM topography and 3-D topography images of 

the pattern consisting of polymer and polymer nanocomposite dots which are fused with each 

other. Nanocomposite dots can be distinguished from pure polymer structures by their rougher 

surface. As revealed by the 3D topography image, polymer and nanocomposite dots have 

different wetting behaviors resulting in distinct height values: 300 and 650 nm, respectively. 

Different rheological properties such as higher viscosity of the nanocomposite ink could hinder 
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the mobility of polymer chains on the substrate leading to larger height values. Figure 10 (b-c) 

depicts the nanocomposite patterns written by low and optimal viscosity inks. Even though the 

inks have the same percentages of constituents, optimal viscosity ink was put in a desiccator for 

ten minutes to evaporate the solvent and written in lower relative humidity (15%) than the low 

viscosity ink (35%). This resulted in consistent dot patterns with their dwell times for optimal 

viscosity ink. . The dot patterns (dwell time <100 seconds) shown in Figure 10 c were written by 

an ink containing agglomerated CoFe2O4 particles. Because of this, pattern surfaces were 

distinguishable from bare polymer patterns by the enhanced roughness. However, when the dots 

written by homogeneous mixture of CoFe2O4 particles (average size: 8 nm) with the polymer, the 

surface roughness difference is indistinguishable from their polymer counterparts for dwell times 

less than 100 seconds. That is because the size of the dots is very small for high resolution 

characterization by an AFM tip without harming the pattern. In this study, dots having sizes less 

than 100 nm (dwell time<10 seconds) were produced (Figure Appendix 3). However, in the 

following images, it is preferred to show larger dots as they are more suitable for further 

characterizations such as surface roughness observations and FIB cutting/TEM characterizations 

to examine their interiors. 

In literature, it is stated that the viscosity of polymer resins could be increased by loading solid 

particles. Einstein [69] (equation 3.2) and Kreiger–Dougherty [70] (equation 3.3) equations 

indicate the relation between particle content and relative viscosity. η and ηs are viscosity of 

composite and polymer resin, respectively. Vp and ∅� represent volume fraction of particles and 

maximum packing, respectively.  Both equations underestimate relative viscosity value as they 

stand for dilute solutions (particle volume fraction<30%) and exclude particle-particle 

interactions. However, through DPN writing polymer chains/particles should dissolve in water 

meniscus which diminishes viscosity. Therefore, quantification of ink viscosities through DPN 

patterning is challenging.  

�

��
= 1 + 2.5��  (3.2) 

�

��
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��  (3.3) 
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Figure 11 a shows the dot, line and square patterns written by polymer and nanocomposite (1 

wt% CoFe2O4 particles in Table 2) inks. Nanocomposite surfaces possess higher roughness than 

bare polymer. In Figure 11 b cross-sectional analysis of the dot pattern shows the particle 

distribution in the volume. Even though AFM images indicate some agglomeration on pattern 

surfaces, which is the reason for surface roughness, STEM (Figure 13 b) revealed that individual 

particles are not completely consolidated into large agglomerates. Therefore, it is confirmed that 

high concentration of nanoparticles are evenly distributed in nanocomposite patterns. In addition 

to STEM images, EDX analysis also proved existence of particles by revealing characteristic 

peaks for each element (Figure Appendix 6). The big droplets seen on STEM images stem from 

high energy ion exposure during the TEM sample fabrication process. 

Figure 12 demonstrates 3-D AFM Topography images for line patterning. In Figure 12 a, 

patterning was accomplished at 23ºC and 50% and 60% relative humidity levels for polymer and 

nanocomposite ink (nc-cfo), respectively by 500 nm/s writing speed. It should be noted that 

polymer patterning was accomplished in initial writing steps with higher relative humidity which 

resulted in higher width and height values than the lines written at 30% relative humidity (Figure 

8). As the tip becomes stationary in the end of writing procedure, increase in height value from 

80 to 300 nm was observed for nanocomposite ink, while there was no height change for polymer 

ink. This could be explained by the Peclet Number (Pe, ratio of advective transport to diffusive 

transport), which is proportional to shear rate, or in our case writing speed. Flow or Brownian 

motion dominates for particles, when either Pe>1 or Pe<1, respectively which should explain 

height increase for nanocomposite ink (12). Similar behavior is also observed for the line patterns 

shown in Figure 12 b which were written at 23ºC, 25% and 35% relative humidity levels for 

polymer and nanocomposite ink (nc1), respectively by 100 nm/s writing speed. As the tip 

becomes stationary in the end of writing procedure, again increase in height value from 150 to 

400 nm was observed for the nanocomposite ink, while there was no height change for polymer 

ink. 

Figure 13 a shows AFM topography images of nanocomposites having different particle 

(BaTiO3) concentrations. As the nanoparticle concentration increases, the polymer chains become 

less mobile which deteriorates the ink delivery. Even though it was possible to prepare inks with 

higher particle concentrations, the maximum concentration was kept at 5 wt%. AFM topography 
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images of nanocomposites having 4 wt% and 5 wt% nanoparticles (nc4 and nc5 in Table 2) are 

presented for both even and uneven distribution of particles. The width and height values of the 

dots are tabulated in Table 3. It is observed that depending on the nanocomposite production 

parameters such as mixing route and mixing time with polymer, the even distribution of 

nanoparticles could be controlled. FIB cross-sections were prepared to study the interiors of the 

patterns by SEM and TEM. Backscatter Electron mode SEM (BSE) and STEM were conducted 

to elucidate the particle distributions in the patterns as they reveal Z- contrast drastically (Figure 

13 b). BaTiO3 particles were originally more agglomerated than CoFe2O4 particles prior to 

mixing with polymer. It is observed that nanocomposite having 1 wt% particle concentration 

(nc1) has a higher agglomeration level than the one with 2 wt% particle concentration (nc2) 

which could be explained by a shorter mixing time of nc1 (3 hours) compared to that of nc2 (5 

hours). Yet, BSE and STEM images revealed that particles/agglomerates are evenly distributed 

throughout the dot patterns of nanocomposites having 1 and 2 wt% nanoparticles and no 

sedimentation takes place (nc1 and nc2). An even distribution of particles could be beneficial to 

achieve isotropic properties on the patterns while patterns with high concentrations of unevenly 

distributed particles such as (nc5-uneven distribution) could be suitable to obtain extreme 

mechanical properties. Cross-sectional SEM images showed that the nanocomposite dot having 2 

wt% particles (nc2) has a higher particle concentration than the one with 0.5wt% particles (nc0.5) 

demonstrating that the particle concentration in patterns can be tuned via nanocomposite writing 

with DPN. TEM elemental analysis confirmed the existence of particles (Figure Appendix 6 b). 

To summarize, the study of polymer nanocomposite inks revealed that same parameters, surface 

hydrophilicity and environmental conditions should also be adjusted for polymer nanocomposite 

patterning. However, in addition to them, nanoparticle concentration also affects ink viscosity. It 

is observed that as the nanoparticle concentration increases, polymer chains become less mobile 

which deteriorates ink delivery. Therefore, even though it was possible to prepare inks with more 

particle concentrations, maximum concentration was kept as 5 wt%. FIB cutting of patterns with 

subsequent SEM and STEM analysis confirmed that particles and/or agglomerates (depending on 

nanoparticle dispersions) are homogeneously distributed in the written patterns. 
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3.4 Conclusion 

This part of the study focuses on the synthesis of consistent polymer and polymer nanocomposite 

patterns by DPN, which yields the following results:  

 Previous studies demonstrated the effect of ink volume (Laplace pressure) for liquid ink 

writing. In our study, it is shown that not only the ink volume, but also physisorption and 

surface diffusion are relevant. It is revealed that in the first writing steps, the effect of ink 

volume is higher than for subsequent writing steps where physisorption and surface 

diffusion prevail leading to consistent pattern sizes with dwell time and writing speed. In 

addition to writing steps, it is shown that the effect of the ink amount is more profound 

both for initial contact of tip with the substrate and for shorter dwell times, (dwell time 

≤20 seconds).  

 Each polymer nanocomposite ink having distinct nanoparticle concentration and solvent 

amount necessitates different writing parameters. In addition to tuning parameters used 

for bare polymer patterning, nanoparticle concentration and solvent amount were also 

adjusted to achieve consistency. 

 Homogeneous distribution of nanoparticles in polymer matrix depends on both quality of 

nanoparticle dispersion, e.g. freshness of dispersion, and nanocomposite production 

parameters such as the mixing time. FIB cutting of nanocomposite patterns with 

subsequent SEM and STEM characterization proved high concentration of nanoparticles 

are evenly distributed in polymer matrix. 

 Consistent nanocomposite patterns with high concentrations of evenly distributed 

particles were achieved revealing that nanocomposite patterns possess synergistic 

properties of both matrix and additive materials which could be beneficial for various 

applications. For instance, deliberate strengthening of the problematic areas of micro- 

nano-systems such as mismatched surfaces and weak regions could be achieved by locally 

tuning concentration of the constituents spatially. In addition to it, CoFe2O4 and BaTiO3 

particles have superparamagnetic and ferroelectric properties, respectively. Therefore, 

nanocomposites consisting of these particular nanoparticles could be utilized in magnetic, 

ferroelectric, multiferroic, NEMS and MEMS devices. 
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4 Gradient Nanocomposite Printing by Dip Pen Nanolithography 

This chapter is partly taken from the article ‘Gradient Nanocomposie Printimg by Dip Pen 

Nanolithography’’ Composites Science and Technology (138), 2017. 

Many biological systems consisting of mechanically graded composites can be used to join 

mechanically different materials like bone, cartilage and mussel. Synthetic routes have so far 

been unable to achieve both the 3-D nature and the property tuning at micrometer length scales to 

replicate such systems. Deliberate strengthening of the mismatched surfaces and weak regions 

could be beneficial for a wide range of applications such as flexible electronics, NEMS and 

MEMS systems. Dip Pen Nanolithography (DPN) can be a strategy to achieve this goal. In this 

study, DPN is utilized to locally deposit graded polymer-based composite materials at the micron 

scale. Spatial resolutions of 3-20 µm are obtained on entire pattern profiles with 6-70 µm width 

and 2 µm height. Colloidal probe microscopy and nanoindentation are used for mechanical 

characterization. Results show that the hardness and modulus of the patterns can be tuned by 

changing the concentration of the ceramic nanoparticles. 

4.1 Experimental 

4.1.1 Materials 

NOA 68T is a UV-curable photopolymer from Norland Optics. NOA 68T is chosen for its 

suitable hydrophilicity and viscosity for DPN writing. Contact angle of water on cured NOA 68T 

surface was revealed as 35º and the viscosity of NOA 68T is 20,000 cps. In addition, NOA 68T 

has a relatively low glass transition temperature (-60ºC) and is not composed of volatile 

components which makes it possible to preserve its liquid properties for longer times. NOA 68T 

is composed of Mercapto-ester Tetrahydrofurfuryl (45-65%) and Tetrahydrofurfuryl 

Methacrylate (5-20%) [1]. The benefit of mercaptan dopants, which are used for many adhesives, 

is the ability to cure resins rapidly at ambient temperature. 

For nanocomposite production, barium titanate (BaTiO3) particles with 10 nm average diameter 

were used [65]. Nanoparticles were prepared via a microwave-assisted sol-gel process and 

stabilized with metoxy-etoxy-etoxy acetic acid [67]. 
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4.1.2 Ink and Sample Preparation 

Polymer inks were used as-received whereas the nanocomposite inks were produced by mixing 

nanoparticles with polymer by ultrasonication and magnetic stirring. Nanoparticles were 

dispersed in the tetrahydrofuran medium prior to ink preparation. Most of the nanocomposite inks 

were subsequently either placed in a desiccator or exposed to ambient conditions to allow the 

solvent to evaporate. It is observed that the homogeneous distribution of particles depends on the 

freshness of the nanoparticle dispersions and the mixing time with the polymer.  

Two batches of nanocomposite inks were prepared for writing different concentrations and 

gradients, respectively. The first batch produced for writing different concentrations of 

nanocomposite inks  consisting of five distinct compositions having 0.5 wt%, 1 wt%, 2 wt%, 4 

wt% and 5 wt% nanoparticle concentrations, respectively. Nanocomposite inks with particle 

concentrations of 4 wt% and 5 wt% were prepared as having either homogeneous or 

inhomogeneous distribution of particles. It is observed that depending on the nanocomposite 

production parameters such as mixing route and mixing time with polymer, the distribution of 

nanoparticles could be controlled. Up to five hours mixing time resulted in a more homogeneous 

particle distribution while around 30 minutes mixing time led to high level of agglomeration. 

Details of ink preparation for writing nanocomposite patterns were described in Chapter 3 on 

pages of 24, 25 and 43. The second batch prepared for writing gradient nanocomposites 

consisting of four distinct inks having 0 wt%, 0.5 wt%, 1 wt% and 2 wt% particle concentrations, 

respectively. The ink having 0.5 wt% particle concentration is the same as the one utilized in the 

first batch. Yet, inks having particle concentration of 1 wt% and especially 2 wt%  were prepared 

to achieve higher agglomeration levels which are beneficial in order to observe surface roughness 

differences between each part of the gradient and could result in higher modulus and hardness 

values in the region with the highest particle concentration. Silicon samples with native oxide 

layers were exposed to piranha treatment (H2SO4/H2O2: 3/7) for five minutes in order to increase 

surface hydrophilicity. 

4.1.3 DPN Writing 

DPN cantilevers for writing and imaging were obtained from NanoInk’s NSCRIPTOR™ which 

are Silicon nitride Type A single and Type M multiple pens (12 cantilever array). Type A and 
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type M pens consist of two different cantilever configuration in each side. One side consists of a 

‘diving board’ shape cantilever which is suitable for contact mode imaging and delivery of 

thiolated inks while the other side contains an ‘A‐frame’ cantilever with a higher spring 

constant and is useful for patterning higher viscosity inks. In this study, A-frame cantilevers were 

thus used for writing polymer inks. Different concentrations of nanocomposites were patterned 

by either type A or type M pens, while the gradient nanocomposites were solely written by type 

M pens. 

The DPN patterning was accomplished by DPN 5000 system in ambient conditions. Inkwells 

(Nanoink- Universal DPN Inkwell Array) were utilized to coat the tips with ink material. The 

inkwells consisted of reservoirs which were filled with ink material by micropipettes and micro 

channels running from individual reservoirs to the microwells. The inking for polymer patterning 

was accomplished by bringing the tips into contact with the microwells for 1 minute. During 

nanocomposite patterning, the contact time is increased to five minutes in order to have a 

sufficient driving force for the ink delivery by increasing the ink amount. Patterned substrates 

were cured with UV light for 1 to 5 minutes. It is observed that as the nanoparticle concentration 

increases, the polymer chains become less mobile which deteriorates the ink delivery. Therefore, 

relative humidity percentage along writing was increased from 20% to 65% with increasing 

particle concentration in order to enhance water meniscus. The details for the DPN writing 

procedure of nanocomposites were described in Chapter 3 (page:25). 

Most of the gradient nanocomposite patterning was accomplished by in situ UV-curing after 

writing each constituent in order to distinguish between the distinct parts having various particle 

concentrations. Depending on the viscosity and wetting behavior of the inks, similar width and 

height values for each constituent were achieved by several ways namely; adjusting the dwell 

time for each part of the gradient pattern, repeating the writing operation several times on the spot 

of the more wetting constituent and tuning the humidity level through the writing of each 

location. Optical microscope image of multi-pen cantilevers writing gradients is shown in Figure 

14. 

Intermittent contact mode AFM imaging was conducted to visualize patterns in the same system 

(Nanoink DPN 5000) following writing operations. 
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Figure 14 Optical microscope image of multi-pen cantilevers writing gradients. 

 

4.1.4 Colloidal Probe Microscopy 

Colloidal Probe Microscopy experiments were conducted on an Asylum MFP-3D system in 

ambient conditions. A silica colloid of 25 µm diameter was glued on top of a tipless cantilever 

(Budget sensors, all-in-one) using a home built micro-manipulator. The colloidal probe was 

prepared utilizing the approach proposed by Kuznetsov et al. [71] by sintering the silica colloid 

onto the tipless silica cantilever at 1100°C. This approach increased the stability of the probe on 

the adhesive polymer surface and eliminated the risk of detaching the silica particle at higher 

applied forces. The cantilever was chosen to have a relatively high spring constant in order to 

withstand the sticky nature of the polymer patterns. The spring constant of the cantilever was 

estimated by using the thermal noise method [72]. The applied force was calculated by 

multiplying the measured cantilever deflection signal with the spring constant (37.8 N/m) and the 

sensitivity of the probe (223.4 nm/V) which is found to be 3.5 µN.  

4.1.5 Nanoindentation Test 

Nanoindentation tests with a Berkovich tip was accomplished by a Anton Paar TriTec UNHT 

Nanoindentation System. Polymer and nanocomposites were tested with maximum forces of 50-
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100 µN and 100-600 µN, respectively. Each pattern (≥10 µm) was subjected to one-three 

indentation operations and one to three patterns were tested for each nanocomposite composition.  

4.1.6 Focus Ion Beam Cutting (FIB), Scanning Electron Microscopy (SEM) and Scanning 

Transmission Electron Microscopy (STEM) 

Cross-sections were cut by Focused Ion Beam (Gallium based blunt needle source, NVision 40, 

Zeiss FIB- SEM system) from the dot patterns written by 300 seconds of dwell times. Subsequent 

backscattered electron mode SEM (BSE) was used for characterization of the cross sections. 

Cross sectional TEM lamellas were cut from nanocomposite patterns with the same FIB system 

and, subsequently characterized using a transmission electron microscopes (TEM) (TALOS 

F200X, FEI) in high angle annular dark field scanning transmission electron microscope 

(HAADF-STEM) mode. 

4.2 Results  

4.2.1 Nanocomposite Patterns 

Different concentrations of nanocomposites (with 0.5 wt%, 1 wt%, 2 wt%, 4 wt% and 5 wt% 

particles) were written by dwell times of 100 and 300 seconds (Figure 15) in order to observe the 

effect of the particle concentrations on the mechanical properties of the dot patterns. The 

particular nanocomposites with particle loadings of 4 wt% and 5 wt% were prepared for both 

homogeneous and inhomogeneous distribution of particles.  
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Figure 15 AFM topography images of nanocomposites with different particle 
(BaTiO3) concentrations written by dwell times of 100 and 300 seconds under various 

environmental conditions (20-65% relative humidity at 23ºC). AFM topography 
images of nanocomposites having 4% and 5% particle are represented for both 

homogeneous and inhomogeneous distribution of particles. [73]. 

 

Colloidal probe microscopy was conducted to obtain the elastic modulus mapping for different 

concentrations. The diameter of the used silicon colloid was 25 µm and the applied force was 3.5 

µN (Figure 17 a). The colloidal probe was cleaned by UV ozone treatment for 30 minutes just 

before the experiments. Patterns were examined by 32x32 indentation points. The adhesion and 

the modulus values were estimated by averaging the total 1024 curves by using the Gaussian 

function. Indentation depths were observed to be in the range of 10-30 nm. The force distance 

curves (Figure Appendix 7) revealed high adhesion forces especially for the bare polymer. 

Average adhesion forces of 2 µN and 200-500 nN for polymer and nanocomposite patterns were 

obtained, respectively.  

The curves are observed to be consistent with Johnson-Kendall-Roberts (JKR) modulus fitting, a 

theory that needs to be applied instead of the classical Hertz theory due to both the high adhesive 

forces and the domination of short range interactions as the patterns have an elastic nature 
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stemming from the polymer matrix. The contact radius of the colloid probe on the pattern for 

each indentation was calculated using the following formula: 

 

�3 =
3�

4�∗ 	(� + 3��� + �6���� + (3���)2		)						(4.1) 

 

F is the applied load, γ is the work of adhesion, E* is the effective modulus and R is the effective 

radius which can be designated as: 
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v1 and v2 are the Poisson’s ratio and E1 and E2 are the elastic moduli of the pattern and the silicon 

colloid, respectively. The work of adhesion, Δγ, is related to the pull-off force (Fpulloff; which is 2 

µN for the polymer matrix) which is calculated using the following equation for the contact of 

two spheres (as the dot patterns could be considered as spherical caps): 

 

�� = −	
��������

3��
							(4.4) 

Calculation of the contact area using the equations above showed that the contact radius ranges 

between 0.6- 0.7 µm for each indentation (Figure 16) 
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Figure 16 Contact between two spheres was assumed in Colloidal Probe Microscopy 
tests. (a) Spherical cap model was utilized in order to calculate the radius of the 

pattern. For instance, the particular polymer dot pattern having width of 10 µm (d) 
and height of 1 µm (h), yields a radius of 6.5 µm (r). (b) Equations and parameters 

used to calculate the contact radius (a) for a pattern radius of 6.5 µm are shown.  
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It was thus possible to obtain the elastic modulus mapping both for the larger (10–15 µm) and the 

smaller (2-4 µm) patterns (Figure 17 b-d). In the case of large patterns, the average modulus 

values are found to be 89±28, 160±29, 223±55 and 390±135 MPa for nanocomposites consisting 

of 0, 0.5, 1 and 2 wt% particles, respectively. While for smaller patterns, the average modulus 

values are revealed as 78±30, 168±60, and 188±31 MPa, for nanocomposites consisting of 0, 0.5 

and 1 wt% particles, respectively. 
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Figure 17 (a) Optical microscope image and representation of a colloidal probe 
having 25 μm diameter. (b) Elastic modulus mapping of nanocomposites written by 
300 seconds dwell times and having diameter ranges of 10-20 μm. (c) wt% particle- 

elastic modulus graph showing the proportionality between the weight percentage and 
the modulus. (d) Elastic modulus mapping of nanocomposites written by 100 seconds 

dwell times and having diameter ranges of 2-4 μm. 
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In addition to colloidal probe microscopy, depth-sensing nanoindentation tests with a Berkovich 

tip were also conducted. Optical microscope image of a nanocomposite dot pattern with 0.5 wt% 

particle concentration after the nanoindentation test with a Berkovich tip is shown in Figure 18. 

Each pattern was subjected to one-three indentation operations and one-three patterns were tested 

for each nanocomposite composition. The nanoindentation curves for each indentation test are 

represented in Figure 19. The Oliver-Pharr method was utilized in order to calculate the elastic 

modulus values [74], [75]. Polymer patterns were tested with 50 µN maximum force while all 

tests for the nanocomposite inks were carried out at 300 µN maximum indentation force. The 

inhomogeneously distributed ink having 5 wt% particle loading was tested at 600 µN to ensure a 

sufficient indentation depth. Average hardness values of 3.5±0.5, 24±3, 95±39, 69±3, 212, 

225±14 MPa and average modulus values of 0.09±0.01, 1.00±0.20, 6.92±3.78, 8.28±0.21, 10.50, 

11.45±1.25 GPa were obtained for the nanocomposite patterns having homogeneously distributed 

0, 0.5, 1, 2, 4, 5 wt% particle loadings, respectively.  

 

 

Figure 18 Optical microscope image of a nanocomposite dot pattern with 0.5 wt% 
particle concentration after nanoindentation test with Berkovich tip was conducted. 
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Figure 19 (a) Nanoindentation curves for each indentation test is shown. All tests 
were carried out by 300 µN indentation force except for polymer and nanocomposite 
with inhomogeneous 5 wt% particle distribution which were tested by 50 and 600 µN 

force, respectively. Hardness and modulus values are plotted and tabulated.  (b) 
Comparison of the experimentally obtained modulus values of nanocomposites with 
0.5, 1 and 2 wt% particle loadings (corresponding to 13, 22 and 30 vol%)  and the 
modulus values of Reuss (lower bound), Voigt (upper bound), Einstein, Verbeek, 

Kerner, Guth and Mooney models.  
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There are several empirical and semi-empirical models to predict the elastic modulus values of 

composites. Volume fractions of particles must be known in order to calculate the modulus of 

composites. Therefore, after the nanoindentation tests were carried out, dot patterns of 

nanocomposite inks with 0.5, 1 and 2 wt% particle loadings were exposed to focused ion beam 

cutting with subsequent TEM and SEM characterizations which are described in detail in Figure 

20. 

4.2.1.1 Volume fraction calculations 

Volume fraction of the nanocomposites; having nanoparticle concentrations of 0.5 wt%, 1 wt% 

and 2 wt%  were calculated from their SEM (Backscattered electron mode) and STEM images. 

Following steps were followed:  

i. Converting to grayscale bitmap 

The SEM and STEM images of test samples were converted into grayscale bitmap. 

ii. Masking out the peripheral details 

Details resting outside the DPN writing cross-section, namely coatings on the boundaries were 

colored to black (zero intensity) by hand on a photo manipulation software. 

iii. Determining threshold intensity for particles 

It is known that dark grey pixels correspond to background, in other words ‘ink without a 

particle’. In each image, the largest possible image window filed only with background pixels 

was selected. The average intensity of this window was used to determine the threshold value for 

particles.  

iv. Calculating particle density 

The pixels were classified and counted according to their intensities. Any pixel having an 

intensity larger than the threshold was regarded as a ‘particle’, and the rest as background 

(polymer). Note that pixels with zero intensity (masked in step 2) were excluded from this 

calculation. The particle density was calculated as: number of particle pixels divided by number 

of all pixels. 
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The original STEM and SEM (BSE) and thresholded gray scale images showing pixel variations 

are displayed in Figure 20. Volume fractions of nanocomposites are found to be 13, 22 and 30% 

for 0.5 wt%, 1 wt%, 2 wt%, respectively. These values were used in the mechanical models to 

calculate the elastic modulus values of composites.  

 

 

 

Figure 20 (a) Optical microscope images of nanocomposite patterns (having 0.5, 1 
and 2 wt% of particles) after nanoindentation test, along with elastic modulus values 
for each indent. (b) After nanoindentation tests were conducted same patterns were 
objected to STEM and SEM (BSE) to observe particle distribution. (c) The volume 
fractions of the particles were calculated by determining a threshold pixel value for 
particles revealing the volume percentages of 13%, 22% and 30% for 0.5, 1 and 2 

wt%, respectively. 

 

4.2.1.2 Mechanical Models 

Einstein’s equation (equation 4.5) assumes dilute suspensions with no interaction between 

particles, where Ec, Em and Vp represent the composite modulus, the matrix modulus and the 

volume fraction of particles, respectively [76]. Guth’s equation  takes into account the particle- 

particle interactions (equation 4.6) where vm is the Poisson’s ratio of the matrix which is taken as 

0.3 [77]. Kerner’s equation  was developed for spherical particles in a polymer matrix which 

includes the effect of Poisson’s ratio of the matrix material (equation 4.7) [78]. Another extension 

to Einstein’s equation is Mooney’s equation (equation 4.8) where s is the ratio of the apparent 

volume of the particle to its true volume [79]. Verbeek’s equation (equation 4.9) assumes perfect 
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adhesion between constituents and stress is transferred by shear mechanism where Ep stands for 

particle modulus and Xp= 1- tanh(Vpmax)/Vpmax [80]. Voigt’s (upper bound, equation 4.10) and 

Reuss’ (lower bound, equation 4.11) models indicate that maximum and minimum elastic 

modulus values could be obtained from particle loading, respectively. Voight and Reuss models  

assume that continuous fibers are aligned in polymer matrix in parallel (iso-strain) and in series 

(iso-stress), respectively [81].  
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The elastic modulus values of the three particular dot patterns obtained from nanoindentation 

tests were compared with the ones calculated using the above-mentioned models in Figure 19 b 

and Table 4. The matrix (Em) and particle (Ep) modulus values were taken as 0.07 and 70 GPa, 

respectively. 
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Table 4 Elastic modulus values (GPa) calculated from nanoindentation test and 
several mechanical models.  

Nanocomposites 
with particle 
load (wt%) 

Volume 
fraction of 
particles 

(%) 

Modulus 

(GPa) 

Voigt 
(upper 
bound) 

Reuss 

(lower 
bound) 

Einstein Guth Kerner Mooney Verbeek 

0.5 13 1.0 9.2 0.08 0.09 0.10 0.09 0.10 0.11 

1 22 3.2 15.5 0.09 0.10 0.16 0.11 0.14 0.30 

2 30 7.6 21.1 0.10 0.12 0.21 0.13 0.20 0.66 

 

4.2.2 Gradient Patterns 

AFM 3-D topography images of gradient nanocomposite patterns on different length scales are 

displayed in Figure 21. The spatial resolution is 3-20 µm whilst the overall scale is 6-70 µm. The 

gradients were written by the inks having compositions of 0 wt%, 0.5 wt%, 1 wt% and 2 wt% 

particle loadings. Each gradient pattern was constructed with various relative humidity levels as 

the viscosity of each ink changes and thereby necessitates diverse writing conditions. Polymer 

and nanocomposite having 0.5 wt% particles were patterned at humidity levels of 20-30% while 

nanocomposites with 1 and 2 wt% particle loadings were written at relative humidities of 30-

65%. The increased particle concentration reduces the ink mobility which was compensated by 

the higher relative humidity. The width and height values of the gradients varied depending on 

the pattern scale which are summarized in Figure 21. 

Figure 21 a was written by 200 seconds dwell times of polymer and nanocomposite having 

2  wt% of particle concentration.  The nanocomposites with 2 wt% particle concentration have a 

larger height than the bare polymer which resulted from the less wetting of the nanocomposite 

ink. The same behavior can also be seen in Figure 21 b, in which the gradient pattern consists of 

two distinct nanocomposite parts with 0.5 and 2 wt% particle concentrations written by dwell 

times of 200 seconds. Similarly, the height of the part with 2 wt% (700 nm) is larger than the one 

with 0.5 wt% (500 nm). Dwell times of each part of the gradient patterns in Figure 21 are shown 

in Table 5. 
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Figure 21 AFM 3-D topography images of gradient nanocomposite patterns on 
different length scales. Gradients consist of four distinct compositions with 0 wt%, 
0.5 wt%, 1 wt% and 2 wt% which are indictaed onto the figure. Compositions and 
height values of each part are shown below and above of the images, respectively. 
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Table 5 Dwell times of each part of the gradient patterns in Figure 21. Repetition of 
writing on the same constituent is designated by ‘+’. 

wt% particle Dwell Time (s) 

 (a) (b) (c) (d) (e) (f) 

0 200 200 300 + 100 500 + 300 + 

200 

500 + 100 

+ 50    

400 + 200 

0.5% 200 200 300 500 500 + 100  400 + 200 

1% - - -  500 400 + 100 

2% - - 300 500 500 400 

 

The colloidal probe microscopy and nanoindentation tests with a Berkovich tip were conducted 

on gradient 1 (Figure 21 e) and gradient 2 (Figure 21 f) in order to find out whether or not the 

mechanical properties were tuned by different concentrations. Each gradient was scanned by the 

colloidal probe using a force map with 32x32 points. Figure 22 a shows AFM 3-D topography 

images for gradient 1 and gradient 2 divided into four locations each belonging to specific 

particle concentrations  (location 1: 2 wt%, location 2: 1 wt%, location 3: 0.5 wt% and location 4: 

polymer). 5-10 force-distance curves were chosen in each location and the average elastic 

modulus was determined by using the JKR model. The obtained modulus values are 73, 180, 360, 

311 MPa for gradient 1 and 75, 60, 310, 571 MPa for gradient 2, respectively for four 

consecutive locations (location 4 to location 1). 
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Figure 22 Colloidal probe microscopy was conducted for gradient 1 and gradient 2 
which are shown in Figure 21 (e) and (f), respectively. (a) AFM 3-D topography 
images for gradient 1 and gradient 2 are divided into 4 locations each belong to 

specific concentration as location 1: 2 wt%, location 2: 1 wt%, location 3: 0.5 wt% 
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and location 4: polymer. Representative force–distance curves showing the (b) 
approach and (c) retract behaviors of four distinct locations of gradient 1. 

 

The representative force–distance curves show approach (Figure 22 b) and retract (Figure 22 c) 

behaviors of the four distinct locations of gradient 1. The average adhesion (pull off) forces are 

found to be 2 µN for the polymer and 200-500 nN for the nanocomposite inks revealing that the 

particles drastically decrease the adhesive strength of the polymer. In fact, the lowest adhesion is 

observed for location 1 (range of 10–300 nN for five points) which has the highest particle 

concentration (2 wt%).  
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Figure 23 (a) 3-D AFM topography image showing the fourteen indentations with 
maximum 100 µN force conducted on gradient 1. The overall gradient pattern size is 
70 µm and indentations were performed from 5 to 60 µm distance. (b) hardness and 
(c) modulus values for each indentation were plotted accordingly revealing enhanced 
mechanical properties from lower to higher particle concentrations. It should be noted 
that indentations 8 and 9 (µm) were conducted on shorter location (700 nm) than the 

remaining pattern (1000- 1200 nm) Therefore, this should be the reason for 
disproportionality observed for those particular indentations. (d-f) shows indentation 

depth–force curves for the fourteen indentations. 

 

Nanoindentation tests were conducted to gradient 1 and gradient 2. Several points on each 

gradient were tested in order to observe the spatial change in the mechanical properties, as 
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displayed in Figure 23 and Figure 24 for gradient 1 and gradient 2, respectively. The maximum 

force was kept at 100 µN for all indentations in order to obtain comparable data. It should be 

noted that because of the lower height of polymer regions, indentations were not conducted 

towards the polymer end of the gradients in order to exclude substrate effect.  

Figure 23 a shows fourteen indentations with a maximum force of 100 µN on gradient 1. The 

overall pattern size is 70 µm and indentations were performed from 5 to 60 µm. The hardness and 

modulus values for each indentation were plotted accordingly (Figure 23 b-c) showing the 

enhanced mechanical properties from the lower to higher particle concentrations.  
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Figure 24 (a) 3-D AFM topography image showing the twenty one indentations with 
maximum 100 µN force conducted on gradient 2. Overall pattern size is 55 µm and 

indentations are performed from 5 to 43 µm. (b) Hardness and (c) modulus values for 
each indentation were plotted accordingly revealing enhanced mechanical properties 

from lower to higher particle concentrations especially for modulus values. (d-f) 
represents force vs. indentation curves. (g-h) shows normalized distance-hardness/ 

modulus plots for gradients 1 and 2. (Indentations 8 and 9 on gradient 1 are excluded) 
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Figure 24 a demonstrates twenty one indentations with maximum 100 µN force conducted on 

gradient 2. Overall pattern size is 55 µm and indentations are performed from 5 to 43 µm. 

Hardness and Modulus values for each indentation were plotted accordingly revealing enhanced 

mechanical properties from lower to higher particle concentrations especially for modulus values.  

Figure 24 g-h shows normalized distance-Hardness/Modulus curves for gradient 1 and 2. Despite 

gradient 1 and gradient 2 have distinct overall scales as 55 and 70 µm, respectively, modulus 

curve shows similar values for the same normalized distances pointing out reproducibility. 

4.3 Discussion 

4.3.1 Nanocomposite Patterns  

Figure 15 shows different concentrations of nanocomposites in order to observe the effect of the 

particle concentrations on the mechanical properties of the dot patterns. The particular 

nanocomposites with particle loadings of 4 wt% and 5 wt% were prepared for both homogeneous 

and inhomogeneous distribution of particles as the following tests revealed that inhomogeneously 

distributed and highly agglomerated nanocomposites could be beneficial for obtaining extreme 

mechanical properties. The AFM topography images of the inhomogeneously distributed patterns 

show much higher roughness than their homogeneously distributed counterparts (Figure 15).  

Colloidal probe microscopy was conducted to obtain the elastic modulus mapping for different 

concentrations (Figure 17). Average adhesion forces of 2 µN for polymer and 200- 500 nN for 

nanocomposite patterns were obtained. Elastic modulus was observed to be increased as the 

particle concentration increases. For large patterns, the average modulus values are 89±28, 

160±29, 223±55, 390±135 MPa, for particle compositions of 0, 0.5, 1 and 2 wt%, respectively, 

which shows the proportionality between the particle concentration and the modulus values 

(Figure 17). The nanocomposite ink with a 2 wt% particle load revealed a high standard 

deviation of the modulus (390±135 MPa) which may be related to higher surface heterogeneity of 

the particular pattern surface possibly resulting from irregular agglomerations. In the case of the 

smaller patterns, the polymer and homogeneously distributed nanocomposite (ink with 0.5 wt% 

particles) resulted in more similar moduli than their larger counterparts. However, 
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inhomogeneously distributed nanocomposite pattern (ink with 4 wt% particles) shows lower 

modulus value than expected. That could be due to the artifacts of height difference causing a 

disruption of the probe movement. 

Colloidal probe microscopy reveals mostly the surface properties of the patterns as the 

indentation depth is around 10-30 nm. Higher indentation depths are necessary in order to obtain 

the overall mechanical behavior of the patterns. For this reason, depth-sensing nanoindentation 

tests with a Berkovich tip were conducted. The test results show proportionality between the 

particle concentration and the mechanical properties namely hardness and modulus (Figure 19). 

In addition, force-distance curves showed the reproducibility for both the indents on the same 

substrate and distinct patterns having the same particle compositions. Only the nanocomposite 

ink having 1 wt% particle loading did not coincide with the other nanocomposites. Two patterns 

of this particular ink were tested and only one of the patterns did not apply to the proportionality. 

Focused ion beam cutting with subsequent TEM investigation revealed that the above-mentioned 

pattern contains a high level of agglomerated particles (Chapter 3, Figure 13), most probably 

resulting from the insufficient mixing of the composite constituents.  

The elastic modulus values of the three particular dot patterns (vol% of particles are 13, 22 and 

30%) obtained from nanoindentation tests were compared with the ones calculated using the 

mechanical models in Figure 19 b and Table 4 indicating that the experimentally derived 

modulus values lie between upper (Voigt) and lower (Reuss) bounds of the composite modulus 

values. However, the experimentally obtained modulus values are found to be one order of 

magnitude higher than the ones calculated from the Einstein, Guth, Kerner, Mooney and Verbeek 

models. There could be several explanations for this phenomenon. Firstly, all of these models 

assume two-phase composite systems. However, in reality a third interfacial phase or interphase 

is formed between the particles and the polymer chains because of the restriction of chain 

mobility near the solid particles. The modulus of the interphase lies between matrix and 

composite modulus values. Yet, the thickness of the interphase is generally about 1 nm. 

Therefore, if the particle agglomerate diameter was assumed to be 100 nm, for a 30 vol% particle 

loaded composite, the interphase becomes only 2 vol% and even if the interphase modulus was 

taken to be the same as Ep, its contribution to the overall composite modulus is insignificant. A 

second and more plausible explanation could result from the difference between the tensile and 
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nanoindentation test conditions as the models were developed for tensile tests. The indentation 

modulus of the composites could be overestimated compared to the tensile modulus because the 

number of particles increases under the indentation volume due to the flexible nature of the 

polymer. As it can be seen in Figure 19 b, as the particle concentration increases, the difference 

between experimental data and mechanical models becomes more intense because of the 

enhanced particle-particle interactions under the Berkovich tip. Representation of this 

phenomenon is shown in Figure 25. 

 

 

Figure 25 Representation of increase of particle concentration under indentation. 

 

Both colloidal probe microscopy and nanoindentation tests indicated differences between the 

mechanical properties of nanocomposites having diverse particle concentrations even though 

AFM topography images of which do not show a profound distinction between the surface 

roughnesses. In addition, AFM topography images of 0.5 wt% particle loaded nanocomposite 

patterns revealed smoother surfaces resembling to bare polymer patterns. Only with the 

mechanical tests, it was possible to distinguish them from the polymer patterns.  
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In summary, colloidal probe microscopy and nanoindentation tests revealed that the mechanical 

properties namely hardness and modulus; could be improved by increasing the nanoparticle 

concentration. Reproducible results were obtained for the patterns having the same particle 

compositions. 

4.3.2 Gradient Patterns 

AFM 3-D topography images of gradient nanocomposite patterns on different length scales are 

displayed in Figure 21. The spatial resolution is 3-20 µm while the overall scale is around 6-

70 µm. Each gradient pattern was constructed with various relative humidity levels as the 

viscosity of each ink changes and thereby leads to diverse writing conditions. Nanocomposite 

gradients written by 0 and 0.5 wt% particles were patterned at humidity levels of around 20-30% 

while the ones written by 1 and 2 wt% particle loadings were patterned at relative humidities of 

30-65%. The increased particle concentration reduces the ink mobility which was compensated 

by the higher relative humidity. The width and height values of the gradients varied depending on 

the pattern scale which are summarized in Figure 21. 

Similar height values for each constituent could be achieved by different ways. For instance, 

repeating the writing operation several times on the spot of more wetting constituent would 

increase its height or tuning the humidity level through the writing of each constituent would 

change the wetting behavior of the ink. The gradients shown in Figure 21 c-f were written using 

these approaches. However, the polymer part of the gradients (0 wt% particle regions) is always 

found to be shorter than the nanocomposite parts pointing out the more wetting of the polymer 

ink than the nanocomposite inks.  

The colloidal probe microscopy and nanoindentation tests with a Berkovich tip were conducted 

on gradient 1 (Figure 21 e) and gradient 2 (Figure 21 f) in order to find out whether or not the 

mechanical properties were tuned by adjusting particle concentration. 

Figure 22 a shows AFM 3-D topography images for gradient 1 and gradient 2 divided into four 

locations, each written by the inks with specific particle concentrations (location 1: 2 wt%, 

location 2: 1 wt%, location 3: 0.5 wt% and location 4: 0 wt%). According to colloidal probe 

microscopy tests, location 2 (1 wt%) and location 1 (2 wt%) in gradient 1 were found to have 

similar elastic modulus values of 360 and 311 MPa, respectively. For gradient 2, there is a drastic 
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change in the modulus values in these particular locations, from 310 MPa (location 2 (1 wt%)) to 

571 MPa, (location 1 (2 wt%)). This distinction may be due to the varieties of the writing 

operations. For all gradients, the writing order was kept by 2-1-0.5-0 wt% of particles, 

respectively. For gradient 1, 1 wt% particle containing ink (location 2) may have spread onto the 

2 wt% particle containing part (location 1) because of the insufficient curing between the writing 

steps. Since the indentation depth is 10-30 nm, colloidal probe microscopy gives information 

mostly from the near-surface region. For instance, in gradient 2, the modulus values of location 4 

(0 wt%) and location 3 (0.5 wt%) were revealed to be similar. Again, this could be related to 

spreading of 0 wt% ink on 0.5 wt% region throughout the writing operation. The representative 

force–distance curves point out approach (Figure 22 b) and retract (Figure 22 c) behaviors of the 

four distinct locations of gradient 1. The average adhesion (pull off) forces are found to be 2 µN 

for the polymer and 200-500 nN for the nanocomposite inks indicating that the particles 

drastically decrease the adhesive strength of the polymer. In fact, the lowest adhesion is observed 

for location 1 (in the range of 10–200 nN for five points) which has the highest particle 

concentration (2 wt%).  

The colloidal probe microscopy showed three zones of modulus–gradient by revealing near- 

surface properties (indentation depth: 10-30 nm) for gradient 1 and gradient 2 both having four 

distinct locations/compositions. Therefore, nanoindentation tests were conducted to gradient 1 

and gradient 2 in order to acquire higher indentation volumes. Several points on each gradient 

were tested to observe the spatial change in the mechanical properties, as displayed in Figure 23 

and Figure 24 for gradient 1 and gradient 2, respectively.  

Figure 23 a displays fourteen indentations with a maximum force of 100 µN on gradient 1. The 

overall pattern size is 70 µm and indentations are performed from 5 to 60 µm. The hardness and 

modulus values for each indentation were plotted accordingly (Figure 23 b-c) indicating the 

enhanced mechanical properties from the lower to higher particle concentrations. It should be 

noted that indentations 8 and 9 were conducted on shorter location (700 nm) than the remaining 

pattern (1000-1200 nm). This must be the reason for the disproportionality of higher hardness and 

modulus values observed for those particular indentations. Figure 23 d-f demonstrate force–

indentation curves by dividing the gradient pattern into three parts showing that from the 2 wt% 

to 0 wt% particle load region, most of the curves shift from the left to right hand side. The 
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indentation points 1-2 on 2 wt % particle location demonstrates the highest hardness (75- 49 

MPa) and modulus (10-7 GPa) values. Points 3-5 reveal similar indentation curves to points 6-9 

which should be related to the diffusion of the 1 wt% particle ink onto the 2 wt% particle location 

through writing. In fact, all of the points in the vicinity of the connection zones of two 

concentrations, showed the behavior between two inks (such as points: 3-5, point: 7, points: 10-

11). Towards the polymer end, much lower hardness (12 MPa) and modulus (0.4 GPa) values are 

observed. If the indentation points 8 and 9 are excluded, the gradient pattern seems to have three 

main regions showing similar hardness and modulus values.  

Figure 24 a indicates twenty one indentations with maximum 100 µN force conducted on 

gradient 2. Overall pattern size is around 55 µm and indentations are performed from 5 to 43 µm. 

Hardness and Modulus values for each indentation were plotted accordingly revealing enhanced 

mechanical properties from lower to higher particle concentrations especially for modulus values. 

Figure 24 d-f demonstrates force vs indentation curves indicating four different behaviors. 

Colloidal probe microscopy could not reveal the difference between moduli of 0 wt% (location 4, 

75 MPa) and 0.5 wt% (location 3, 60 MPa) regions in Figure 22. However, indentation tests 

confirmed that modulus decreases towards the locations of 0.5 wt% (0.5 GPa) to 0 wt% (0.2 

GPa).  

Figure 24 g-h displays normalized distance-Hardness/Modulus curves for gradient 1 and 2. 

Despite gradient 1 and gradient 2 have distinct overall scales as 55 and 70 µm, respectively; 

modulus curve shows similar values for the same normalized distances pointing out 

reproducibility. 

4.4 Conclusion 

This section of the study focuses on patterning of polymer nanocomposites and gradients 

constructed by DPN and testing their mechanical properties. The following outcomes were 

obtained: 

 Colloidal probe microscopy and nanoindentation tests revealed that the mechanical 

properties, namely hardness and elastic modulus values, could be tuned by increasing the 

nanoparticle concentration. Reproducible results were obtained for the patterns having the 

same particle compositions. 
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 Gradient polymer nanocomposite patterns were produced by DPN. The scale and height 

of the patterns could be adjusted by tuning the dwell times, the relative humidity levels 

and the number of approach/curing steps on the same spot. A spatial resolution of 3-20 

µm is accomplished. Mechanical tests confirmed hardness and especially elastic modulus 

gradients are achieved. Deliberate strengthening of the problematic areas such as 

mismatched surfaces and weak regions could be beneficial for a large number of 

applications such as flexible electronics with locally stiff constituents, NEMS and MEMS 

systems, dental prosthesis having heterogeneous particle distributions resembling to 

natural tooth and joining mechanically different biological materials such as bone, 

cartilage and mussel. 
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5 Multi-layer Patterning 

In the last section of this thesis work, multi-layer polymer ink writing for building 3-D structures 

was investigated. The results showed that UV curing between writing steps is essential to 

increase thickness of written patterns. It is also suggested that thickness of the pattern-layers 

could be further enhanced by tuning hydrophilicity of the polymer ink.  

5.1 Experimental 

Type M multiple pens (12 cantilever array) were utilized to write multi-layers of polymer 

patterns. ‘A‐frame’ cantilevers having higher spring constant (k=2.6 N/m) were used since they 

are useful for patterning higher viscosity inks. The DPN patterning was accomplished by DPN 

5000 system in a range of humidity levels. Inkwells (Nanoink-Universal DPN Inkwell Array) 

were utilized to coat the tips with ink material. The inkwells consist of reservoirs which are filled 

with ink material by micropipettes and micro channels running from individual reservoirs to the 

microwells. The inking was accomplished by getting the tips in contact with microwells for 1 

minute. Multilayers were constructed by applying in-situ UV-curing for five minutes after each 

writing step. Silicon substrates were functionalized with H2SO4/H2O2 (3/7) to enhance 

hydrophilicity. 

Two types of polymer inks were utilized which are as-received and octane mixed polymers 

(octane + polymer). 20 µL of octane (2,2,4-trimethylpentane, 99% purity, purchased from Sigma 

Aldrich) was mixed with 600 mg of polymer (NOA 68T, purchased from Norland Optics) via 

ultrasonication for 3 hours.  

5.2 Results 

Multi-layer polymer line patterning was accomplished at 23°C and 25% relative humidity level 

for the patterns showed in Figure 26–Figure 29. Two, three and six layers of polymer lines were 

demonstrated in Figure 26 (100 and 500 nm/s writing speed), Figure 27-Figure 28 (500 nm/s-

100 nm/s writing speeds) and Figure 29 (100 nm/s writing speed), respectively. After patterning 

each layer, UV curing was accomplished before constructing consecutive layer. 
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Figure 26 Two layers of polymer lines written by writing speeds of 500 and 100 nm/s 
at 23°C and 25% relative humidity level. 

 

Figure 27 Three layers of polymer polymer lines written by writing speeds of 500 at 
23°C and 25% relative humidity level. 
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Figure 28 Three layers of polymer lines written by writing speeds of 100 nm/s at 
23°C and 25% relative humidity level. 

 

 

Figure 29 Six layers of polymer lines written by writing speeds of 500 and 100 nm/ s 
at 23°C and 25% relative humidity level. 

 



83 

 

Figure 30 represents two dot patterns of polymer and octane mixed polymer (octane + polymer) 

inks written by dwell time of 300 seconds. The dots were patterned simultaneously by M-type 

multi-pens at 23°C and 35% relative humidity level. Contact angles of the dots were calculated 

from width (µm)-height (nm) curves which are also demonstrated in Figure 30. Width, height 

and contact angle of the dots are found to be 10, 4 µm; 800, 380 nm and 1, 22° for polymer and 

octane + polymer inks, respectively.  

 

 

Figure 30 Polymer and octane + polymer inks written by dwell times 300 seconds at 
23°C and 35% relative humidity level . Width (µm) and Height (nm) graph represents 
size and contact angle differences of the inks. Polymer pattern has 10 µm width 800 
nm height and 1° contact angle values while octane + polymer ink has 4 µm width 

380 nm height and 22° contact angle values. 

 

Figure 31 a represents two layers of polymer dot patterning. First layer was written in initial 

writing steps of DPN procedure showing connected four dots. Each dot was written by 50 

seconds of dwell time. Although it is not visible, second layer, written in 6th writing step, consists 

of eight dots (dwell time= 40 seconds). Figure 31 b shows two layers of dot patterning 

constructed by hydrophilic (polymer) and hydrophobic (octane + polymer) inks, respectively. On 

one hand, first layer was built in initial writing steps of DPN procedures showing connected eight 

dots (dwell time: 50 seconds). Second layer, on the other hand, was written in 6th writing step, 
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when the consistent dot patters started to form. The dots in second layer have dwell time of 40 

seconds. 

 

 

Figure 31 a) represents two layers of polymer dot patterning. First layer was written 
in initial writing steps of DPN procedure showing connected four dots written by 50 

seconds of dwell time. Second layer was written in 6th writing step, when the 
consistent dot patterns started to form (dwell time: 40 seconds). b) displays two 

pattern-layers written by polymer and octane + polymer inks, respectively. First layer 
was constructed on initial writing steps showing connected eight dots (dwell time: 50 
seconds) whereas second layer was built in 6th writing step, when the consistent dot 

patterns started to form (dwell time: 40 seconds). 

 

5.3 Discussion 

Same polymer ink utilized in Chapter 3 and 4 was written consecutively to write multilayers 

shown in Figure 26-Figure 29. It is observed that intersection points are slightly thicker than 

single layers. For instance, in Figure 26, height of single layers written by 500 and 100 nm/s are 

found as 8 and 12 nm, respectively. While intersection of two layers are revealed to be 10 and 16 

nm, respectively. This points out that inducing UV curing between layers benefits thickness 

increase which is achieved by chemistry difference between cured and uncured polymers 

inhibiting full wetting. Similar behavior was also seen in Figure 27 and Figure 28. Height of 
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single layers written by writing speeds of 500 and 100 nm/s are 8 and 12 nm, respectively while 

intersection of three lines were found to be 12 and 14 nm, respectively. It should be noted that 

there is not a dramatic difference in the heights of three intersection points than in the two 

intersection points. Even the intersection point of six polymer layers were found to be just 4 nm 

higher than single layer which is shown in Figure 29. Despite the fact that curing was 

accomplished between each writing step, as the size of written line becomes wider and thicker, 

wetting seems to become more profound which could be related to increase of the attraction sites 

as the pattern becomes wider.  

One solution to increase heights of multilayers is using polymer inks with different 

hydrophilicities. In Figure 30, two dot patterns were written simultaneously with hydrophilic 

(polymer) and hydrophobic (octane + polymer) inks. Hydrophobic dot was found to be smaller 

and shorter than hydrophilic one which should be resulted from less driving force for ink delivery 

to the hydrophilic substrate. In addition to it, wetting angles of the hydrophobic dot (22°) was 

observed to be much higher than hydrophilic dot (1°). 

Figure 31 a displays two layers of dot patterning written by the same ink (hydrophilic polymer). 

First layer was constructed in initial writing steps of DPN procedure showing connected four 

dots. While second layer was written in 6th writing step. As it can be seen, second layer 

completely wets the first layer thereby height difference could not be observed. However, on 

Figure 31 b, two layers which were written by hydrophilic and hydrophobic inks, respectively 

are distinguishable. First layer was built in initial writing steps of DPN procedure showing 

connected eight dots. Second layer was written in 6th writing step, when the consistent dot 

patterns started to form. Smaller dots, which could be distinguished from the connected dots of 

first layer, constructed as second layer resulting in a height difference of 8–16 nm. This behavior 

confirms that height of written patterns could be increased by tuning hydrophilicity of the inks. 

5.4 Conclusion 

The study of multi-layer patterning yielded the following results: 

 Height of written patterns could be improved by inducing in–situ UV curing between 

layers. 

 As the number of layers increase, wetting becomes more profound.  
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 Height of written patterns could be increased further by tuning hydrophilicity of the inks. 
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6 Discussion 

There are four aspects of this study which are; polymer, nanocomposite, gradient nanocomposite 

and multi-layer patternings by DPN.  

6.1 Polymer Patterning 

The main aim of this part of the study was to build consistent and reproducible polymer patterns. 

So far, polymer patterning has been established especially by top-down manufacturing methods 

namely photo-, electron beam and ion beam lithography methods. The main principle of 

patterning is to use a photoresist and exposing it with a kind of radiation (UV light, electrons or 

ions). The drawbacks of photolithography is its high cost as a current photolithography 

fabrication facility necessitates a price of 30 million US dollars [82], limited resolution and poor 

pattern flexibility. Even though restrictions in pattern size and flexibility were overcome by 

electron beam and ion beam lithography methods, the facilities of these techniques also requires 

high costs (20 million US dollars [82]). In addition to it, both are low-throughput processes. 

Furthermore, in the case of polymer patterning, high energy electrons and ions could be 

detrimental. Therefore, DPN is a great alternative to abovementioned methods. Since it is a 

constructive writing procedure, it does not damage polymer structure. Additionally, DPN is cost 

and time effective and has high pattern flexibility. Also, the throughput of DPN could be 

increased by multi-pen writing approaches [51], [56]. For instance, Salaita et al. [56] utilized 

55000 pen, two-dimensional pen array to pattern 1X1 cm2 gold surface with 4.7X108 features in 

less than 30 minutes. As another direct writing method, inkjet printing is utilized for polymer 

patterning [7]. However, while for large scale patterning it is feasible; in smaller scales, issues of 

surface tension and fluid flow start to become a barrier. Since the control over ink-flow through a 

tip is easier than through a syringe, DPN is more preferable over inkjet printing especially for 

small-scale patterning.  

In the case of DPN patterning, the primary mechanism for liquid polymer ink deposition was 

suggested to be Laplace Pressure [1], [2] which is directly related to amount of ink on the tip. 

However, this approach states that pattern size diminishes as the ink amount decreases on the 

tip/cantilever which precludes pattern consistency/reproducibility. Therefore, our first aim was to 

achieve consistent pattern sizes with their dwell times/writing speeds and to find ink deposition 
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mechanisms for consistency. This goal was achieved as it is revealed that after a few writing 

steps, physisorption and surface diffusion outweigh the influence of ink amount, allowing 

consistent patterning governed by dwell times and writing speeds. In addition to it, reproducible 

results for distinct writing operations with varied standard deviations for the same writing 

conditions were accomplished (Figure 8c). Furthermore, it is observed that there is a dwell time 

limit (≥ 20 seconds) to obtain consistent results. The critical parameter for deposition for shorter 

dwell times (<20 seconds) suggested to be more affected by surface heterogeneity leading to 

inconsistent pattern sizes, since variation of surface chemistry/roughness could result in different 

wetting behaviors. The influence of the substrate on consistent patterning was also investigated. 

Surface hydrophilicity determines the behavior of the ink on the substrate. Because the polymer 

ink is hydrophilic, patterns tend to spread more on gold than silicon surfaces. It is also observed 

that enhanced surface hydrophilicity leads to additional driving force for ink delivery which 

stems from increased physisorption of polymer chains. The ink delivery rate is inversely 

proportional to the viscosity of the ink. The viscosity of the polymer ink could be decreased both 

by addition of a water soluble solvent such as ethanol or tetrahydrofuran and by tuning 

environmental conditions namely relative humidity and temperature.. Therefore, the study for 

liquid polymer ink writing revealed the parameters of the ink amount, surface hydrophilicity and 

ink viscosity to be adjusted for obtaining consistent/reproducible patterns.  

6.2 Nanocomposite Patterning 

There were two aspects of nanocomposite patterning. The first focus was investigating the 

differences between polymer and nanocomposite writings to induce reproducibility and 

producing homogeneously distributed particles in the patterns to maintain isotropic functionality. 

While the second focus was investigating characterization methods for in-situ measuring 

mechanical properties of nanocomposite patterns.  

All of the information obtained from polymer writing was utilized for nanocomposite patterning. 

However, in addition to parameters for polymer patterning, it is found out that nanoparticle 

concentration also affects ink viscosity and therefore pattern consistency. It is observed that as 

the nanoparticle concentration increases, polymer chains become less mobile which deteriorates 

ink delivery. Despite the fact that it was possible to prepare inks with higher particle 
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concentrations, a maximum concentration was set at 5 wt%. It is revealed that each polymer 

nanocomposite ink having distinct nanoparticle concentration and solvent amount necessitates 

different writing parameters. Therefore, by adjusting the parameters (e.g. solvent amount, relative 

humidity) consistent nanocomposite patterns were obtained.  

After, achieving consistency, distribution of particles in the patterns were investigated. Optimal 

dispersion medium for nanocomposite constituents were sought for homogenous particle 

distribution. STEM and SEM images obtained from cross sections of dot patterns confirmed that 

high concentration of nanoparticles are evenly distributed in nanocomposite patterns. In addition 

to it, patterns with inhomogeneous distribution of particles were prepared on purpose since they 

resulted in high surface agglomeration leading to higher modulus and hardness values.  

Nanoparticle dot patterns were subjected to mechanical characterizations in the means of 

colloidal probe microscopy and nanoindentation tests showing that the mechanical properties, 

namely hardness and modulus, could be improved by increasing the nanoparticle concentration. 

Reproducible results were obtained for the patterns having the same particle composition. 

Therefore, consistent nanocomposite patterns with homogeneous particle distribution and 

reproducible mechanical properties were accomplished in this study.  

6.3 Gradient Nanocomposite Patterning 

In this section of the study, it is aimed to produce gradient patterns with gradient functionality by 

using the information gathered from nanocomposite patterning. It should be noted that none of 

the lithography methods namely; photo-, electron beam and ion beam lithography techniques, is 

feasible to build gradient nanocomposite architectures. However, DPN is perfect tool to achieve 

this goal by using multi-pen cantilevers (Figure 15). Tuning concentration of nanocomposites 

could be beneficial for flexible electronics with locally stiff constituents, NEMS and MEMS 

systems, dental prosthesis having heterogeneous particle distributions resembling to natural tooth 

and joining mechanically different biological materials such as bone, cartilage and mussel. 

Nanocomposite writing parameters were utilized to write gradient patterns. The gradients were 

written by the inks having different particle concentrations. Each gradient pattern was constructed 

with different relative humidity level as the viscosity of each ink changes and thereby 

necessitates diverse writing conditions. The width and height values of the gradients were 
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adjusted to have similar values by using the information of wetting behavior of different 

nanocomposite inks. On one hand, similar width values were adjusted by tuning the dwell times 

of the each constituent. On the other hand, similar height values for each constituent were 

achieved by two ways. Firstly, repeating the writing operation several times on the spot of more 

wetting constituent would increase its height. Secondly, tuning the humidity level for each ink 

would change the wetting behavior resulting in similar heights. 3-20 µm spatial resolution is 

acquired. Mechanical tests namely, colloidal probe microscopy and nanoindentation, confirmed 

hardness and especially elastic modulus gradients are obtained.  

6.4 Multilayer Patterning 

The focus was construction of multilayer polymer pattern to find ways for building 3-D 

structures. On one hand, there are variety of techniques to build multilayer structures especially 

for thin films such as spin coating. On the other hand, multilayered-surface architectures with 

higher pattern flexibility in nano and micron-scale could be produced with DPN than with other 

methods.  

There are two outcomes of this part of the study; first it is confirmed that UV curing between 

layers is necessary to preserve thickness of each layer. Second, hydrophilicity of polymer inks 

should be tuned to further increase thickness. These results could be utilized in future studies to 

build 3-D surface architectures. 
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Figure 33 Representation of the progress achieved in this study through polymer to 
gradient nanocomposite patterning 

 

6.5 Conclusion 

To conclude, in this study achieving consistent polymer patterns led to building nanocomposite 

structures with consistency and reproducible mechanical properties. The information obtained 

from nanocomposite patterning and mechanical characterizations was utilized to build gradient 

nanocomposite structures having gradient mechanical properties (Figure 33). Polymer patterning 
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is further enhanced by building multilayer polymer structures showing the ways for constructing 

3-D surface architectures.  
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7 Outlook 

In this study, the capabilities of dip pen nanolithography is explored mainly for liquid polymer 

writing. The deposition mechanisms for polymer writing were investigated and it is found that 

contrary to previous studies, not only ink amount/Laplace pressure but also physisorption/surface 

diffusion took place. This revelation resulted in consistent pattern formation for a range of dwell 

times, relative humidity levels and ink viscosities. The studies also extended to nanocomposite 

deposition. Since polymers could be served as mediums for functional particles deposition, 

mechanically adjusted patterns were successfully produced by nanocomposite writing. 3-D 

pattern formation as multilayer polymer building was also explored.  

As extension and improvement of above mentioned outcomes following options are suggested: 

7.1 Adjusting Viscosity of Nanocomposite Inks  

It is observed that particles hinder chain mobility. Writing conditions of nanocomposite inks were 

adjusted in order to compensate for the decreased chain mobility. Relative humidity percentage 

and solvent ratio were increased for this reason. 

Further adjustment of particle size and polymer chain length could result in nanocomposite inks 

having different particle concentrations to gain similar viscosities. It is observed that dispersion 

medium should be evaporated to accomplish comparable volumes of inks for different 

nanocomposite concentrations. This yielded increased viscosity for nanocomposite inks 

compared to polymer ink. Especially for nanocomposite inks with agglomerated particles, this 

behavior was revealed to be more intense.  

Radius of gyration of polymer chains and particle size are critical parameters to determine both 

dispersivity of particles in polymer medium and nanocomposite viscosity. For an improved DPN 

writing, particle dispersions could be chosen to acquire individual particle state rather than to 

contain agglomerated particles. Additionally, particle size should be less than the radius of 

gyration of the polymer chains. This may result in following improvements: 

 Composite inks with higher particle concentrations could be prepared as their viscosity 

would allow DPN writing. 
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 Writing with multiple tips could become easier because all of the inks require similar 

environmental conditions for ink delivery. 

 Higher particle concentrations together with homogeneous particle distribution could be 

achieved since optimal viscosity should be preserved. 

Even though above-mentioned improvements could facilitate DPN writing, it is confirmed in this 

study that nanocomposite inks having agglomerated/evenly distributed particles are beneficial to 

acquire improved mechanical properties (higher elastic modulus and hardness values). Therefore, 

agglomerated and/or inhomogeneously distributed inks were deliberately prepared.  

7.2 Gradient Writing in Z-Direction 

Several approaches could be followed in order to write in z-direction, or in other words for 3-D 

patterning. Firstly, it is observed that viscosity of inks should be in same range to ease writing 

process and to be able to pattern in similar environmental conditions. 

Secondly, hydrophilicity of the inks written in succeeding writing steps should be adjusted to 

inhibit spreading of the inks onto each other and allow similar thickness for each written layer. 

For instance, hydrophilicity of polymer inks could be tuned by mixing it with a hydrophobic 

solvent. In our study, the polymer (NOA 68T) was mixed with octane and contact angle of 

written dot patterns was observed to be increased. This could be a starting point in order to build 

multilayered structures as it is proposed in Figure 34.  
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Figure 34 Representative image of graded nanocomposite pattern in which the 
nanoparticle concentration changes for each layer. 

 

Writing gradient nanocomposite layers in z-direction is more challenging. Viscosity adjustments 

as they are proposed in Chapter 5 could be beneficial. However, addition of hydrophobic solvent 

would change viscosity of the nanocomposite inks, making control of ink delivery even more 

difficult. Therefore, optimal viscosity range for DPN writing should be determined and amount of 

hydrophobic ink must be adjusted accordingly. 

7.3  Writing Functional Patterns 

In addition to mechanical properties, depending on matrix and particle properties, magnetic and 

electrical behavior of nanocomposite patterns could also be adjusted. In our study, 

superparamagnetic CoFe2O4 particles (8 nm) were dispersed in NOA 68T polymer matrix and 

DPN patterning was accomplished as it is shown in Chapter 2. Magnetic force microscopy 

(MFM) was conducted to identify magnetic nature of the nanocomposite patterns. MFM 

characterization was conducted at 30 nm lift height.  Figure 35 shows AFM and MFM phase 

images for dwell time 70 seconds. The change in phase angles throughout the lines are plotted. 

AFM image (zero lift height) shows both negative and positive phase shifts at the edges and in 

the center, respectively while MFM image shows negative phase shift which is 6º higher than 

AFM phase shift. For neat polymer, this behavior was not observed.  
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Figure 35 AFM and MFM (30 nm lift height) images of nanocomposite dot pattern  

 

Therefore, on one hand, it could be claimed that in-situ measurements of magnetic properties 

proved magnetic nature of nanocomposite patterns. On the other hand, MFM characterization 

results were not reproducible as some measurements at same conditions revealed no phase shift at 

all. This should be because of both low magnetic signal from nanocomposite pattern and 

difficulty of MFM measurements at small scale which leads to high level of topography crosstalk. 

MFM tests were also repeated for nanocomposite patterns written by larger CoFe2O4 particles (30 

nm) with ferrimagnetic behavior, again irreproducible results were obtained. 

Therefore, in-situ characterization of magnetic properties are revealed to be challenging for 

polymer nanocomposite patterns. The AFM system utilized for the abovementioned experiments 
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does not support external magnetic flux. One solution for future studies could be conducting 

MFM measurements with external magnetic flux which could enhance magnetic signal and 

diminish topography crosstalk. In addition to external magnetic flux, using different kinds of 

magnetic tips namely: low coercivity, low magnetization, high coercivity and high magnetization 

could help to distinguish magnetic properties. Furthermore, different particles with a range of 

magnetic properties such as non-magnetic, super paramagnetic, ferromagnetic, having low or 

high coercivity values could be used in nanocomposite inks to acquire MFM data. 

In this study, ferroelectric BaTiO3 particles in polymer (NOA 68T) matrix were written, the 

details of the patterns are shown in Chapter 3 and Chapter 4. However, piezeforce microscopy 

(PFM) results showed no electro-mechanical response. This is mostly because of the 

nonconductive nature of the polymer. Therefore, it is confirmed that for future studies the 

polymer must be replaced with a ferroelectric polymer in order to obtain PFM results. 

Ferroelectric copolymers such as poly(vinylidene fluoride-ran-trifluoroethylene) (PVDF-TrFE) 

have been studied widely in the literature. However, PVDF-TrFE has thermoplastic nature which 

requires different writing procedures than thermoset writing conducted in this study. Lee et al. 

[23] utilized thermal probes in order to develop thermoplastic patterns. Therefore, firstly 

composite production techniques with PVDF-TrFE matrix should be developed. Secondly, a 

proper DPN writing procedure for instance with thermal probes, should be found out. Lastly, 

PFM should be conducted to identify electro-mechanical properties of the patterns. 

7.4  Particle Functionalization  

DPN could also be utilized to functionalize particles. In our study, NOA 68T polymer was 

written on silica particles having 2 µm diameter. SEM image of the particles are shown in Figure 

36. Similar to polymer patterning on silica substrate (Chapter 3), firstly excess polymer ink was 

deposited, mechanism of which stems from Laplace Pressure which is proposed in Chapter 3. 

Subsequently, consistent patterns sizes were formed until ink depletion.  
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Figure 36 Polymer patterns on silica particles. 

 

7.5 Extensions to DPN 

Even tough for now, one of the biggest challenges for DPN patterning is considered to be its low 

throughput, several strategies were suggested to enhance writing speed. In the literature use of tip 

arrays were introduced to increase large area parallelization capabilities [51], [56]. Additionally, 

fountain pens [83] could also be considered as remedy for ink depletion during patterning. 

Fountain pen consists of reservoirs and connected micropipettes which control ink delivery. 

Furthermore, a new concept inspired by DPN and micro-contact printing named as Polymer Pen 

Lithography (PPL) was introduced by the same research group inventing DPN [84]. It is basically 

using a polymer (PDMS) pen array consisting of 11 million pyramid-shaped tips. Pen arrays are 

generated by casting PDMS on a silicon master similar to micro-contact printing. Owing to its 

polymeric tips, feature size could be controlled by pressure in addition to dwell time. Also, PPL 

enables inking of the tips with different materials. However, the most intriguing property of PPL 

is the fast writing speed which is comparable to other soft lithography techniques with higher 

resolution and pattern flexibility.   
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8 Conclusion 

Main conclusions obtained in this study are summarized below: 

 DPN writing mechanisms for liquid polymer ink writing are found. It is shown that not 

only the ink volume, but also physisorption and surface diffusion influence ink delivery. It 

is confirmed that in first writing steps, the effect of ink volume is higher than subsequent 

writing steps. In consecutive writing steps; physisorption and surface diffusion prevail 

leading to consistent pattern sizes with dwell time and writing speed. Physisorption and 

surface diffusion of polymer chains are related to ink viscosity and substrate 

hydrophilicity. The optimal viscosity range for writing depends on both solvent amount 

and environmental conditions namely relative humidity and temperature while 

hydrophilic surfaces enhance ink delivery.  

 

 The studies for polymer nanocomposite patterning confirmed that particles are deposited 

together with polymer matrix and are homogeneously distributed within the deposited 

material. Homogeneous distribution of nanoparticles in polymer matrix depends on both 

quality of nanoparticle dispersion, e.g. the freshness of the dispersion, and nanocomposite 

production parameters e. g. mixing time. FIB cutting of nanocomposite patterns with 

subsequent SEM and STEM characterization proved that high concentrations of 

nanoparticles can be homogeneously distributed in the polymer matrix.  

 

 Gradient polymer nanocomposite patterns were produced by DPN. The scale and height 

of the patterns were adjusted by tuning the dwell times, the relative humidity levels or the 

number of approach/curing steps on the same spot. A spatial resolution of 3-20 µm is 

achieved. 

 

 There are two major results with regards to the mechanical properties of nanocomposite 

patterns. Firstly, colloidal probe microscopy and nanoindentation tests confirmed that as 

the particle concentration in particular pattern increases, its hardness and especially 

modulus values also ascend. Secondly, it was able to produce gradient nanocomposite 



100 

 

patterns with tuned hardness and modulus values by adjusting particle concentration on 

each spot. 

 

 Multi-layer polymer ink writing was investigated in order to find ways for building 3-D 

structures. It is indicated that UV curing between writing steps is essential to increase 

thickness of written patterns. Additionally, the thickness of the patterns could be further 

enhanced by tuning the hydrophilicity of the polymer ink.    
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10 Appendix 

Optical image of the water droplet on cured polymer surface is shown in Figure Appendix 1 

revealing the water contact angle as 35º which indicates the hydrophilic nature of the polymer. 

 

 

Figure Appendix 1 Micro contact angle test showing wetting of H2O on cured 
polymer surface. 

 

The studies for polymer patterning confirmed three important parameters for polymer patterning, 

which are ink amount, substrate hydrophilicity and ink viscosity. These parameters are 

summarized in Figure Appendix 2. Ink amount is found to be proportional to ink delivery as it 

directly affects amount of excess ink before consistent patterns start. Ink flow from cantilever 

and/or tip to meniscus is more profound both for initial contact of tip with the substrate and for 

shorter dwell times, (≤ 20s). Whilst for successively written dots (dwell time> 20 seconds), the 

contribution of driving force resulting from physisorption of polymer chains are found to become 

more significant leading to consistent pattern sizes with dwell time. Surface hydrophilicity 

determines behavior of the ink on the substrate. Because the polymer ink is hydrophilic, patterns 

tend to spread more on gold than silicon surfaces. Additionally, it is also observed that enhanced 

surface hydrophilicity leads to additional driving force for ink delivery which stems from 

increased physisorption of polymer chains. Ink viscosity is observed to be inversely proportional 

to ink delivery.  The viscosity of the polymer ink could be decreased both by addition of a water 

soluble solvent such as ethanol or tetrahydrofuran and tuning environmental conditions namely 

relative humidity and temperature. On one hand, increase in relative humidity enhances the water 
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meniscus which benefits ink delivery. Temperature increase, on the other hand, causes both 

improvement and reduction of viscosity below and above around 30ºC, respectively. That should 

be because of the temperature induced crosslinking above 30ºC, which makes polymer chains 

less mobile resulting in diminished ink delivery. 

 

 

Figure Appendix 2 Summary of parameters to be adjusted to achieve consistent 
patterns. 
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Figure Appendix 3 The dot patterns written by the ink nc- cfo ( nanocomposite ink 
containing homogeneous mixture of CoFe2O4 particles) with the dwell times of (a) 

100, 70, 5, 10, 50 and 20 seconds (b) 20, 50, 10, 5, 40, 70 seconds. 

 

Literature studies also showed that [68] serial pushing mode of surface diffusion results in fractal 

patterns rather than sharp patterns. High resolution images of the patterns written in this study 

coincides with this phenomena (Figure Appendix 4). 
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Figure Appendix 4 High resolution image for line patterning reveals fractal nature of 
line pattern indicating “serial pushing mode” for pattern formation. 

 

Figure Appendix 5 a shows five AFM topography images of dot patterns written in distinct 

inking/writing procedures while Figure Appendix 4 b displays dwell time-width curves for these 

procedures. The curves demonstrates that the patterns written in same or close humidity levels 

(25%-30%) have more similar sizes for same dwell time than the ones written in higher humidity 

levels (50%). 
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Figure Appendix 5 Dwell  time (s)-dot width (µm) values written in distinct writing 
procedures at 23°C: H:25%-1, H:25%-2 and  H:25%-3 are patterned at 25% relative 
humidity while H:30% and H: 50% are written at 30% and 50%  relative humidity 

levels, respectively. 
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Figure Appendix 6 (a) EDX analysis was conducted to the dot pattern of cobalt iron 
oxide–polymer composite (nc- cfo) confirming Fe and Co peaks. (b) TEM elemental 

analysis was conducted to a large agglomerate in dot pattern of barium titanate-
polymer composite (nc1) confirming the elements of Ba and Ti. 
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Figure Appendix 7 Representative force–indentation curves obtained from Colloidal 
Probe Microscopy and fit to the JKR model (a) polymer (b) nanocomposite. 
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