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Abstract 
 

 

For the first time, we fabricated nanostructures of a ferroelectric polymer, 

poly(vinylidene fluoride-trifluorethylene) [P(VDF-TrFE)] on gold substrate via 

dip-pen nanolithography ink. Lines as thin as 32 nm and dot radius as small 

as 20 nm have been fabricated. The P(VDF-TrFE) molecules were well 

oriented on the gold substrate. The hydrophobic P(VDF-TrFE) produced a 

black contrast in the lateral force microscopy (LFM) images. The DPN-

generated P(VDF-TrFE) patterns hold ferroelectric properties. The interaction 

between the P(VDF-TrFE)  and the gold substrate was Van der Waals’ 

interaction. The growth of dot radii/line-width was proportional to 2
1

t . 

 

We studied the influence of experimental conditions on dip-pen 

nanolithography. The results show: The transport rate of ink increased as the 

temperature increased for all of the inks. For P(VDF-TrFE), a deviation from 

Arrhenius plot at about 55oC was observed. It may be caused by a 

ferroelectric phase transition. Surface roughness influenced both the 

contrast in LFM images and the transport rate of ink. Surfaces with less 

roughness resulted in good contrast in LFM images, while rough surfaces 

resulted in poor contrast. The transport rate of ink increased as the 

roughness decreased; however, the extent of the influence was strongly ink-

dependent. The influence of relative humidity depended on the solubility of 

the ink in water. The transport rate of hydrophilic inks increased as the 

relative humidity increased, while the transport rate of hydrophobic inks 

experienced small change as the relative humidity increased. At the same 
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condition, a tip with a larger curvature radius could generate a larger pattern 

than a tip with a smaller curvature radius due to a bigger contact point or the 

formation of a meniscus with a larger size. The chemical affinity was also 

one of the key controlling parameters for DPN. It is necessary to consider 

the ink affinity to both the substrate and the tip when designing a new DPN 

system.  

 

We fabricated nanostructures via anodic nanooxidation and force 

nanolithography. In addition, we characterized the protein patterns with AFM 

by adsorption of a protein surfaces with different adsorption properties, and 

discussed the mechanism of the protein adsorption on these surfaces.  
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            averaged from five independent measurements as a function of   
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Fig.4-15 Characterization of the facets on a gold ball and on a polycrystalline  

              gold thin film with AFM: (a) Topographic image of the facets on a    

              gold ball in the tapping mode. (b) Profile of the line scan in (a),  
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Fig.4-19 Effect of roughness on DPN with P(VDF-TrFE) ink at 22oC and a    

               relative humidity of 50%: LFM images of a P(VDF-TrFE)  point  

              array on 1# (a); 2# (b); 3# (c); 4# (d); and 5# (e). The contact times for  

               the dots are 1, 2, 3, 4, 5, 6, 7, 8, and 9min, respectively. (f) is the  

             dependency of the dot area ( A ) versus the contact time ( t )  
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Fig.5-1 The effect of applied voltage on the oxidation of Si. (a) AFM  
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Fig.5-3 The effect of relative humidity on the oxidation of Si. (a) AFM  

             topographic image of silicon after nanooxidation by the application  
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Introduction 

Chapter 1 Introduction 

 

 

1.1 Motivation and Objectives 

 

Nanotechnology is defined as the technology of constructing and controlling 

matter on the scale of ~ 100 nm or below, which contains preparation of 

nanosize objects, positioning of nanosize objects, creation of nanosize 

patterns (2D) and objects (3D) on surfaces, and development of nanotools. 

Nanotechnology is likely to have a profound impact on our economy and 

society in the early twenty-first century, comparable to that of semiconductor 

technology, information technology, or cellular and molecular biology. 

Science and technology research in nanotechnology promises 

breakthroughs in such areas as materials and manufacturing, 

nanoelectronics, medicine and healthcare, energy, biotechnology, 

information technology, and national security. It is widely felt that 

nanotechnology will be the next industrial revolution. Therefore, 

nanotechnology has attracted significant research interest in recent years. 

Nanofabrication is defined as the fabrication of nanostructures on the scale 

of individual atoms or molecules (100 nm or smaller), which usually employs 

advanced lithography and precision planar processing. Nanostructures 

provide an interesting tool in studying electrical, magnetic, optical, thermal, 

and mechanical properties of matter at the nanometer scale. Nanofabrication 

is commonly divided into top-down and bottom-up categories. 
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Many methods have been developed to fabricate micro- to nanostructures. 

Photolithography [1] is typically utilized in semiconductor manufacturing 

applications as well as patterning polymers due to their high throughput; 

however, photolithography is limited in resolution (about 110 nm) by the 

wavelength of light. Direct-write electron and ion beam lithographies [2-3] 

have demonstrated the best resolution of the conventional patterning 

strategies, achieving well spaced 8-10-nm-wide lines; however, this 

methodology is fiscally expensive, and it is mainly applicable to pattern 

metallic materials and semiconductor. The achievable resolution is greatly 

affected by the proximity of the features to one another and by the substrate 

material. Microcontact printing (µCP) [4] is a simple method to construct 

parallel patterns, but it can only provide submicrometer-feature resolution, 

nanoscale fabrication methods are still under development. Nanoimprint 

lithography (NIL) [5] can fabricate nanometer-scale features. However, both 

µCP and NIL have little control over the amount of material deposited, and 

the stamp fabrication (which decides the resolution) is challenging. Scanning 

probe microscopy (SPM), such as scanning tunneling microscopy (STM) [6] 

and atomic force microscopy (AFM) [7-8] can visualizes surfaces with atomic 

resolution [9-10]. Taking advantage of the sharpness of the tips, STM and 

AFM can also be used for nanofabrication, offering the advantages of 

nanometer resolution and flexibility in pattern generation [11-13]. However, 

only conductive or semi-conductive materials are applicable to STM, 

because STM utilizes tunneling current between a conductive tip and a 

sample to determine surface properties. While various materials, such as 

insulators, semiconductors and conductors can be visualized and 
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nanopatterned with AFM, because AFM utilizes the Van der Waals 

interaction between an AFM tip and a sample to determine the surface 

properties. Therefore AFM has wider applications than STM.  

 

Since its invention, many AFM-based nanotechnologies, such as 

nanomanipulation, force nanolithography, anodic nanooxidation, nanoforce 

sensing, and dip-pen nanolithography have been developed. These methods 

have demonstrated wide versatility, high precision, and high resolution in the 

fabrication of nanostructures compared to other technologies. In addition, the 

fabricated nanostructures have potential applications in the development of 

sensors, catalysis, and electric and optical devices at a nanometer scale. 

However, most of these methods are still at experimental stage. For them to 

become promising and competitive nanopatterning in future, much more 

effort will be needed in the development of hardware, software, analytical 

tools, and methodologies.  

 

Dip-pen nanolithography developed recently is an AFM-based lithography. 

Compared to other lithographies (photolithography, E-beam lithography, and 

so forth), dip-pen nanolithography is a simple and cheap method that is 

commonly conducted at ambient conditions. Various materials, such as 

some inorganic materials, organic materials, conducting polymers, and 

biomaterials have been used as DPN inks. However, ferroelectric polymer, 

which is an important class of functional materials with potential applications 

in electrical, optical, biomedical, robotic, and sensing devices, has not been 
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used in dip-pen nanolithography. Among the known ferroelectric polymers, 

poly(vinylidene fluoride-trifluorethylene) shows the highest ferroelectric 

polarization and electromechanical response; therefore, it is widely used as 

acoustic sensors and transducers with a thickness of several to tens microns. 

Thin films of P(VDF-TrFE)  is helpful in investigating the ferroelectric 

phenomena in low-dimension system. Furthermore, thin films of ferroelectric 

polymer have potential applications in optical, electronic and sensing 

technologies. 

 

Dip-pen nanolithography is commonly conducted under ambient conditions. 

The experimental conditions, such as temperature, relative humidity, 

substrate surface properties, chemical affinity in the designed system, as 

well as tip properties would all influence the deposition of ink from the tip to 

the substrate. However, only the influence of temperature and relative 

humidity on DPN for thiol (ink)-gold (substrate) system has been studied.  To 

understand the influence of experimental conditions is helpful in controlling 

the transport rate of the ink and pattern quality. 

 

Anodic nanooxidation can be used to chemically modify semiconductors (Si, 

Si3N4, Ge, Ga) and transition metals (Al, Ti), which have potential 

applications in electric and optic nanodevices. To fabricate complicate 3-D 

nanostructures in a single scan is very important for some delicate 

nanodevices. Au nanopatterns are very useful in many research fields such 

as biotechnology, catalysis, etc. Would anodic nanooxidation chemically 

modify Au surface? 
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Force nanolithography is another powerful method to fabricate nanopatterns.  

The fabrication of desired nanopatterns on soft polymer and PZT would have 

potential applications in data storage devices and piezoelectric, pyroelectric, 

non-volatile random assess memory devices, imaging systems sensors and 

actuators in smart structures. 

 

Protein adsorption on solid surface is a very important and active area of 

research due to its potential applications from fundamental studies in cell 

biology to the development of various “biochip” platforms. Immobilizing 

protein in micro- or nanoscales using self-assembled monolayers (SAMs) 

method is an alternate method. AFM is an ideal tool to visualize the formed 

protein patterns. 

 

 
 
The proposed research project consists of three main tasks: 

1) To study the patterning of a ferroelectric polymer, poly(vinylidene fluoride-

trifluorethylene) P(VDF-TrFE) via dip-pen nanolithography.   

2) To study the influence of experimental conditions, such as temperature, 

surface roughness of the substrate, relative humidity, tip size and tip material 

as well as chemical affinity on dip-pen nanolithography.  

3) To fabricate nanostrucutes on Si, Au via anodic nanooxidation and to 

construct nanostructures on polymer and PZT sol film via force 

nanolithography. In addition, AFM is used to characterize micro- to 

nanometer protein patterns.  
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1.2 Thesis Structure 

 
The main body of this thesis contains four chapters, each covering one 

aspect of the topics. 

 

Chapter 2 is the literature review. In this chapter, an introduction about AFM 

is firstly given. Then studies on AFM-based nanotechnologies both in theory 

and experiment are reviewed. 

 

In Chapter 3, for the first time, a ferroelectric polymer, poly(vinylidene 

fluoride-trifluorethylene) P(VDF-TrFE) is used as DPN ink. The micro- and 

nanostructures of P(VDF-TrFE) are constructed via DPN onto the gold 

substrate, and is proven by XPS. The topographic and lateral force 

microscopy images of the DPN-generated P(VDF-TrFE) are characterized 

via AFM using the same tip. The molecule orientation and ferroelectric 

properties in this pattern are studied, and mechanism for the deposition of 

P(VDF-TrFE) to gold substrate is discussed and a simplified diffusion model 

adopting Fick’s first law is proposed to interpret the growth rate of dot 

radii/linewidth.  

 

In Chapter 4, the effect of temperature, surface roughness of the substrate, 

relative humidity, tip size and tip material as well as chemical affinity on the 

DPN are studied. The effect of one controlling parameter on DPN is studied 

by keeping the other controlling parameters as a constant and changing the 

testing parameter while measuring the effect of this parameter on the 

transport rate of ink.  
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Chapter 5 summarizes results of another two AFM-based nanotechnologies 

(anodic oxidation and force nanolithography) and the characterization of 

protein adsorption on solid surface with AFM. (1) AFM is used to 

characterize the various micron to nanometer protein patterns on six different 

surfaces. The mechanism for the protein adsorption on each surface is 

discussed. (2) Anodic nanooxidation is used to produce silicon oxide 

nanopatterns. The effect of voltage, duration, relative humidity on the 

oxidation has been studied. More complicate nanostructure is fabricated 

using raster lithography. Anodic nanooxidation is also used to study the 

chemical modification of a noble metal, gold. EDX is used to analyze the 

chemical composition. (3) Fabrication of desired nanopatterns on a soft 

polymer PMMA and an unsintered PZT sol film is studied. Pit depth versus 

applied load and the effect of probe shape on the formed pattern are 

discussed. 

   

In the last chapter, Chapter 6, the main results and conclusions are 

summarized. The limitations of the present research project are discussed. 

Some recommendations for future work are given. 
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Chapter 2 Literature Review 

 

2.1 Basics of Atomic Force Microscopy 
 
 

An atomic force microscope contains the following main parts: (1) a sharp tip, (2) 

a flexible cantilever, (3) high-resolution scanner, and (4) a sensitive deflection 

sensor. At present, the commercial tips, which are fabricated using integrated 

circuit methods, are mainly composed of silicon or silicon nitride with a thin 

reflective layer on their backsides. The curvature radius of tip is made as small 

as 10 nm. It can be further reduced to several nanometers by using carbon 

nanotube as the AFM tip, which is attached to the end of a commercial AFM tip. 

This very sharp tip can provide higher imaging resolution [14-15]. The 

conductivity of the tip can be increased by doping the silicon or coating a thin 

conductive layer on the silicon or silicon nitride tip. This coated tip has a greater 

curvature radius than an uncoated tip, generally 30 to 60 nm. The tip is 

mounted at the end of a small cantilever. The cantilever may be in a triangular 

shape or in a rectangular shape. The cantilevers are classified as contact 

cantilevers and non-contact cantilevers, according to their spring constants and 

resonance frequencies. Contact cantilevers have small spring constants and 

low resonance frequencies. On the other hand, non-contact cantilevers have 

large spring constants and high resonance frequencies. The scanner is a 

piezoelectric tube composed of PZT and dopants. The piezoelectric scanner 

can be connected with the tip or with the sample. The function of the 

piezoelectric scanner in the AFM is to move the tip or the sample in the X, Y 

and Z directions with sub-angstrom resolution. The piezoelectric scanner 
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connected with the tip is called scanned tip, while the piezoelectric scanner 

connected with the sample is called scanned sample. Most of the AFM systems 

utilize an optic deflection sensor to measure the vertical deflection of the 

cantilever. A laser beam shines on the reflective backside of the cantilever and 

is reflected to a position-sensitive photodetector consisting of two side-by-side 

photodiodes. A small deflection of the cantilever will tilt the reflected beam and 

change the position of beam on the photodetector. The difference between the 

signals of the two photodiodes indicates the position of the laser spot on the 

detector, and thus results in the angular deflection of the cantilever. 
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Fig.2-1 The schematic plot of the relationship between Van der Waals force and 

tip-sample separation. 

 

In principle, a sharp tip scans over the sample surface in near-field. The Van 

der Waals interaction between the tip and the sample is utilized to determine 

the surface properties. As illustrated in Figure 2-1, when the separation is large 

(the right part), the attractive force is small and changes a little with the variation 
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of tip-sample separation therefore, the attractive force can be neglected. 

However, while the force changes with the variation of tip-sample separation, it 

cannot be neglected when the separation is less than hundreds of angstroms. 

AFM utilizes the relationship of force versus separation to provide surface 

properties. AFM is generally operated in two modes. The first mode is the 

constant force mode. In this mode, the electronic feedback is switched on, the 

piezoelectric scanner responds to any changes in force which are detected, and 

it alters the tip-sample separation to restore the force to a pre-determined value. 

Figure 2-2 is a schematic diagram of a scanned sample AFM in constant force 

mode. The cantilever, photodetector, electronics, scanner, and sample form a 

feedback loop. As the tip is scanned over the sample surface, the separation 

between the tip and the sample is kept constant by the feedback loop, therefore, 

the tip moves across the surface topography and provides information about 

surface properties. The second mode is the constant height mode with the 

electronic feedback switched off. It is particularly useful for imaging very flat 

samples at high resolution.  
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Fig.2-2 Schematic diagram of a scanned sample AFM. 
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There are three imaging methods in AFM. The first one is the contact mode, 

also called the DC mode or static mode. The force between the tip and the 

sample is a repulsive force (see Figure 2-1), and contact cantilevers (soft 

cantilevers) are used. The tip always comes into contact with the sample 

surface and the cantilever deflection is kept constant during scanning. Both the 

vertical deflection and the lateral static deflection of the cantilever are recorded. 

Hence, topography and lateral force microscopy (LFM) image can be obtained 

simultaneously. LFM image is helpful in the differentiation of the surface 

containing the different chemical materials which have different frictional 

properties [16]. The second and third methods are the non-contact mode and 

the intermittent mode (semi-contact mode), respectively. They are classified as 

the AC mode or the resonant mode, because the cantilever oscillates during 

scanning. In the non-contact mode, the probe is vibrated at a fixed frequency 

near the surface with a separation of tens to hundreds of angstroms during 

scanning, the variation of the attractive force between the tip and the sample 

causes a frequency shift in the resonance frequency of the cantilever that is 

used to operate the feedback. In the intermittent mode, the probe is also 

vibrated at a fixed frequency but comes into contact with the sample surface, 

and the variation of the repulsive force induces a damping of the cantilever 

oscillation amplitude that is used to operate the feedback. Local surface 

properties, such as adhesion [17], elasticity [18] can be measured by recording 

the phase lag of the cantilever oscillation relative to the driving signal in a 

second acquisition channel during imaging. Using a conductive tip or chemically 

modified tip, the electric [19-21], magnetic [22], chemical [23-24], ferroelectric 

[25-28], and mechanical properties [29-30] can also be characterized. In 
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addition, the contact mode and the intermittent contact mode can be operated in 

liquid; therefore, AFM can be used to characterize biomaterials in physiological 

condition [31-32]. The main feature and general application of AFM is to 

visualize surface properties of materials with high spatial resolution [33-34]. The 

imaging force can be as low as 10-7 -12N in air and 10  N or less in liquids, The 

scanning range can be as small as a few nanometers or as large as tens of 

microns at different temperatures and pressures [35-36].  

 

2.2 Nanofabrication by AFM 

 

Apart from visualizing the surface property, AFM is used for nanofabrication and 

nanoforce sensing.  

 

2.2.1 Nanoforce Sensing 

AFM has high sensitivity in measuring weak force as low as piconewton; 

therefore it is used as a force sensor to sense weak interactions between two 

biomolecules. 

 

The first method is to measure weak biomolecular interactions under 

physiological conditions, such as molecular recognition between antibody and 

antigen; between receptor and ligand; and in complimentary strands of DNA, 

which are very important for life science, but are too weak to be detected by 

conventional force test techniques. One type of the two interacting molecules is 

immobilized to a soft tip with a known spring constant, and the other one to the 

substrate. The two types of molecules would interact with each other when the 
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tip approaches the substrate surface and stays for a certain time (Figure 2-3a). 

Then the tip is retracted from the surface (Figure 2-3b). The deflection of the 

cantilever versus the distance is recorded on approach and retraction, and is 

directly converted into force versus distance based on the spring constant using 

Hooke’s law (Figure 2-3c). The interaction between the two types of 

biomolecules results in a deflection of the cantilever toward the substrate during 

retraction, exerting greater force than that during approach in the force-distance 

curve. Several types of interaction between biomolecules, such as the adhesive 

force between individual ligand and receptor pairs [37-38]; streptavidin and 

biotin pairs [39]; single complementary strands of DNA [40]; antigen and 

antibody of proteins; and two cell adhesion molecules [41-44], were 
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Fig.2-3 Schematic diagram for the determination of the interaction between 

biomolecules. (a) Attach at the surface  (b) Retract from the surface (c) Force vs. 

distance curves.     and      are a pair of biomolecules [12]. 
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quantitatively measured at a nanonewton scale [12]. 

 

The second method is to use the nanomechanical AFM cantilever array for 

label-free biodetection. Intermolecular forces arising from adsorption of small 

molecules induce surface stress, which causes mechanical bending of a 

cantilever [45]. This can be utilized to realize molecular recognition. Similar to 

the first method, one type of molecules is immobilized on the cantilever, which 

is incubated in a solution containing the other type of molecules. The interaction 

between the two types of molecules causes the mechanical bending and is 

measured. In this method, labeling, optical excitation, or external probes, is not 

required. However, the result is not reliable from a single cantilever. A reference 

cantilever is generally adopted. Using the AFM cantilever array, multiple label-

free biodetection can be realized by immobilizing different biomolecules on 

different cantilevers, thus different interactions are measured independently in 

the solution containing various molecules (Figure 2-4). DNA hybridization, 

receptor-ligand bind, and protein recognition were detected through 

nanomechanical cantilever array at high sensitivity (concentration less than tens 

of µM) and with high efficiency (within several minutes) [46-49]. 
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Fig.2-4 (a) The preparation of an active cantilever biosensor array and an 

illustration of the basic principle of nanomechanical label-free biodetection 

(inset). The incubation of individual gold-coated cantilevers (dimensions: 500 × 

100×1 μm) in microcapillaries, each containing a different solution of thiolated 

probe DNA. (b) Absolute deflection signals from an eight-cantilever array were 

monitored in real time. (c) Detection of 250 nM BioB1C in the presence of 20 

μM BioB7C [49]. 

 

2.2.2 Nanofabrication by Physically or Mechanically Modifying Surfaces 

The AFM tip is used to physically or mechanically modify the sample surface by 

applying certain load or bias, resulting in nanopatterns on the surface. 
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2.2.2.1 AFM Tip Manipulation of Nanoclusters, Nanoparticles and Biomolecules 

The AFM tip is used to manipulate and position nanoclusters or nanoparticles 

(weakly adsorbed on the surface) to a desired place, thus forming 2D or 3D 

nanopatterns. The procedure can be conducted in a contact or a non-contact 

mode. In a contact mode, nanoparticles or nanoclusters are displaced by 

applying a higher load than that used for imaging. In a non-contact mode, two 

methods are adopted to manipulate and position these nanoparticles or 

nanoclusters. The first method is to switch off the feedback system when the tip 

approaches the desired nanoparticle or nanocluster while scanning. The 

resulting tip-particle contact can further push the particle to a new position. The 

second method is to change the setpoint when the tip is approaching the 

particle. The tip would contact the particle and further push it to a new position.  

 

In the early days of visualizing surface with AFM in a contact mode, 

nanoparticles weakly bound on the surface were displaced to another position if 

the tip scans at a higher load [50-51]. It was viewed as an obstacle for imaging. 

Clever researchers realized that they can construct nanopatterns by 

manipulating these weakly bound nanoparticles or nanoclusters to a desired 

position.  Nanoparticles or nanoclusters, such as C60, Ag, Au, Pd, GaAs, and 

Cu were manipulated to form desired 2D and 3D nanopatterns [52-58]. Recently, 

multiwall carbon nanotubes and single-walled carbon nanotubes have also 

been manipulated by an AFM tip. The mechanical behavior between carbon 

nanotubes and the substrates and that of individual single-walled carbon 

nanotubes were studied. Furthermore, carbon nanotubes junction and electrical 

contact were created with AFM [59-62].  
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AFM can not only capture the image, but also manipulate the biomolecules from 

the level of the cell down to the scale of single molecules. Nanomanipulation 

can be conducted in a contact or a non-contact mode to dissect, push, arrange 

or extract bulky or single biomolecules.  

 

 

 In 1992, Hansma [63] and Henderson [64] reported for the first time the 

dissection of plasmid DNA using an AFM tip. Recently, dissection can be 

conducted within a single DNA molecule at nanometer precision (Figure 2-5a). 

The DNA fragments were pushed with an AFM tip in order to isolate a particular 

DNA fragment from a genome DNA molecule, or form artificial nanostructures 

on a solid surface (Figure 2-5b). The load on the tip during the pushing process 

should be greater than the imaging load and less than the cutting load [65-67]. 

Chromosome, protein and membrane can be also dissected with an AFM tip 

[68-73]. The forces applied on the tip ranged between 20 nN and 17 µN, 

depending on the tips and the biomolecules. The dissection was conducted by 

first scanning the sample surface in a tapping mode, then during the second  

 
(a)  (b)

 

 

 

 

 

Fig.2-5 (a) AFM image (300 × 300 nm) of a DNA strand cut by an AFM tip. (b) 

AFM image (500 × 500 nm) of a letter “N” from DNA molecules by pushing with 

the AFM tip [65]. 
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scanning, the tip is lowered down onto the surface of the intended site. This 

experiment was repeating until the biomolecules broken. After the dissection of 

chromosome, protein, and membrane, it became convenient to extract a single 

DNA molecule from the chromosome with an AFM tip [68-70] and to investigate 

the inner structures [72-75]. In addition, AFM can disrupt the antigen and 

antibody bonds at applied forces of >0.8 nN [76]. 

 

2.2.2.2 Force Nanolithography or Direct Mechanical Modification 

A rigid AFM tip is used to mechanically modify a soft sample surface by 

applying certain loads in the range of 1000 to1500 nN depending on the 

substrate. More rigid cantilevers and greater loads are needed for harder 

samples. It should be noted that the tip may become dull or may break if the 

sample is too hard. Force lithography can be conducted in a contact mode or a 

semi-contact mode. In a contact mode, the contact force not only causes 

difficulties in the tip moving direction but also creates undesired features on the 

sample surface, especially on soft materials. Hence, it is better to conduct force 

lithography in a semi-conduct mode. A schematic illustration of force lithography 

is shown in Figure 2-6a, while Figure 2-6b shows a storage field with the IBM 

logo (writing with the 32×32 cantilevers array) represented by bit 

indentation/separation equivalent to a storage density of 100 to 200 Gbit/in.2 

created by force nanolithography. Applied load, lithography speed, and 

lithography cycles affect the pattern height and surface roughness. 

 

The evolution of force nanolithography is based on previous experimental 

observations. Blackman and colleague [77] found that the upper layers of the 
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Langmuir-Blodgett films of cadmium arachidate were easily worn away by an 

AFM tip when they investigated the tribological properties of these films. Force 

nanolithography was then developed with increased load applied on the tip to 

create micro to nanoscale patterns on the sample surface [77-81].  

 

(a) (b)  

 

 

 

 

 

 

 Fig.2-6 (a) Schematic illustration of force nanolithography. (b) A storage field 

with IBM logo (writing with the 32×32 cantilevers array) represented by bit 

indentation/separation equivalent to a storage density of 100-200 Gbit/in.2 [98]. 

 

Patterns on soft materials were fabricated directly with force lithography. 

Micrometer sized patterns were fabricated with the tip having a larger curvature 

radius. Yun Kim et al., named the technique as micromachining in 1992 [50-

51,81]. With the development of the AFM tip, the curvature radius of an AFM tip 

was reduced to smaller than 10 nm. Nanopatterns were fabricated on various 

materials, e.g., metal chalcogenide (SnSe  and NbSe2 2) [82], Au or Pd 

nanocluster films [55], metal surfaces (Ni, Cu, Au), diamond-like carbon thin 

films, polymer, and single crystal silicon [83-88]. Nanostructures can be 

fabricated using force nanolithography with a heated tip. This work was 
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developed by the IBM research group. In 1992, this grpup heated the AFM tip 

with an infrared laser, which is illustrated in Figure 2-7. The focused laser beam 

propagates through transparent poly(methyl methacrylate) (PMMA) sample and 

shines on the tip. The tip surface is coated with a thin layer of gold for absorbing 

the light, which increased the tip temperature to more than 120oC. And a small 

pit and lines were constructed at the contact site on PMMA surface. The pattern 

size is determined by laser power, pulse width and static load [89-91]. The 

group then integrated piezoresistive sensors for data readback and resistive tip 

heaters in the cantilever, resulting in a simplified AFM thermomechanical 

recording and increased data rate and storage density with  a data storage 

densities of up to 1 TBit/in.2   [92-94]. The data rate of thermomechanical writing 

with a single tip is low and cannot be competitive for data storage or lithography. 

In 1999, the IBM research group micro-fabricated a 5 × 5 and a 32×32 2D 

cantilever arrays for parallel operation [95-96]. The arrays could provide 

ultrahigh density, and high-speed data storage. The group obtained initial areal 

densities of 100 to 200 Gbit/in.2 with the 32×32 2D cantilever arrays (Figure 2-

6b), which can be improved in the future. At the same time, the writing patterns 

can be erased by thermal reflow of a rectangular storage field as a whole [97-

98].   
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Tip coated with gold 

 for absorbing light 

Infrared laser 

 

 

 

 

 

Fig.2-7 The simplified experimental setup for performing thermomechanical 

writing with an AFM tip [89]. 

 

Nanopatterns were fabrication on hard materials with the combination of a 

sacrificial layer and various selective etching techniques. For hard materials, 

such as semiconductor crystals or oxide layers, direct fabrication on them 

makes the silicon tip degrade rapidly. Furthermore, direct patterning often 

resulted in defects around the patterned structure, making it unsuitable for 

nanodevices, even though the fabrication has high precision. A better method to 

resolve this problem is to coat one or two thin soft sacrificial layers with a 

thickness of several nanometers, such as polymers, III-V semiconductors (10 

nm deep) or soft metals (Al, Ti) on the surface. Patterns are first fabricated on 

the sacrificial layer. Desired nanometer scale patterns can be finally obtained 

through selective etching and after removing the sacrificial layer [99-106]. Other 

than using selective etching, nanopatterns were first fabricated on the sacrificial 

layer via force nanolithography, gold was then deposited on the exposed 

portions of the substrate (Ge) through an electroless deposition. The desired 

metallic features were last obtained through removing the resist layer. The gold 
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pattern may be discrete gold nanoparticles or continuous metallic structures, 

depending on the deposition time [107]. 

 

Force nanolithography is very useful in the fabrication of nanodevices, 

especially on a nonconducting substrate, that can not be oxidized with AFM tip-

directed nanooxidation. Semiconductor quantum point contacts [108-109], 

weaklink Josephson junction [110], nanoscale transistor [111], and single 

electron transistor (SET) [112] were fabricated with the combination of force 

lithography and selective etching. The maximum critical current density jc of a 

single Josephson junction with a typical width of 100 nm (fabricated with the 

combination of force lithography and selective etching) is 5.1×106 A/cm2 [110].  

  

2.2.2.3 AFM Assisted Electrostatic Nanolithography (AFMEN) 

As described above, nanostructures of polymers can be fabricated via force 

nanolithography due to mechanical or thermomechanical modification. In 

addition, Lyuksyutov introduced an alternative AFM-nanolithography named 

electrostatic nanolithography. In this method, an electric field (5 to 50V) is 

applied between a conductive AFM tip and a thin film of polymer with a 

thickness of 20 to 100 nm spin coated on a bottom electrode in a contact mode 

or a amplitude-modulated mode. The applied electric field induces an electronic 

breakdown of the polymer resulting into charge transport through the polymer 

and a localized Joule heating of nano-amounts of polymer above its glass 

transition temperature. Applied with a current of 1-10 nA, electrostatic attraction 

of softened polymer film toward the AFM tips in the strong (108 to 109 V/m) non-

uniform electric field produces protruded nanopatterns with 5 to 100 nm in width 
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and 0.1 to100 nm in height, and the nanopatterns can be removed through 

heating the film above Tg without an applied potential, demonstrating that no 

removal or crosslinking of polymer occurs during pattern formation [113-115]. 

Electrostatic nanolithography produces nanopatterns on various polymer 

surfaces with high resolution and much higher processing speed (less than 1 µs 

for fabricating a nanostructure). Making it has potential applications for data 

storage devices, sensors and nanoscale electron devices with polymers. 

 

2.2.2.4 Polarizing Ferroelectric Materials 

Apart from detecting ferroelectric domain, AFM can also polarize ferroelectric 

materials at a nanometer scale. In the conventional polarizing method, 

ferroelectric materials are sandwiched between a bottom and a top electrode. 

Then DC voltage is applied. The conventional polarizing method can only 

polarize a large area of a sample. AFM can be used to locally polarize 

ferroelectric material, producing ferroelectric domains in a nanometer scale. 

Furthermore, AFM can detect the ferroelectric domain after polarizing. For AFM 

polarizing and detecting, ferroelectric material is prepared on a bottom electrode.  

A conductive AFM tip is used for imaging as well as for polarizing (as the top 

electrode). The sample is polarized by applying a certain DC voltage between 

the tip and the bottom electrode in contact mode. Ferroelectric information is 

obtained by applying a small oscillating voltage (less than 20 V) and a 

frequency of 1 kHz between the tip and the substrate. The experimental setup is 

illustrated in Figure 2-8a. The applied AC field induces the converse 

piezoelectric effect, which modulates the tip position normal to the surface with 

the excitation frequency. The resulting information passes through a “lock-in 
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amplifier”, and output ferroelectric information of the surface. The 

piezoresponse force microscopy (PFM) signal is measured as the first harmonic 

component of bias-induced tip deflection ϕ)cos(0 ϕω ++= tAdd . Phase  

provides information about the polarization direction. For example, if the 

polarization vector points downwards, a positive biased tip results in the 

expansion of the sample and bias-induced surface oscillations are in phase with  
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Fig.2-8 (a) Experimental setup for the polarizing and measurement of 

piezoelectric properties using AFM. (b) Piezoelectricity image of P(VDF-TrFE) 

[116].  
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tip voltage ϕ =0o. On the other hand, if the polarization vector points upwards, 

then a positive biased tip results in the recession of the sample and bias- 

induced surface oscillations are out of phase with tip voltage ϕ =180o (Figure 2-

8b). Amplitude A  defines the local piezoresponse. At the same time, the 

“feedback system” provides the surface topography information. Therefore, 

PFM can provide information on polarization through local piezoresponse, i.e., 

the local ferroelectric polarity and domain structure.  

 

Micro- to nano-sized ferroelectric domains were polarized and visualized non-

destructively with AFM [116-126]. Figure 2-9a illustrates a close-up of 6 Gbit 

cm-2 array written with 3 ms, 10 V pulses. The domains can be erased and 

subsequently rewritten by the application of negative pulse and positive pulse, 

respectively. As shown in Figures 2-9b, 2-9c and 2-9d, three domains were 

sequentially erased by the application of -10 V pulses. Subsequently, the 

bottom left domain was rewritten with the original 3 ms, 10 V pulse.  The center 

domain was then rewritten, and the bottom left domain was re-erased [125]. 

This provides a possible alternate method for preparing piezoelectric, 

pyroelectric, and non-volatile random access memory nanodevices.  
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Fabrication of Ferroelectric Micro- to Nano-structures via DPN 

Chapter 3 Fabrication of Ferroelectric Micro- to 

Nanostructures via Dip-pen Nanolithography 

 

 

3.1 Introduction 

 

As described in Chapter 2, dip-pen nanolithography (DPN) has been used to 

fabricate micro- and nanostructures with various materials, such as 

biomolecules [209-232], polymers [199-204], inorganic salts [237-239], metal 

nanoclusters [236] as well as magnetic materials [233-235]. However, DPN 

on ferroelectric polymers has not been reported. 

 

Polymers with ferroelectric properties are an important class of functional 

materials with potential applications in electrical, optical, biomedical, robotic, 

and sensing devices. Typical ferroelectric polymers contain 

polyvinylidenedifluoride (PVDF) and its related copolymers and derivatives. 

Among the known ferroelectric polymers, poly(vinylidene fluoride-

trifluorethylene [P(VDF-TrFE)] shows the highest ferroelectric polarization 

and electromechanical response; therefore, it is widely used as acoustic 

sensors and transducers with a thickness of several to tens of microns [252-

254]. Thin films of P(VDF-TrFE)  is helpful in the investigation of the 

ferroelectric phenomena in low-dimension system. Furthermore, thin films 

have potential applications in optical, electronic, and sensing technologies.  
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The conventional methods to prepare thin films of P(VDF-TrFE) are spin 

coating and Langmuir-Blodgett Monolayer Transfer Technique (Figure 3-1). 

Spin coating is used to coat the wafer with material which is originally in the 

liquid form. The liquid is dispensed onto the wafer surface in predetermined 

amount and the wafer is rapidly rotated (up to 6000 rpm). During spinning the 

liquid is uniformly distributed on the surface by centrifugal forces, and the 

material is then solidified when baked at low temperature (typically <200 oC). 

However, spin coating is suitable for preparing thin films with a thickness of 

tens to several hundreds of nanometers, but not suitable for controlling the 

nanostructure scale. Langmuir-Blodgett monolayer transfer technique is used 

to deposit an insoluble spread monolayer of atoms or molecules floating at 

the gas/liquid interface onto a solid substrate by successively dipping a solid 

substrate up and down through the monolayer, while simultaneously keeping 

the molecular density or surface pressure constant by a computer controlled 

feedback system between the electrobalance measuring the surface 

pressure and a barrier moving mechanism controlling the available area for 

the monolayer molecules. Consequently, the floating monolayer with 

precisely controlled properties is adsorbed to the solid substrate. In this way 

multilayer structures of hundreds of layers can be produced. However, 

Langmuir-Blodgett monolayer transfer technique can only control the film 

thickness to a nanometer-scale. It is difficult to control the lateral direction to 

a nanometer-scale. In this project, we propose DPN to prepare thin film of 

P(VDF-TrFE). DPN utilizes a coated AFM tip to deposit chemicals to a 

substrate of interest. DPN has the advantages to control the pattern to a 

nanometer scale in both spatial and lateral directions. Therefore, DPN is 
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selected to construct micro- and nanostructures composed of the 

ferroelectric polymer, P(VDF-TrFE). 
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Fig.3-1 Schematic diagram of the methods for the preparation of thin film of 

P(VDF-TrFE).  

 

 

3.2 Experimental 

 

P(VDF-TrFE 80:20) with a mole ration of 80/20 for VDF/TrFE was purchased 

from Piezotech SA, France while acetone (99.5%) was purchased from Ajax 

Finechem. The two chemicals were used as received. 
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Contact “golden” silicon cantilevers (CSG11) were purchased from NT-MDT, 

Russia. The typical spring constant, tip curvature radius and resonance 

frequency of the contact silicon cantilever was about 0.03 N/m, 10 nm and 10 

kHz (provided by the supplier), respectively. 

 

DPN patterning and pattern imaging were conducted using a commercial 

AFM (Solver P47H, NT-MDT, Russia). A field emission scanning electron 

microscope (FE-SEM) (JSM-6335F field emission SEM by JEOL, Japan) 

was used to visualize the AFM tip. Sputtering was conducted using 

ExplorerTM 14 Denton Vacuum, U.S.A, and X-ray photoelectron 

spectroscopy (XPS) was measured with Physical Electronics PHI 5600, 

U.S.A. 

 

 

3.3 Results and Discussion 

 

3.3.1 Examination of Coated Tip with FE-SEM 

The ink solution was prepared as follows: 3.6 mg of P(VDF-TrFE) was 

dissolved in 5 ml acetone, stirred for 5 minutes to obtain a clear solution, and 

sealed until it was to be used.  

 

In DPN, the cantilever should be soft enough to avoid the likelihood of 

scratching the substrate surface. Therefore, very soft cantilevers, CSG11, 

were used for DPN patterning and AFM imaging. The CSG11 tip was coated 

by dipping the cantilever in the ink solution for 1 minute, and was dried in air. 
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Acetone is a volatile solvent, hence, P(VDF-TrFE) remained on the cantilever 

surface after the volatilization of the acetone.  

 

 (a) 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3-2 FE-SEM micrographs of the AFM before (a) and after (b) coated with 

P(VDF-TrFE). 
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The tip was visualized with a field emission scanning electron microscopy at 

9.6×10-5Pa. Figure 3-2 shows the comparison of the FE-SEM micrographs of 

the tip before and after coating with P(VDF-TrFE). For a new Si tip, it is clean 

(Figure 3-2a). After coating, the surface was covered with a thin film of 

P(VDF-TrFE) (Figure 3-2b). This demonstrates that we can use the coated 

silicon tip for DPN. 

 

3.3.2 Fabrication of Micro- to Nano-patterns on Gold Substrate with 

P(VDF-TrFE) Coated AFM Tip 

The polycrystalline gold substrate is prepared by sputtering a layer of 30 nm 

gold on top of n-doped Si (100) wafer covered with silicon oxide with a 

thickness of 40 nm (measured via ellipsometry) with a titanium adhesion 

layer of 10 nm. Figures 3-3a and 3-3b show the surface topography and 

lateral force microscopy (LFM) images of the gold substrate. LFM measures 

the frictional forces on a surface. By measuring the “twist” of the cantilever,  

 

 

1.0 µm   1.0 µm 

(a) (b) 

 

 

 

 

 

 

Fig.3-3 Topographic (a) and lateral force microscopy (b) images of the 

polycrystalline gold.  
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rather than merely its deflection, areas of higher and lower friction can be 

qualitatively determined. Both images are uniform. The roughness of the 

polycrystalline gold film surface is about 0.6 nm. 

 

DPN patterning was operated in contact mode with a contact force of 2.0 nN. 

The fabricated patterns are viewed via topographic images as well as lateral 

force microscopy images. Figure 3-4 illustrates micro- and nano-patterns of 

P(VDF-TrFE) on gold substrate fabricated via DPN. Figure 3-4a is the 

topographic image written at a different contact time. The areas covered with 

P(VDF-TrFE) exhibit brighter contrast, which means these areas are  higher 

than the neighboring areas. P(VDF-TrFE) cannot be clearly seen in 

topographic image for short contact time, e.g., one and two minute(s) in 

Figure 3-4a. However, the lateral force microscopy image (Figure 3-4b) gives 

black contrast, demonstrating that polymer has been deposited on gold 

successfully. Increasing the contact time to longer than two minutes, the 

polymer can be seen in topographic image. For 3-, 4- and 5 minutes 

duration, the heights of the points are shorter than those points obtained at a 

longer duration. For a much longer duration (longer than 5 minutes), the 

polymer patterns have the same height, about 1.0 nm, illustrating uniform 

P(VDF-TrFE)  pattern formed on gold. This result is similar to the formation 

of Self-Assembled Monolayer (SAM) of thiol on gold. At low concentrations, 

the alkane chains maximized their interaction with gold surface by lying 

prone. The thiol molecules did not densely assemble themselves on gold 

surface resulting in low spatial resolution. When the concentration reaches a 

critical value, the thiol molecules densely assemble themselves and align on  
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Fig.3-4 Micro and nanopatterns of P(VDF-TrFE) on gold substrate fabricated 

via DPN at 22oC. (a) Topography of point array written at different contact 

time at relative humidity of 7%. The contact times for these dots are 1, 2, 3, 

4, 5, 6, 8, 10, 12, 15, 20 and 30min, respectively. (b) Lateral force image of 

the point array obtained simultaneously with (a). (c) Lateral force image of a 

word “POLYME” written with an AFM tip coated with P(VDF-TrFE) at  relative 

humidity of 64%, writing rate :156 Å/s. 
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gold surface, forming SAMs [255-257].  Similarly, P(VDF-TrFE) deposited on 

the gold substrate increases as the contact time increases and then forms 

patterns with a uniform thickness after a critical concentration ( ). The 

density of P(VDF-TrFE) was measured to be 349 kg/m

rC

3. The dot area was 

calculated to be 64209 nm2 when the contact time is 6 minutes. As the 

thickness is 1 nm, hence the volume of P(VDF-TrFE) was calculated to be 

64209 nm3. The mass of P(VDF-TrFE) in the pattern was calculated to be 

2.24×10-17 -4 g. Then surface concentration  was calculated to 3.49×10rC

g/m2. 

 

Figure 3-4b shows the corresponding lateral force microscopy (LFM) image 

obtained at the same time with the topographic image in Figure 3-4a. The 

P(VDF-TrFE) dark spots created via DPN can be clearly seen. DPN was 

conducted at 22oC and 7% relative humidity (RH). As compared with the gold 

substrate, the hydrophobic polymer layer of P(VDF-TrFE) provides a lower 

friction force to the AFM tip so that a dark contrast appears in the LFM image, 

giving the same trend as ODT as shown in Figure 2-14b but with a much 

slower transport rate [194]. The slower transport rate was probably caused 

by the properties of the polymer and the interaction between the ink and the 

substrate.  

 

DPN can be used to fabricate arbitrary patterns in addition to dot by 

controlling the tip motion. Figure 3-4c shows the six letters “POLYME” written 

with an AFM tip coated with P(VDF-TrFE) at a relative humidity of 64% and 

writing rate of 156 Å/s. The line width is about 32 nm, which can be further 
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reduced by reducing the writing rate during pattern formation or utilizing 

much sharper tips. 

 

3.3.3 XPS Analysis of DPN-generated P(VDF-TrFE) Patterns 

To further prove that the formation of these micro and nanopatterns is 

caused by the deposition of P(VDF-TrFE) rather than some other 

contaminants, an additional surface technique, x-ray photoelectron 

spectroscopy (XPS) was utilized, which was recently used to verify the 

results of DPN [199]. XPS survey and high resolution scan were collected 

with Physical Electronics PHI 5600. Figure 3-5a shows the schematic 

diagram of the sample analyzed by XPS. A rectangular mark was prepared 

on the silicon wafer covered with thin film of gold. Micrometer-sized patterns 

of P(VDF-TrFE) were then constructed via DPN within the mark. Finally, XPS 

analysis focused within the mark to analyze the element contents and the 

gold valence of the gold surface. Figures 3-5b and 3-5c show the XPS 

results of the F 1s and Au 4f, respectively. In Figure 3-5b, a weak peak 

emerged at 687.4 eV, which demonstrates that P(VDF-TrFE) was deposited 

to gold successfully. Figure 3-5c shows the Au 4f peak. The binding energy 

(83.7 eV) of gold was almost equal to the binding energy (84.0 eV) at its 

ground state. It can be concluded that the gold was in the metallic state. This 

demonstrates that the interaction between the polymer and the gold is Van 

der Waals’ force.  
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Fig.3-5 (a) Schematic diagram of the sample composed of DPN-generated 

P(VDF-TrFE) patterns within a mark analyzed with XPS. Results of the XPS 

for the F 1s (b) and Au 4f (c) spectra of the gold surface patterned with 

P(VDF-TrFE). 
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3.3.4 Mechanism of Deposition of P(VDF-TrFE) to Gold 

In previous report on DPN, the formation of chemical bonds and electrostatic 

interaction between the ink and substrate can result in DPN deposition. For 

example, in the gold (substrate) – thiol (ink) system, there is no doubt that 

the formation of Au-S covalent bonds is the chemical driving force for the 

deposition of thiol or thiolated molecules to gold substrate [195,202,211-214], 

and amine-terminated molecules can be deposited to aldehyde-terminated 

substrate due to the formation of Schiff base (-C=N-) [215]. In addition to the 

formation of covalent bond, the electrostatic interaction can also induce the 

deposition of some charged inks to oppositely charged surface [216]. 

However, for P(VDF-TrFE)-gold system, no effective chemical bond is 

formed, and no electrostatic interaction does exist. The deposition of P(VDF-

TrFE) to gold via DPN is only due to Van der Waals’ interaction between gold 

and P(VDF-TrFE) molecules. This demonstrates that formation of chemical 

bond or electrostatic interaction is not the sole requirement for DPN. It is well 

known that gold easily adsorbs gas, water and other chemicals to its surface, 

especially in this condition that all the gold particles are at a nanometer 

scale, which is very active to absorb other chemicals either through physical 

or chemical interaction. Therefore, most of DPN works utilized gold, as the 

substrate. Most of all, the gold must be fresh. DPN cannot be realized after 

the gold exposed to air for more than 60 hours. 
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3.3.5 Detection of Ferroelectric Properties in DPN-generated P(VDF-

TrFE) Patterns 

As described above, P(VDF-TrFE) in the DPN-generated patterns is in its 

molecular state without formation of covalent bond or electrostatic interaction 

with the gold. Does it have ferroelectricity? This is the key issue for the 

fabrication of optical/electronic nanodevices and nanosensors. The 

ferroelectric response is detected with AFM. A varied DC voltage was 

applied between a conductive AFM tip and the DPN-generated P(VDF-TrFE) 

pattern to detect the ferroelectric response. A circle was drawn by varying 

the voltage linearly from –10 V to +10 V anti-clockwise from point A, and as 

shown in Figure 3-6a, an asymmetric polarization was obtained. When a 

positive voltage was applied on the tip, there was no apparent change on the 

sample, while a negative voltage produced a protruded pattern on the 

surface. The greater the applied voltage is, the higher the protrusion is 

obtained. Figure 3-6b shows the same pattern after one hour, demonstrating 

that the protruded pattern slowly returned to its original state.  

 

Asymmetric phenomena have been observed by other researchers on very 

thin P(VDF-TrFE) films. Bune and coworkers [258-261] observed an 

asymmetric pyroelectricity in ultrathin ferroelectric Langmuir-Blodgett-

deposited polymer films on an Al-coated glass. They found that the bistable 

switching of polarization became monostable when the thicknesses of the 

films were decreased below 15 monolayers (ML). Chen and coworkers [262] 

also obtained the asymmetric piezoelectricity when they polarized thin 

P(VDF-TrFE) films (with thickness about 20 nm) on graphite. However,  
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Fig.3-6 The topography image obtained after applying a linearly varied DC 

voltage from -10V to +10V (between a conductive AFM tip and the sample) 

to draw a circle from point A counter-clockwise in (a). There was no apparent 

change in the sample when a positive voltage was applied, while a negative 

voltage produced a protruded pattern on the surface. The greater the voltage 

applied, the higher the protrusion obtained. The protruded pattern slowly 

returned to its original state after a certain time; (b) is the image of the same 

area after one hour. 
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symmetric piezoelectricity was obtained on thick film (60 nm in thickness). 

They believed that this was caused by the substrate induced orientation. A 

layer of the polymer is oriented at the interface of substrate and polymer 

layer leading to a significant dipole moment at this interface. From the 

direction of the dipole, they inferred that this orientation has the hydrogen 

oriented towards the substrate and the fluorine away.  

 

The P(VDF-TrFE) molecules were oriented on the gold during DPN process and 

form patterns with the same thickness of about 1 nm after a critical concentration. 

The thickness of one layer of P(VDF-TrFEE) was 0.5 nm [261], hence the P(VDF-

TrFE) patterns constructed via DPN should be two layers. Similarly, P(VDF-TrFE) 

molecules in these DPN-generated patterns were highly oriented on gold substrate 

due to the substrate effect. From the polarization result, the positive part of the 

P(VDF-TrFE) came into contact with gold, while the negative part was positioned 

away from the gold. Therefore, a net dipole moment pointing from the upper part to 

the gold was formed. A schematic diagram showing the uniform orientation of the 

P(VDF-TrFE) on the gold is  illustrated in Figure 3-7a. This implies that the 

structures of the P(VDF-TrFE) constructed via DPN possess ferroelectric properties. 

Though some researchers thought that ferroelectric polymer would lose 

ferroelectricity with a thin thickness. Bune and colleague [261] detected the 

polarization hysteresis loop of P(VDF-TrFE 70:30) [2 ML thick] at 25oC, as shown 

in Figure 3-7b. Saturation for the 2-ML film was incomplete; however, the 

ferroelectric switching was obtained, demonstrating that the 2-ML film of P(VDF-

TrFE) still possessed ferroelectric property. 
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Fig.3-7 (a) Schematic diagram of the orientation of P(VDF-TrFE) on gold. 

The positive part of the P(VDF-TrFE) contact with gold, while the negative 

part is positioned far from the gold. Therefore, a net dipole moment pointing 

from the upper part to the gold is formed. (b) Polarization hysteresis loop of 

the P(VDF-TrFE 70:30) 2 monolayers at 25oC measured by Bune et al’s 

[259].     

 

3.3.6 Kinetics of Diffusion of P(VDF-TrFE) on Gold 

In DPN, there are two steps. The first step is the deposition of the ink to the 

substrate surface, and the second is ink diffuses on the substrate surface 
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and forms patterns.  It is difficult to visualize the first step; therefore, 

researchers always utilize the results which are obtained from the second 

step to assume that the process occurring in the first step [245] or even 

neglect the first step by assuming the tip as an ink source without depletion 

during pattern formation [249]. Here the kinetics is studied by adopting the 

later method, i.e., neglecting the first step. 

 

Figure 3-8a-e are lateral force microscopy images of P(VDF-TrFE) points 

array at 25oC for 60 s (a), 120 s (b), 180 s (c), 240 s(d), and 300 s (e), 

respectively. The tests were repeated for five times at the same temperature, 

relative humidity and with the same ink but with five independent tips and 

substrates. The averaged data was used to do scaling analysis, and the 

standard deviations were illustrated as the error bars. Figure 3-8 f shows the 

curve of dot radius ( r ) as a function of contact time ( t ), and the curve of dot 

area ( 2
1

tr ∝A ) as a function of contact time ( ). It is found that t  and . tA ∝

 

Figures 3-9a and 3-9b show the lateral force images of lines written with an 

AFM tip coated with P(VDF-TrFE) at 25oC and relative humidity of 64%. 

Figure 3-9c shows the line width (W ) versus inverse rate ( ), and the 

curve of ~ . Similarly, the data was average from five independent 

measurements. The error bars in Figures 3-9c are standard deviations. The 

same trend as for dots pattern was obtained, i. e, 

1−υ

2W 1−υ

2
1−

∝υW  and  12 −∝υW
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Fig.3-8 Lateral force images of P(VDF-TrFE) points array at 25oC and 

relative humidity of 64% for 60 s (a), 120 s (b), 180 s (c), 240 s (d) and 300 s 

(e) respectively. (f) is the curve of dot radius and dot area as a function of 
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contact time averaged from five independent measurements. The error bars 

are standard deviations. 
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Fig.3-9 Lateral force images of three lines (a) and six lines (b) written with an 

AFM tip coated with P(VDF-TrFE) at 25oC, relative humidity of 64%. Panel (c) 

is line width ( ) ~ inverse rate ( ) and ~ . The error bars are 

standard deviations. 
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As stated above, P(VDF-TrFE) forms patterns on gold with uniform thickness 

after a critical concentration. It can be deduced that m (mass of polymer 

deposited on gold) was proportional to contact time. The tip coated with 

P(VDF-TrFE) can be thought of as a point source providing P(VDF-TrFE) 

without depletion during the DPN process. A simplified diffusion model 

adopting Fick’s first law to two dimensios was used to derive the relationship 

between dot radius and contact time. It was assumed: 

(1) The tip could provide sufficient P(VDF-TrFE) molecules for surface 

diffusion, and could model the AFM tip as a point source. P(VDF-TrFE) 

molecules diffuse radially from the AFM tip.  

(2) DPN process was controlled by P(VDF-TrFE) molecules diffusion on the 

gold surface. Diffusion coefficient ( D ) at a constant temperature was 

assumed as a constant.  

(3) was the concentration of P(VDF-TrFE) at the contact point where 

 when . 

0C

0=r 0=t

(4)  was the concentration of P(VDF-TrFE) at a distance of r from the 

contact point. 

rC

(5) The concentration was symmetrical with respect to , tends to 0 when 0=r

 for . 0>t∞→r

(6) The concentration gradient was the driving force for the P(VDF-TrFE) 

molecules diffusion. 

Figure 3-10 shows the schematic illustration of this process modified from 

Schawartz’s mathematical model [247]. O was the contact point between the 

tip and gold substrate.  
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Fig.3-10 The schematic plot of the DPN process with P(VDF-TrFE) ink. O is 

the contact point between the tip and the gold substrate, and is the 

concentration of P(VDF-TrFE) at point O.  is the concentration of P(VDF-

TrFE) at a distance of r from O. The concentration is symmetrical with 

respect to 

0C

rC

, tends to zero when 0=r ∞→r  for . The concentration 

gradient is the driving force for the P(VDF-TrFE) molecules diffusion. 

0>t

 

Fick’s fist law to two dimensions for a point source was adopted. The 

molecular flux ( ) can be expressed in this equation: F

 

dr
dCDrF π2−=                                                                                             (3-1)  

where C is surface concentration of P(VDF-TrFE). 

 

P(VDF-TrFE) formed micro- to nanostructures on gold with uniform thickness, 

obviously, the P(VDF-TrFE) molecule density ( ρ ) on gold surface was a 

constant.  can be also expressed in this equation: F

 

dt
rdr

dt
dAF πρρ 2

==                                                                                      (3-2) 

 91



Fabrication of Ferroelectric Micro- to Nano-structures via DPN 

 
Then  
 

dt
rdr

dr
dCDrF πρπ 22 ==                                                                               (3-3) 
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                                                                                                                    (3-5) 
 

2/) 2rtCD
=
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r  and t  can be expressed in equation (3-4) Then the relationship between 
 
  
                                                                                                                    (3-6)   tCr )(

ρ
CD

r
2

0 −=

 
Dot radius r  is proportional to .                                                  2/1t

 

By fitting to the data obtained at 25oC and a relative humidity of 64% for a 

P(VDF-TrFE) coated silicon tip, the following relationship can be obtained: 

 

                                                                                                                   (3-7) 2
1

6r ≈ 11. t

r  and t  is nm and s, respectively. The unit for 
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3.4 Summary 

 

In summary, the following results have been obtained: 

 

 For the first time, the micro- and nanostructures of a ferroelectric polymer, 

P(VDF-TrFE), were constructed via DPN onto the gold substrate. In LFM 

images, the hydrophobic polymer produced a black contrast. The thickness 

of the DPN-generated P(VDF-TrFE) patterns was about 1 nm when the 

surface concentration . Lines as thin as 32 nm and dot 

radius as small as 20 nm have been obtained. 

24 /1049.3 mgCr
−×≥

 

 The P(VDF-TrFE) molecules in the DPN-generated patterns were well 

oriented on the gold substrate due to the substrate effect and showed 

asymmetric properties. It thus held ferroelectric properties. This provides 

potential new opportunities for nanostructured sensor applications.  

 

 The interaction between the P(VDF-TrFE)  and the gold substrate was Van 

der Waals’ interaction rather than electrostatic interaction or the formation of 

covalent bond.  

 

2
1

t The growth rate of dot radii/line-width was proportional to . A simplified 

diffusion model adopting Fick’s first law to two dimensions for a point source 

was proposed, and                                has been obtained. tCr )(2
−= CD

r0ρ
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Anodic Nanooxidation, Force Nanolithography and Characterization of 
Protein Patterns with AFM 

Chapter 5 Anodic Nanooxidation, Force 

Nanolithography and Characterization of Protein 

Patterns with AFM  

 

5.1 Anodic Nanooxidation with AFM 

 

Local oxidation of semiconductor and metallic surfaces by atomic force 

microscopy (AFM) is a promising method to fabricate nanostructures for 

nanoelectric applications [177,192]. There are two methods to apply voltage, 

one is to apply a positive voltage to the sample, the other is to apply a 

negative voltage to the tip. Either tip negatively biased or sample positively 

biased depends on the AFM system. The formed oxide becomes protruded, 

with higher features on the sample surface.  This method is also named as 

anodic oxidation. 

 

5.1.1 Nanooxidation of silicon 

5.1.1.1 Experimental 

The samples are n-type Si(100) wafers with a resistance of 6 Ω·cm and 

thickness of 0.5 mm (Tianjin, China). Before use, the Si wafer was cleaned in 

clean room according to the following procedure: rinsed in deionized water 

(DI water) for 10 minutes and in CH3OH bath for 5 minutes with ultrasonic 

agitation to remove inorganic contaminants; then rinsed in acetone bath with 

ultrasonic agitation for 10 minutes to remove some organic materials, and 

rinsed with DI water again; followed dipping in Piranha solution 
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(H2SO4:30%H2O =3:1 (v:v)) at 90o
2 C for 20 minutes, and rinsed with DI water; 

finally dipped in HF solution [DI water:HF(w/w)=50:1] for 45 seconds to etch 

the native silicon oxide film, copiously rinsed with DI water for 10 minutes, 

and blown dry with ultrapure N .  2

 

The silicon cantilevers were coated with 25 nm TiN (MikroMasch). The 

typical force constant and resonance frequency of the cantilevers were about 

6 N/m and 155 kHz, respectively. Negative voltage was applied to the 

conduct tip with respect to the silicon substrate in semi-contact mode.  

 

5.1.1.2 Results and Discussion 

The typical surface morphology of Si wafer after the tip-induced oxidation by 

the application of -4, -5, -6, -7, and -8 V for 2 milliseconds is shown in 

Figure5-1a. An appreciable morphology change was observed only when the 
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Fig.5-1 The effect of applied voltage on the oxidation of Si. (a) AFM 

topographic image of silicon after nanooxidation (From left to right: -4 V, -5 V, 

-6 V, -7 V, and -8 V applied to the tip for 2 milliseconds at a relative humidity 

of 28% and 20oC. (b) The dependence of oxide height versus voltage.  
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sample bias value was above 4 V. A threshold voltage existed, which was 

consistent with Yashtake et al’s observation [191]. They obtained a threshold 

voltage of -5 V. The difference in threshold voltage arose from the sample. In 

their method, the silicon wafer was passivated with a native oxide layer; 

therefore, a higher threshold electric field was required. Figure 5-1b shows 

the dependence of silicon oxide height as a function of voltage. The height 

increased as the applied voltage increased. Hence, the electric field 

enhanced the tip-induced oxidation. 

 

Figure 5-2a shows the silicon wafer modified by the application of –8 V to the 

tip for 5, 10, 20, 40, and 80 milliseconds. Figure 5-2b shows the dependence 
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Fig.5-2 The effect of duration on the oxidation of Si. (a) AFM topographic 

image of silicon after nanooxidation by the application of –8 V at 20oC and at 

a relative humidity of 28% for 5, 10, 20, 40 and 80 milliseconds (from left to 

right), respectively. (b) The dependence of oxide height versus 2
1

t .  
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2
1

tof oxide height versus . The oxide height was roughly proportional to the 

square root of duration with 0.99 for R by linear fitting. That means the 

oxidation was limited by the diffusion of oxidizing products. 

 

Figure 5-3a shows the silicon wafer modified by the application of –10 V to 

the tip for 1 millisecond at a relative humidity of 54%, 44%, 34%, and 29% 

(from left to right), respectively, and Figure 5-3b shows the lateral contour of 

the lines. Both of the line width and line height increased as the relative 

humidity increased. The aspect ratios (height/width) for the four lines were 

0.051, 0.054, 0.063, and 0.069, which means that a reduced relative 

humidity can improve the aspect ratio. This result proved that water takes 

part in the electrochemical reaction during the tip–induced oxidation. The 

intense electric field produced O- ions, which oxidized silicon to form 
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Fig.5-3 The effect of relative humidity on the oxidation of Si. (a) AFM 

topographic image of silicon after nanooxidation by the application of –10 V 

for 1 millisecond at 20oC and at a relative humidity of 54%, 44%, 34% and 

29% (from left to right), respectively. (b) Lateral contour of the lines. 
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protruded silicon oxide [189]. Water, acting as a medium, could transport the 

ions to the silicon surface. The meniscus width increased as the relative 

humidity increased [243], and thus increased the reaction area. Therefore, 

the line width obtained at higher relative humidity was wider than that 

obtained at a lower relative humidity. The mechanism and kinetics about the 

local anodic oxidation have been studied by several research groups 

[166,173,174,179]. In this study, we did not focus on this field. Instead, we 

exploited the possibility in fabricating more complicated nanostructures by 

utilizing the obtained conditions. Complicated and three-dimensional 

structures were required in nanodevices in order to realize some special  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5-4 The Hong Kong Polytechnic University Logo (300 nm × 300 nm) 

fabricated using raster lithography at 20oC and a relative humidity of 28% by 

the application of voltage from -4 V to –8 V to the tip for 2 milliseconds to 5 

milliseconds. 
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functions. To fabricate complicated nanostructures has great significance. 

However, it is difficult to do so in a vector lithography, where oxidation is 

conducted by applying an equal voltage to the selected area, thus producing 

nanopatterns with the same thickness. Raster lithography method can realize 

this requirement by applying different voltage to different areas, thus 

producing nanopatterns which would contain features with different thickness. 

The value of the applied voltage to a definite site depends on its contrast in 

the given picture. Figure 5-4 shows a 300 nm × 300 nm POLYU Logo using a 

raster lithography at 20oC and a relative humidity of 28% by the application 

of voltage from -4 V to –8 V to the tip for 2 milliseconds to 5 milliseconds. It is 

possible to fabricate more complicate nanostructures by designing a picture 

with proper contrast. 

 

5.1.2 Nanomodification of Au 

It is well known that a negatively biased conductive AFM tip would oxidize 

semiconductors (Si, Ga, Ge) [163,166,168-172,190], and some transition 

metals (Ti, Al) [169,190]. However, for those noble metals such as Au and Pt 

which are not easily oxidized, would a biased AFM tip chemically modify their 

surfaces? We studied this using gold thin films prepared by sputtering and 

gold ball prepared by melting method. The modification method was the 

same as for nano-oxidation. 

 

Similar to semiconductors and transition metals, the negatively biased tip 

could modify the gold surface, and the modified areas became protruded. 

Figure 5-5a shows a line that was fabricated on a gold thin film by the  
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Fig.5-5 Nanopatterns on Gold film and gold ball by the application of certain 

voltage on a conductive AFM tip. (a) A line constructed on gold film with -6 V 

applied to the tip for 1 millisecond per point. (b) Two lines constructed on 

gold ball with -4 V applied to the tip for 0.15 and 0.2 milliseconds per point. (c) 

A 3 × 3 point array on gold ball constructed with -5 V applied to the tip for 0.1 

milliseconds per point. 
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application of -10 V to the conductive AFM tip for 1 millisecond per point. The 

thickness of the line ranges in 2~5 nm and the line width was about 37 nm. 

Nanofeatures can also be fabricated on a gold ball. Figure 5-5b shows two 

lines fabricated on a gold ball by the application of -4 V to the conductive 

AFM tip for 0.15 and 0.2 milliseconds per point. The averaged line thickness 

were about 2.2 and 2.5 nm, and the averaged line width were about 23 nm 

and 27 nm, respectively. Compared to the lines on the gold ball, the line on 

the gold thin film was not consecutive due to a much rougher surface. Figure 

5-5c shows a 3×3 point array on the gold ball fabricated by the application of 

-5 V to the conductive AFM tip for 0.1 milliseconds per point. The height of 

the dots ranged from 2 to 3 nm, and the diameter of the dots ranged from 22 

to 26 nm. There was no any cavity left after the modification. 

 

Figure 5-6 shows the dependence of the pattern height versus voltage. 

There also existed a threshold voltage. There was no any appreciable 

morphology change when the applied voltage was below -4 V. The pattern 

height increased linearly as the voltage increased when the electric field was 

above 4 V. 
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Fig.5-6 The dependence of pattern height versus voltage. 
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Fig.5-7 EDX spectra outside (a) and inside (b) the patterned area. 
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To check that the gold was oxidized or only physically changed due to the 

applied intense electric field, chemical composition inside and outside the 

patterned area was analyzed by EDX. The patterns were first found by FE-

SEM, then EDX analysis focused on these areas. Figure 5-7 shows EDX 

spectra outside (a) and inside (b) the patterned area. The oxygen content 

inside the patterned area (1.86%) was a little greater than that outside the 

patterned area (1.33%). Therefore, this is not convincing. Detailed works, 

such as XPS, should be conducted to clarify this process. 

t is very usecemonsthat-4V for 0.15 ms and 0.2 ms 

 

5.2 Force Nanolithography with AFM 

 

Force nanolithography is different from dip-pen nanolithography and 

nanooxidation, where the sample surface is mechanically modified by an 

AFM tip. This direct mechanical modification of a sample structure has 

proven to be very useful in the fabrication of nanodevices. Force 

nanolithography is usually done by using an AFM tip to scribe some patterns 

in a soft sample surface such as soft metals or polymers. For some hard 

samples, a thin layer of soft material on the hard sample can be used as a 

sacrificial layer. Nanopatterns were first fabricated on the soft layer by force 

nanolithography. Then the patterns were transferred to the hard samples 

with the combination of an appropriate etching process. 

 

 

 

 167



Anodic Nanooxidation, Force Nanolithography and Characterization of 
Protein Patterns with AFM 

 5.2.1 Experimental  

The same AFM (Solver P47) was used to scribe the samples and 

subsequently to measure the topographic images of the patterned surface. 

The cantilever for force nanolithography was noncontact silicon cantilevers 

(NSC11) from NT-MDT Company, which have a pyramidal diamond tip. The 

typical force constant, radius of curvature, and full tip cone angle are 48 N/m, 

10 nm, and 20o. 

 

Thin layers of a polymer PMMA (AZ1500, Korea) and PZT were prepared by 

spin coating onto silicon substrate. The thickness of the film can be 

controlled by the experimental conditions, and are measured with 

ellipsometry. The roughness of the prepared film is less than 0.1 nm. 

 

5.2.2 Force Nanolithography on PMMA 

Figure 5-8a shows the AFM topographic image of a point fabricated on a 

PMMA surface with a thickness of 200 nm by the application of 1.0 µN to the 

tip for 20 milliseconds. The modified area shows a triangular shape, which 

was caused by the tip shape. Figure 5-8b shows the section profile along the 

AA' direction. The pattern depth was about 90 nm. 

 

 

 

 

 

 

 168



Anodic Nanooxidation, Force Nanolithography and Characterization of 
Protein Patterns with AFM 

Russia)Thin film of PMMA was prepared by spin coating 

0 300 600 900 1200 1500
0

20

40

60

80

100

120

de
pt

h 
of

 th
e 

ho
le

 / 
nm

line scanning / nm

(b) 

300 nm 

(a) 

 

 

 

 

 

 

 

 

 

Fig.5-8 AFM topographic image of a point fabricated with 1.0 µN applied to 

the tip for 20 ms (a) and the section profile along the AA’ direction (b). 

 

Reducing the applied load to 0.6 µN, the created pattern is shown in Figure 

5-9a. The modified area also shows a triangular shape, which was caused by 

the tip shape. Figure 5-9b shows the section profile along the AA' direction. 

The pattern depth was about 70 nm. 
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Fig.5-9 AFM topographic image of a point fabribated with 0.6 µN applied to 

the tip for 20 ms (a) and the section profile along the AA’ direction (b). 

 

Further reducing the applied load to 0.25 µN, the created pattern is shown in 

Figure 5-10a. The modified area does not show a triangular shape, but looks 

like a short line. Figure 5-10b shows the section profile along the AA' 

direction. The pattern depth decreased to about 30 nm. 
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Fig.5-10 AFM topographic image of a point fabribated with 0.25 µN applied to 

the tip for 20 ms (a) and the section profile along the AA’ direction (b). 

 

When the applied load is further reduced to 0.15 µN, the created pattern 

shows a regular hole, as shown in Figure 5-11a. Figure 5-11b shows the 

section profile along the AA' direction. The pattern depth decreased to about 

15 nm. The HFW of the hole was 32 nm.  
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Fig.5-11 AFM topographic image of a point fabribated with 0.15 µN applied to 

the tip for 20 ms (a) and the section profile along the AA’ direction (b). 

 

Figure 5-12 shows the relationship between the loading force and the pit 

depth. The pit depth increased linearly with increasing loading force.  
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Fig.5-12 Relationship between the loading force and the pit depth, showing a 

roughly scaling behavior. The data are averaged from 5 independent 

measurements, and the error bars are standard deviations. 

 

A PMMA film with a thickness of 16 nm was prepared, and a 4 × 4 point 

array was created by utilizing a load of 0.15 µN and duration of 20 

milliseconds, as shown in Figure 5-13a. Figures 5-13b to 5-13f show the 

section profile along the line 1, 2, 3, 4, and 5, respectively. The repeatability 

is good. Real data storage density was of about 18 Gbit/inch2, which can be 

further improved by increasing the density and decreasing the tip radius. 
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Fig.5-13 (a) topographic image of a 4 × 4 point array created on a PMMA film 

with a thickness of 16 nm with 0.15 µN applied to the tip for 20 ms, and 

lateral contour of line 1 (b), line 2 (c), line 3 (d), line 4 (e) and line 5 (f).  
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Fig. 5-14 (a) A topographic image of four lines fabricated on a PMMA film 

with a thickness of 20 nm with 0.20 µN applied to the tip for 20 ms. (b) 

Lateral contour of line in (a). (c) A topographic image of a circle fabricated on 

a PMMA film with a thickness of 20 nm with 0.20 µN applied to the tip for 15 

ms. (d) Lateral contour of line in (c). (e) A topographic image of a rectangular 

fabricated on a PMMA film with a thickness of 16 nm with 0.15 µN applied to 

the tip for 20 ms,  and (f) Lateral contour of line  in (e).  

 175



Anodic Nanooxidation, Force Nanolithography and Characterization of 
Protein Patterns with AFM 

In addition to fabricating point array, force nanolithography can also be used 

to fabricate random pre-designed patterns on this soft polymer. Figure 5-14 

gives some examples.  

 

5.2.3 Force Nanolithography on PZT film 

The lead zirconate titanate (PZT) system has been subjected to intensive 

studies worldwide since its discovery. Advances in modern technology has 

already set this ferroelectric material at the center stage for application to 

piezoelectric, pyroelectric, non-volatile random assess memory devices, 

imaging systems sensors and actuators in smart and very smart structures 

due to its large remanent polarization, strong temperature dependence 

property of the spontaneous polarization below the Curie temperature TC, 

and relatively low temperature deposition process. As the sensors/actuators 

are becoming smaller and smaller, corresponding nanotechnologies to 

fabricate smaller nanostructures are required. PZT is a hard ceramic; 

therefore, direct fabrication of nanopatterns via force nanolithography on its 

surface is different, which would degrade the tip easily. Sol-gel is commonly 

used to produce PZT thin films for their easy composition control and low 

processing temperatures when compared with other techniques. In this study, 

we tried to construct nanopatterns on the PZT thin film before it is sintered. 
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Figures 5-15a and c show topographic images of PZT film after it was 

modified by force lithography. Holes and trenches can be fabricated on the 

surface as easily as that on the PMMA film. Force nanolithography on PZT 

sol-gel film may have potential applications in the fabrication of piezoelectric, 

pyroelectric, non-volatile random assess memory nanodevices, and to study 

the piezoelectric properties at a nanometer scale. 
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Fig.5-15 (a) The topographic image of a hole fabricated on PZT thin film with 

a thickness of 400 nm by the application of 0.5 µ N for 10 ms, and (b) lateral 

contour of the line in (a). (c) The topographic image of a line fabricated on 

PZT thin film with a thickness of 400 nm by the application of 0.5 µ N for 10 

ms, and (d) lateral contour of the line in (c). 
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In summary, force nanolithography can be used to fabricate nanopatterns on 

PMMA and an un-sintered PZT surface easily. Real data storage density of 

about 18 Gbit/inch2 has been obtained on PMMA. The pit depth increased 

linearly with the increasing applied load for PMMA. By controlling the film 

thickness and the applied load, the film can be scratched and the bottom 

substrate can be exposed. With the combination of a proper etching method, 

nanopatterns can be transferred into the bottom substrate.  
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5.3 Characterization of protein patterns with AFM 

 

5.3.1 Introduction 

Protein adsorption on solid surface is a very important and active area of 

research due to its potential applications from fundamental studies in cell 

biology to the development of various “biochip” platforms [283,284]. There 

are mainly two types of methods to study about protein adsorptions. The first 

type is to fabricate selective templates for protein adsorption to form micro to 

nanoscale protein patterns using techniques such as photolithography [285], 

micromaching [286], microfluidic channel networks [287,288], microcontact 

printing [148,289] and AFM-based nanotechnology, nanografting [149,150] 

and dip-pen nanolithography [202,211,213,215,227,228]. The second type 

for immobilizing protein in micro- or nanoscales is self-assembled 

monolayers (SAMs) [290,291]. Both types of methods are based on the 

modification of substrate surface property to realize selective adsorption.  

 

Gold, mica, glass and SiO2 are most often used as substrate materials for 

protein adsorption because their surface properties are easily modified by 

forming SAMs with high degree organization and physical robustness. 

Materials used to prepare SAMs on gold contain two terminated groups. One 

is ~SH, which forms Au-S covalent bond on gold [195]. The other terminated 

group with special property is exposed to the surface for protein adsorption 

due to the electrostatic interaction, hydrophobic interaction or formation of 

chemical bond between protein and the other terminated group. George and 
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colleague firstly reported the preparation of mixed SAMs by immersing gold 

in the solution containing two types of thiols [292–296]. They further studied 

the protein adsorption on the mixed SAMs and found the SAMs of thiol 

containing oligo(ethylene glycol) have high resistance to protein adsorption. 

They prepared mixed SAMs containing oligo(ethylene glycol) moiety to 

selectively immobilize protein [297–299]. Chemically immobilizing protein on 

mixed carboxylate-terminated ( COOH) SAMs through chemical reactions to 

form S-RCO-NH-protein covalent bond was also reported [300,301]. Serum 

albumin is one of the most abundant proteins in blood, and it is capable of 

affecting blood coagulation [302]. Therefore, serum albumin adsorption on 

self-assembled monolayers [303,304], mica [305], chemically modified silicon 

[306], titanium oxide film [307] and polymer surfaces [308] was extensively 

studied. 

 

Here, SAMs and mixed SAMs with two long chain thiols, CH3-terminated 1-

octadecanethiol (ODT) and carboxylate-terminated 16-

mercaptohexadecanoic acid (MHA) at various molar ratios were prepared. 

The adsorption of a protein, bovine serum albumin, on gold film and the 

prepared SAMs were studied with AFM, and the mechanism for the protein 

adsorption on these surfaces which have different chemical properties was 

also discussed.  
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5.3.2 Experimental 

1-Octadecanethiol (Aldrich), 16-mercaptohexadecanoic acid (Aldrich), 2-

butanol (International Laboratory), and bovine serum albumin (BSA) (Sigma) 

were used as received. 

 

A 10 nm Ti and then a 30 nm gold are coated on n-Si(1 0 0) wafer by 

sputtering with ExplorerTM 14 Denton Vacuum. 

 

Fresh gold surfaces were immersed in one of the five solutions: 1mM ODT in 

2-butanol, 1mM MHA in 2-butanol, the mixture of the above solutions with 

the mole ratios of MHA to ODT as 1:10, 1:1, 10:1) for 48 h. Then the 

samples were taken out and copiously rinsed with 2-butanol and ethanol 

followed by distilled de-ionized water and blown dry with pure nitrogen to 

form different SAMs on gold surfaces. We named the three mixtures of 

SAMs as: the mixture 1:10 SAMs, 1:1 SAMs, and 10:1 SAMs, respectively. 

 

SAMs on gold were immersed into aqueous BSA solution (2.5 µg/µl) for 1 h, 

copiously rinsed with distilled de-ionized water to remove weakly adsorbed 

BSA and blown dry with pure argon. 

 
The adsorbed protein was characterized with a commercial AFM (Solver 

P47H, NT-MDT, Russia) in tapping mode. The typical force constant, tip 

curvature radius and resonance frequency of the silicon cantilever are about 

0.30 N/m, 10 nm, 21 kHz (MicroMasch), respectively. AFM images were 

obtained in ambient condition (about 20oC and at relative humidity of 50%) 

and at a scan rate of 2 Hz. 
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5.3.3 Results and Discussion 
 
5.3.3.1 Gold film and SAMs 

The surfaces of gold film and SAMs are shown in Figure 5-16. All surfaces 

are very flat and the roughness of all surfaces is less than 0.5 nm. Figures 5-

16a, 5-16b, and 5-16c show the typical topography of gold surface, ODT 

SAMs and the mixture 1:1 SAMs, respectively. The MHA and ODT form 

uniform SAMs on gold through S~Au covalent bond [195], exposing 

hydrophilic ~COOH group and hydrophobic ~CH3 group on the surface, 

respectively. Nearly the same chain length, 3 nm of MHA and ODT [250] 

results in a flat surface of mixture SAMs. 

 

 

 

 

 

 

 

Fig.5-16 Topographies of gold film (a), ODT SAMs (b), and the mixture 1:1 

SAMs (c). 
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5.3.3.2 Protein Patterns and the mechanism for protein adsorption 
 
 
(a) On gold film 
 

Figure 5-17 shows the protein pattern immobilized on gold film. Figure 5-17a 

shows the topography of the absorbed protein. The protein densely absorbed 

on gold has the shape of belts, lines and points. The width of the belts and 

lines is in the range of 80 ~ 700 nm and the diameter of the points is in the 

range of 30 ~ 250 nm. Densely coalesced streptavidin pattern on gold was 

also obtained by Kim et al [309]. The protein pattern is probably caused by 

the solution concentration, adsorption time, the interaction between protein 

molecules and between protein molecules and gold substrate [304,308]. 

Each BSA molecule contains 582 amino acids. It is a prolate ellipsoid. The 

major and minor axes of the ellipsoid are 14 nm and 4 nm, respectively [310]. 

BSA molecules adsorb on solid surface by “side-on” or “end-on” orientation 

with minor or major axes perpendicular to the surface [305]. The surface 

coverage of the protein is about 81 ± 2%, estimated by an image analyzer 

(Clemex Technologies Inc.). Figure 5-17b is the line cross section in Figure 

5-17a. The height of the patterns in Figure 5-17a is about 4 ± 0.5 nm, which 

is close to the minor axes of BSA molecule. The result suggests that BSA 

monolayer is formed on gold surface by side-on orientation. BSA molecule 

contains 17 disulfide valences (R-S-S-R') and one free ~SH [310]. Both 

disulfide and free ~SH have strong affinity with gold through formation of Au-

S covalent bond [195]. The Au-S bond is illustrated in Figure 5-17c. The 

covalent Au-S bond is much more stable than intermolecular interaction, 

resulting in protein immobilization on gold surface with single layer. 
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Fig.5-17 Protein immobilization on gold film 

(a) Topography of gold after absorb BSA. (b) Cross section of the line in (a) 

(c) Schematic illustration for the protein immobilization on gold film 

 
(b) On MHA SAMs 
 
Figure 5-18 shows the protein pattern absorbed on MHA SAMs. Figure 5-18a 

is the topography of the protein absorbed on MHA SAMs. As shown in Figure 

5-18b, some spherical patterns with the height of about 4 ± 0.5 nm and 

lateral dimension of about 18 ± 2 nm sparsely distribute on the surface, 

demonstrating individual BSA molecules on the MHA SAMs. The spherical 

pattern other than ellipsoid [310] is caused by the convolution effect of the tip. 

The typical radius of the tip used in the present study is about 10 nm, greater 

than the BSA molecular scale. Therefore, the BSA molecule is extended [32]. 
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Globular structures of albumin were also obtained with AFM by other 

research groups [308,311]. The surface coverage of the protein on MHA 

SAMs is very low, about 2 ± 0.4 %. The absorption of protein on MHA SAMs 

is probably due to repulsive electrostatic interaction between COO- and 

protein molecules [286]. The pH of the used aqueous BSA solution in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Fig.5-18 Protein adsorption on MHA SAMs 

(a) Topography of protein pattern on MHA SAMs. (b) Cross section of the 

line in (a). (c) Schematic illustration for the adsorption of protein on MHA 

SAMs. 

present experiment is about 6, higher than the reported isoelectric point (pI) 

of BSA (4.6~4.7) [312], therefore, the protein molecules have net negative 
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between BSA and the SAM should decrease, which leads to the increased 

protein adsorption. The adsorption of proteins on the mixture 1:1 SAMs is 

illustrated in Figure 5-20c. 

 
 
Figure 5-21 shows the protein pattern absorbed on the mixture 1:10 SAMs. 

Figure 5-21a shows the topography of the protein pattern on the mixture 1:10 

SAMs. Network pattern of protein was obtained. Dupont-Gillain and  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5-21 Protein adsorption on the mixture 1:10 

(a) Topography of protein pattern on the mixture 1:10. (b) Cross section of 

the line in (a). (c) Schematic illustration for the protein adsorption on the 

mixture 1:10 SAMs. 
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colleague obtained a net-like structure of collagen adsorbed on poly(methyl 

methacrylate) with slow drying procedure, they thought a chemically 

heterogeneous surfaces are produced at slow drying rates [317]. In present 

study, the mixed SAMs surface was blown dry with argon, which has a faster 

drying rate. The net-like protein pattern was mainly caused by the mixed 

SAMs surface properties and the interplay between protein-SAMs interaction 

and protein-protein interaction. Surface coverage of protein on the mixture 

1:10 SAMs is about 19 ± 1.5 %. As shown in Figure 5-21b, the heights of 

network are about 4, 8 and 12 nm, integer increments of the protein molecule 

size. The protein pattern on the mixture 1:10 SAMs in Figure 5-21a is similar 

to that on ODT SAMs in Figure 5-19a. Nevertheless, the amount of proteins 

absorbed on the surface of the mixture 1:10 SAMs increased, and proteins 

coalesced to form networks. The line width and height of the network on the 

mixture 1:10 SAMs (Figure 5-21b) are greater than those on ODT SAMs 

(Figure 5-19b). The amount of protein molecules on the mixture 1:10 SAMs 

is greater than that on the mixture 1:1 SAMs. Adsorption of protein on the 

mixture 1:10 SAMs is illustrated in Figure 5-21c. The protein pattern on the 

mixture 10:1 is similar to that on MHA SAMs in Figure 5-18a, indicating that 

the high concentration of MHA has the dominant effect on adsorption 

patterns of protein. 
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5.3.4 Summary 

The various protein patterns with different coverage on six different surfaces 

were formed and characterized with AFM. Dense but non-uniform protein 

pattern with single layer was immobilized on gold film through formation of 

Au~S covalent bond. Sparsely distributed, individual protein molecules were 

adsorbed on MHA SAMs surface due to repulsive electrostatic interaction. 

Branched protein pattern was formed on ODT SAMs with aggregates at 

knots via hydrophobic interaction. In the mixed SAMs of MHA and ODT with 

large concentration differences, the adsorption properties of the mixture 

SAMs were close to that of the dominant component. In the mixed SAMs of 

MHA and ODT with little concentration difference, the combination properties 

of the mixture SAMs were significantly changed. The amount of protein 

adsorbed on mixed SAMs was greater than that on the SAMs with single 

component due to coordination. The amount of protein adsorbed on six 

different surfaces decrease according to the following order: gold film > the 

mixture 1:10 SAMs > the mixture 1:1 SAMS > ODT SAMs > MHA SAMs (the 

mixture 10:1 SAMs). 
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Chapter 6 Conclusion and Recommendation for 

Future Work 

 

In this work, nanopatterning of a ferroelectric polymer [P(VDF-TrFE)] via dip-

pen nanolithography, the influence of experimental conditions on dip-pen 

nanolithography, fabrication of nanostructures on Si and Au via anodic 

nanooxidation, fabrication of nanostructures on a polymer (PMMA) and PZT 

sol film via force nanolithography, as well as the formation and 

characterization of protein patterns via atomic force microscopy have been 

studied. The major conclusions are summarized in the following sections. 

The limitations of AFM nanopatterning and recommendations for future work 

are also discussed in this chapter. 

 

 

6.1 Major Conclusions 
 
 
6.1.1 Fabrication of Ferroelectric Micro- to Nanostructures via Dip-pen 

Nanolithography 

A ferroelectric polymer, P(VDF-TrFE), was used as the DPN ink. The 

following conclusions have been obtained: 

 

 For the first time, the micro- to nanostructures of a ferroelectric polymer, 

P(VDF-TrFE)  were constructed via DPN onto the gold substrate. Line as thin 

as 20 nm and dot radius as small as 20 nm have been fabricated. 
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 The P(VDF-TrFE) molecules were well oriented on the gold substrate 

giving the uniform thickness (1 nm) regardless of the pattern size when the 

surface concentration was greater than 3.49×10-4 g/m2.  

 The DPN-generated P(VDF-TrFE) features held ferroelectric properties, 

and thus provide new opportunities for nanostructured sensor applications.  

 The interaction between the P(VDF-TrFE)  and the gold substrate was Van 

der Waals’ interaction rather than electrostatic interaction or formation of 

covalent bond. 

  The growth rate of dot radii/line-width was proportional to 2
1

t . A simplified 

diffusion model adopting Fick’s first law to two dimensions for a point source 

was proposed, and                                has been obtained. tCr )(2
−= CD

r0ρ
 

 

6.1.2 Effects of Experimental Conditions on Dip-pen Nanolithography  

The effect of temperature, surface roughness of the substrate, relative 

humidity, tip size and tip material as well as chemical affinity on the DPN 

have been studied, and the following conclusions have been obtained: 

  

 The transport of ink increases as the temperature increases. For P(VDF-

TrFE), the relationship between r  and  is  form 25~70t 2/1atr = oC.  is 

temperature-dependent. It is related to diffusion constant. A deviation from 

Arrhenius plot at about 55

a

oC is observed. This may be caused by a 

ferroelectric phase transition for such thin ferroelectric film or the shift of the 

ferroelectric phase transition under the special conditions. When the 

temperature is below 55oC, the transport rate of the P(VDF-TrFE) molecules 
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increases exponentially with temperatures, which conforms to the Arrhenius 

plot. The activation energy (Q ) was calculated to be 0.98 eV.  

 Surface roughness influences both the contrast in LFM images and the 

transport rate of ink. Surfaces with less roughness give good contrast in LFM 

images, while rough surfaces give poor contrast.  Rough surface (i.e., 

roughness is greater than 1.65 nm) was not suitable for DPN. For both ODT 

and P(VDF-TrFE), the dot area grew linearly with t  in all the measured 

roughness ranges. The transport rate of ink increased as the roughness 

decreased. It was may be caused by the increased friction force or the 

decreased diffusion constant. However, the extent of the influence was 

strongly ink-dependent. For ODT, the transport rate of ink decreased linearly 

as the roughness increased. For P(VDF-TrFE), the transport rate of ink 

decreased rapidly as the roughness increased when the roughness was less 

than 1.0 nm, while the roughness produced a little effect on the transport 

rate of ink when roughness was greater than 1.0 nm. This is probably 

caused by the different ink-substrate interaction.  

 The influence of relative humidity depended on the solubility of the ink in 

water. The transport rate of hydrophilic ink increased as the relative humidity 

increased due to the increased meniscus width, while the transport rate of 

hydrophobic ink experience small change as the relative humidity increased, 

because the hydrophobic molecules does not deposited to the substrate 

through the meniscus but directly to the substrate surface. 

 When no meniscus was formed between the substrate and the tip for a 

hydrophobic tip, the effect of tip size depended on the tip contact raius. The 

tip contact radius can be calculated using 22 )(' hrrr −−= . Obviously, the 
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contact radius increased as the tip curvature radius increased. When 

meniscus was formed, the effect of tip size depended on the size of the 

meniscus width, because the width of the meniscus is larger than the tip 

contact radius under ambient conditions (at 25oC and 50% RH). The 

meniscus width is roughly proportional to square root of tip curvature radius. 

Then at the same conditions, a tip with a larger curvature radius can 

generate a larger pattern than a tip with a smaller curvature radius due to a 

bigger contact point or the formation of a meniscus with a larger size.  

 Chemical affinity is an important controlling parameter for DPN. It is 

necessary to consider the ink affinity to the substrate as well as to the tip 

when designing a new DPN system. DPN cannot be realized when chemical 

affinity between the ink and tip was larger or equal to the chemical affinity 

between the ink and substrate.   

 

6.1.3 Anodic Nanooxidation, Force Nanolithography, and 

Characterization of Protein Patterns with AFM  

(1) Anodic Nanooxidation was used to chemically modify Si, and the 

following conclusions have been obtained: 

 A threshold voltage and protruded nanopatterns were observed on Si. 

 The electric field enhanced the tip-induced oxidation. 

 The oxidation of Si was limited by the diffusion of oxidizing products. 

 Oxidation growth rate increased as the relative humidity increased. 

However, reducing the relative humidity could improve the aspect ratio. 

 Three-dimensional and complicated nanostructures could be fabricated in a 

single scan via raster lithography. 
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 Gold could also be nanomodified by a negatively biased AFM tip.   

 
(2) Force Nanolithography was used to create nanostructures on a soft 

polymer PMMA surface and an unsintered PZT sol surface. The following 

conclusions have been obtained: 

  Force nanolithography could be used to fabricate nanopatterns on PMMA 

and an un-sintered PZT surface easily.  

 Real data storage density of about 18 Gbit/inch2 has been obtained on 

PMMA.  

 The pit depth increased linearly with the increasing applied load for PMMA. 

 By controlling the film thickness and the applied load, the film could be 

scratched and the bottom substrate was exposed. With the combination of a 

proper etching method, nanopatterns could be transferred into the bottom 

substrate.  

 (3) AFM was used to characterize micro- to nanostructures of protein on six 

surfaces with different chemical properties. The following conclusions have 

been obtained: 

 Dense but non-uniform protein patterns with a single layer were 

immobilized on gold film through the formation of Au~S covalent bonds.  

 Sparsely distributed, individual protein molecules were adsorbed on MHA 

SAMs surface due to repulsive electrostatic interactions.  

 Branched protein patterns were formed on ODT SAMs with aggregates at 

knots via hydrophobic interactions.  

 In the mixed SAMs of MHA and ODT with large concentration differences, 

the adsorption properties of the mixture SAMs were close to that of the 

dominant component. In the mixed SAMs of MHA and ODT with little 
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concentration difference, the combination properties of the mixture SAMs 

were significantly changed. The amount of protein adsorbed on mixed SAMs 

was greater than that on the SAMs with single component due to 

coordination.  

 The amount of protein adsorbed on six different surfaces decreased 

according to the following order: gold film > the mixture 1:10 SAMs > the 

mixture 1:1 SAMS > ODT SAMs > MHA SAMs (the mixture 10:1 SAMs). 

 
 
 
6.2 The Limitations of AFM Nanopatterning 

AFM-based nanotechnologies have demonstrated wide versatility, high 

precision, and high resolution in the fabrication of nanostructures compared 

to other technologies. However, there still exist the following limitations: 

  Most of these methods are still at experimental stage. This is also the main 

limitation of the present research project. Fundamental studies have been 

done; however, studies for applications are weak due to the limited time.  

 AFM-based nanotechnologies with a single tip have low efficiency, because 

nanostructures are fabricated in serial processes. This limitation could be 

overcome by developing tip arrays to realize patterning in a parallel process. 

Pioneering work has been conducted by Mirkin group and the IBM group. 

The tip has been developed from a conventional single tip to a passive tip 

array, where arrays containing 8, 25, and 1024 tips were microfabricated by 

Mirkin Group [318] and the IBM research group [95,96], respectively. In the 

passive tip array, all of the tips do the same motion and thus draw parallel 
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patterns. Recently, an active tip array with 10 thermal bimorph active tips 

was fabricated [319]. The motion of the tips can be actuated individually 

independent of the adjacent tips. Therefore, the tips can be controlled to 

finish individual tasks. With the further development of highly parallel AFM 

probe arrays, the rapid fabrication and characterization of nanostructures 

may be realized.  

 The ultimate resolution of these nanotechnologies is still ambiguous. The 

imaging resolution, especially lateral resolution, could be improved by 

making probes with a much smaller curvature radius. For example, the 

lateral resolution may approach 0.5 -1 nm if carbon nanotube probes are 

used. However, it is unclear whether such sharper probes could results in 

smaller structures.  

 Characterization of some chemical and physical properties of the materials 

in these nanopatterns that have been produced is challenging. Compared 

with materials at a macroscopic scale, it is difficult to determine the 

properties of materials in nanostructures, thus preventing evaluations of the 

reproducibility and stability of the patterned nanostructures over time and in 

various environments. Sometimes the combination of other advanced 

instruments (such as scanning electron microscope, fluorescence 

microscope, X-ray Photoelectron Spectroscopy, and so forth) with AFM is 

required.  

 Another limitation is the combination of AFM-based nanotechnologies with 

other techniques. A nanodevice is generally an integrated system that 

contains several functional parts. It is impossible to construct all of these 
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functional parts with only AFM-based nanotechnologies. For example, the 

electrodes in electronic nanodevices are commonly fabricated via 

photolithography.  

 

 

6.3 Recommendation for Future Work 

 

6.3.1 Dip-pen Nanolithography 

Dip-pen nanolithography is a nanotechnique, which would be used to 

produce nanodevices for various applications. In Dip-pen nanolithography, 

the fundamental works have been studied. The future works should focus on 

applications. New ink-substrate systems for various applications can be 

designed by utilizing the obtained experience and knowledge about DPN. 

For example, a ferroelectric polymer, P(VDF-TrFE) have been deposited to 

gold substrate, and the DPN-generated micro- to nanopatterns of P(VDF-

TrFE) have ferroelectric properties. The future work should utilize DPN to 

fabricate ferroelectric nanostructures for electrical, optical, biomedical, 

robotic, and sensing nanodevices.  To fabricate a nanodevice is more difficult 

and troublesome than to fabricate the nanostructure, other functional parts 

may be fabricated using other techniques, such as photolithography, 

sputtering, CVD, etc. The alignment of all the functional parts is very 

important in order to obtain good quality. In addition to ferroelectric polymer, 

some other materials (conducting polymer, biomolecules) are alternate 

choices for fabricating functional nanodevices. 
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6.3.2 Anodic Nanooxidation 

With the combination of etching and other proper techniques, anodic 

nanooxidation of semiconductors and metals can be used to prepare electric 

nanodevices of metals or semiconductors, such as field-effect transistor, 

quantum point, single electron memory, etc.  

 

6.3.3 Force Nanolithography 

By selecting a polymer with proper properties, force nanolithography can be 

used to prepare data storage nanodevices with high data storage density. 

Force nanolithography on unsintered PZT film can be used to study the 

piezoelectric properties at a nanometer scale.  
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