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ABSTRACT 

 This dissertation explores the use of a heated AFM tip for fabrication of NEMS devices. 

Two critical challenges hindering TBN from NEMS fabrication are addressed in this thesis. First, 

we experimentally found out that polystyrene nanopatterns deposited by a heated AFM tip can 

serve directly as etch mask and transfer the nanopatterns to solid-state materials such as silicon 

and silicon oxide through one step of etching, solving the first challenge for NEMS device 

fabrication using TBN; second, we developed a process that makes this TBN method seamlessly 

compatible with conventional nanofabrication processes. Polystyrene nanopatterns deposited can 

serve together with optical lithography patterned mask and transfer both micropatterns defined 

by optical lithography and nanopatterns defined by the heated AFM tip to silicon.   

After solving the two critical challenges, we demonstrated various types of silicon NEMS 

mechanical resonators such as single-clamped, double-clamped, wavy-shaped, spider-like and 

spiral-shaped using this TBN method with a heated AFM tip. Laser interferometer measurement 

on two NEMS resonators showed resonance frequencies of 1.2MHz and 2.2 MHz, close to the 

simulated resonance frequencies. 

 Moreover, we demonstrated PDMS nanofluidic channels with arbitrary shapes using this 

TBN method with a heated AFM tip. Both ion conductance measurement and fluorescence 

measurement confirmed the functionality of the TBN-fabrication nanofluidic channels.  

 Finally, we demonstrated a MESFET transistor using this TBN method with a heated 

AFM tip. MESFET devices with one, two, four and eight fins were fabricated, demonstrating the 

capability of this TBN method. I-V measurements proved the functionality of the transistor. 

 This thesis work demonstrated that TBN with a heated AFM tip held great potential in 

nanodevice fabrication due to its simplicity, robustness, flexibility and compatibility with 
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existing device nanofabrication process. For example, the whole TBN process takes place in 

ambient conditions and is very simple. And this TBN method is additive so that the heated AFM 

tip only deposits polymer where needed, thus only resulting in minimal contamination.  

Future work should improve the throughput and scalability to make this TBN method 

commercially available for NEMS fabrication.  
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CHAPTER 1:  INTRODUCTION  

Human society has benefited a lot from increased capability of manufacturing in smaller 

dimensions. For example, the capability of fabricating billions of nanometer scale transistors 

within several square-inches of CPU chip enables the widespread use of personal computers, 

smartphones and tablets; the capability of fabricating microfluidic channels enabled the 

realization of lab-on-chip technology that allows processing of tiny amounts of liquids, thus 

leading to shorter analyzing time, lower cost and reduced usage of biological samples.  

Recently, the capability of fabricating nano-electro-mechanical systems (NEMS) has 

opened new possibilities in smaller mass sensing down to the single molecular level, smaller 

force sensing, and measurement of quantum effect. However, existing nanofabrication methods 

for NEMS devices suffer either from high cost or the difficulty of scaling up. A simple, rapid, 

scalable, and flexible nanofabrication method for NEMS fabrication is required. Tip-based 

nanofabrication (TBN) is a very good candidate technology for mass-production of NEMS 

devices due to its potential of scaling up, low cost, and the capability of fabricating arbitrary 

nanostructures with resolution down to several nanometers. However, two critical challenges 

exist that prevent the mass-production of NEMS devices using TBN. The first challenge is the 

difficulty of fabricating solid-state material nanostructures reliably; the second challenge is 

achieving seamless compatibility with existing nanofabrication process. As a result, no NEMS 

device has been demonstrated using TBN so far.  

This thesis work addresses the above two critical challenges and demonstrates reliable 

fabrication of NEMS devices using a TBN process that is seamlessly compatible with current 

nanofabrication processes. This thesis work is an important step toward making TBN a 

commercially feasible fabrication method for mass-production of NEMS devices.  
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1.1 Nano-Electro-Mechanical Systems  

Nano-electro-mechanical systems (NEMS) evolved from their preceding technology termed 

micro-electro-mechanical systems (MEMS). Over the last half century, MEMS technology has 

nurtured many exciting commercial technologies used in peopleôs daily lives. For example, 

almost every car is equipped with a MEMS accelerometer for triggering airbags to save lives in 

car accidents; MEMS-based microphones with cost less than one dollar a piece are embedded in 

cellphones; huge arrays of tilting micro-mirrors form the essential components for projection 

display systems; MEMS-based printer heads enable low-cost ink-jet printers widely used in 

homes and offices. One essential reason for the commercial success of MEMS technology is that 

it can be fabricated using the planar microfabrication process existing in the semiconductor 

industry and thus can be integrated with the CMOS circuit to form a complete system of sensor 

and circuit. 

From the last decade, with the advancement of nanofabrication technology, researchers 

have been exploring the capability provided by nanometer scale mechanical parts. For example, 

mechanical nano-resonators or NEMS resonators have been demonstrated with the capability of 

sensing small masses down to single molecular level [1], electrical charges [2], high-frequency 

signal processing [3], biological imaging [4] and quantum measurement [5-7]. Figure 1.1 shows 

two applications of NEMS resonators. Figure 1.1(a) shows the SEM images of the silicon-

carbide NEMS resonator and Figure 1.1(b) shows the amplitude and the phase spectrum of the 

NEMS resonator indicating a resonance frequency around 429 MHz. This NEMS resonator was 

used for the detection of single molecules [8]. Figure 1.1(c) shows the resonance curves of 

NEMS resonators as shown in Figure 1.1(d) for signal processing. The resonance frequency 

reached 1 GHz within the range of microwave frequency [9].  
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Figure 1.1 Examples of NEMS resonators and their resonance behaviors for single molecular detection 

and microwave-frequency signal processing. 

 

1.2 Existing Nanofabrication Methods for Fabricating NEMS Devices   

Existing nanofabrication methods for fabricating NEMS devices can be categorized into two 

classes. The first class is the top-down approach that evolves mostly from the conventional 

lithography technique, in which nanostructures are fabricated from a bulk material by gradually 

moving or subtracting materials in series [10]. The top-down approach can fabricate 

nanostructures precisely in terms of position, orientation and size. However, the top-down 

approach requires complex equipment and expensive maintenance. In addition, many challenges 

exist when the top-down method approaches its resolution limits. The bottom-up approach 

employs manipulation or synthesis of biochemistry in assembling nanometer scale building 
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blocks such as atoms, molecules, DNAs and nanoparticles into desired nanostructures. The 

bottom-up approach is low-cost and scalable, but it suffers from lack of precision and a low 

degree of control over the fabricated nanostructures.  

Technologies in the top-down approach for NEMS device fabrication include electron 

beam lithography (EBL) [11-17], focused ion beam lithography (FIB) [18, 19] and nano-imprint 

lithography (NIL) [20]. The Craighead group has fabricated NEMS mechanical resonators using 

EBL combined with surface micromachining using the process as shown in Figure 1.2 [21]. The 

process started with nanopatterning poly(methyl methacrylate) (PMMA) resist layer on top of a 

silicon-on-insulator (SOI) wafer. Then metal deposition and lift-off were used to form metal 

nanopatterns. Then metal nanopatterns were transferred to silicon through etching to define 

resonator beams. After the silicon etching, buried oxide layer was etched to release the silicon 

resonator beams to form suspended beams. Finally, metal electrodes were deposited for applying 

oscillating electric bias to generate electrostatic forces for actuating the NEMS resonator.  Figure 

1.3 shows the SEM images of various types of NEMS resonators fabricated using this process, 

demonstrating the fabrication capability of EBL in fabricating complex structures for NEMS 

devices [22-24].   
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Figure 1.2 A typical fabrication process of NEMS mechanical resonator using EBL. 

 

 

Figure 1.3 SEMs of NEMS resonators fabricated by EBL. (A) torsional NEMS resonator [22]; (B) a 

compound torsional resonator; (C) double-clamped NEMS resonator with different lengths [23]; (D) 

oscillating silicon nano mesh mirror [24]. 
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Figure 1.4 shows a fabrication process for a three-terminal NEMS resonator fabricated 

using FIB as well as SEM images of FIB-fabricated NEMS resonator [25]. First, aluminum 

patterns were prepared on silicon substrate using conventional lithography and wet etching (step 

1). Then SF6 isotropic dry etching of silicon undercut the silicon underneath the aluminum film 

(step 2). Following the SF6 etching, FIB cut a 9 nm wide gap to form a suspended aluminum 

beam (step 3). FIB was able to cut a gap as small as 9 nm as shown in the SEM image. Other 

than FIB milling, FIB can also implant impurity to silicon, which renders the implanted silicon 

region much less susceptible to chemical etching. NEMS resonators have also been demonstrated 

using this FIB doping method [26-28].   

 

Figure 1.4 (a) Schematics showing the process of fabricating a three-terminal NEMS resonator using 

FIB. (b) SEM images of FIB-fabricated NEMS resonator. 

 

 Figure 1.5 shows a fabrication process of NEMS resonators using NIL as well as the 

SEM images of the NIL-fabricated NEMS resonator [29]. First, bilayers of PMMA and lift -off 

resist (LOR) 3A polymers were spincoated on a silicon carbonitride (SiCN) layer atop a silicon 

wafer (step a). Then a NIL mold pressed the polymer and replicated the pattern to the two 
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polymer films (step b). After the NIL process, oxygen plasma etched remaining films (step c). 

Then chrome was deposited and lifted off to form etch mask for silicon (step e). Dry etching of 

silicon removed silicon unprotected by the chrome mask and fabricated the SiCN beam (step f). 

Finally, SiCN beam was released from the substrate by anisotropic etching of silicon. Figure 

1.5(h) shows a resonator beam with a width of 300 nm and Figure 1.5(i) shows a resonator beam 

with a width of 120 nm.  

 

Figure 1.5 Schematics describing the processing steps of NIL-fabricated NEMS resonator (a to g); (h) 

SEM images of 300 nm wide NIL-fabricated NEMS resonator; (i) 120 nm wide NIL-fabricated NEMS 

resonator. 

Bottom-up approaches have also demonstrated fabrication of NEMS resonators but with 

the help of top-down approach equipment for identifying and aligning the nanowires [30-32] or 

carbon nanotubes [33-35] to the anchors. A widely used method for using bottom-up approach is 
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to first prepare the nanowire or nanotube using synthesis or growth, then use EBL to locate them, 

and then fabricate electrodes to make connections. Figure 1.6 shows the schematics of this 

method [36]. First, EBL fabricated some markers on top of a sacrificial layer atop a substrate 

(step a); second, NWs were distributed over the sample surface randomly (step b); third, the 

sample was inspected in a EBL machine and electrode patterning areas were chosen, then 

exposed and developed, then metal was evaporated and lifted off (step c); fourth, a sacrificial 

layer underneath the NW was etched to suspend the NW (step d); Figure 1.6(e, f) show two SEM 

images of the NEMS resonators fabricated using this process. This bottom-up method has to rely 

on top-down equipment such as EBL for alignment, which makes it difficult to scale up. 

 

Figure 1.6  Fabrication process of NEMS resonator using nanowire and EBL: (a) EBL patterning markers 

on top of sacrificial layer; (b) NWs were distributed on the substrate and coordinates were identified; (c) 

EBL fabricating metal electrodes on sacrificial layer; (d) etching of sacrificial layer to release the 

resonator; (e, f) SEM images of the fabricated NEMS resonator. 
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The above method is not scalable. Recently, researchers have developed a scalable 

method fabricating NEMS resonators using a bottom-up approach. Figure 1.7 shows an example 

process of using bottom-up approach to assemble silicon nanowires for fabricating arrays of 

NEMS resonators [30]. First, PNA molecules were attached to the NW surface (step a); second, 

electric-field forces aligned the NWs in trenches prefabricated in a sacrificial photoresist layer 

(step b); third, conventional lithography method was used to fabricate individual windows on 

each NW (step c) and used oxygen plasma to etch all the way down to the electrode; fourth, 

metal clamps were electrodeposited through the windows to fix NWs to the electrode on the 

substrate (step d); fifth, NWs were exposed to fluorescence-labelled complementary and non-

complementary targets to confirm detection selectivity. Figure 1.7(f to j) shows SEM images of 

NEMS resonators fabricated using this bottom-up approach.  But this method can only fabricate 

NEMS resonators with very limited geometry. The resonator shape is limited to the straight 

shape predetermined by the nanowire or nanotube shape.  

Other methods also have emerged for fabricating NEMS resonators. One example is 

nanostencil lithography [37, 38], which uses EBL-fabricated nano stencils to define nanopatterns 

functioning as a shadow mask. But it can only replicate predefined patterns in a serial process 

and requires expensive EBL to fabricate the stencils.   
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Figure 1.7 Schematics of fabrication process of large array of NEMS resonators using NIL (a to d); SEM 

images of NIL-fabricated NEMS resonators (f to j). 

Overall, there is no method that can satisfy all the requirements for the commercialization of 

NEMS resonators. For commercialization of NEMS resonators, the fabrication method must be 

rapid, simple, scalable, low-cost, and flexible in design. Therefore, it is important to explore new 

fabrication method for NEMS resonators. Tip-based nanofabrication (TBN) has emerged for 

decades and has demonstrated many nanoscale devices. TBN uses a nanometer scale tip to 

fabricate nanometer scale features through a variety of mechanisms including mechanical, 

electrical, electro-chemical, thermal-mechanical, optical, plasma, etc. Table 1.1 compares TBN 
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with other nano-manufacturing technologies in terms of resolution, contamination, speed, 

scalability, flexibility, and cost [39].  Among the nano-manufacturing methods, TBN is scalable, 

low-cost and fast. And TBN can fabricate arbitrary patterns. Therefore, TBN holds great 

potential for mass-producing NEMS resonators for commercialization. 

Table 1.1  Comparison of nano-manufacturing technologies. 

Nano-

manufacturing 

Technologies 

Resolution 

& 

Materials 

Defects  

&  

contamination 

Type &  

Processing 

speed 

Scalability Cost 
Design 

flexibility  

TBN 

<10-80nm; 

All 

materials 

Occasional  

pile-up 

Deposition, 

machining, 

assembly, 

Fast 

Yes Low 
Arbitrary 

EBL 5nm; All 

Ebeam resist/ 

development 

residual 

Machining; 

Slow 

No High 
Arbitrary 

FIB 30nm; All 

Ion implantation 

and material 

redeposition 

Machining; 

Slow 

No High 
Arbitrary 

NIL  

10nm; 

polymers 

and silicon 

Residual 

/contamination 

Molding; 

Fast 
Yes 

Low in 

volume 
Fixed 

Femtosecond 

Laser machining 
100 nm; all 

Laser 

redeposition 

Machining; 

Fast Yes High Arbitrary 

UV lithography 
90nm; 

polymers 

Photoresist/ 

development 

residual 

Machining; 

Fast 
Yes High Fixed 

X-ray 

Lithography 
1nm; all No 

Machining; 

Slow 
No High Arbitrary 

 

1.3 Existing Methods of Tip-based Nanofabrication for Nanodevice Fabrication 

Although TBN is promising for creating NEMS devices, very few papers have been published on 

using TBN for fabricating nanoscale devices. Among all the TBN methods, there are mainly 

three classes that have been demonstrated with the capability of fabricating devices.  

The first class of TBN method is based on electrochemical reaction induced locally by 

the tip. For example, nanoscale devices such as transistors [40-44] and nanogaps [45]  have been 

fabricated using this type of TBN. For example, one method in this category termed local 
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oxidation nanolithography (LON) relies on oxidation of materials. LON uses a nanometer scale 

tip to induce confined oxidation of substrate material for nanopatterning. Figure 1.8 shows a 

process of fabricating transistors using LON. Transistors with channel width as small as 4 nm are 

demonstrated [41]. AFM tip converted a thin nanoline of silicon into silicon oxide through local 

oxidation of silicon (step a). Then the silicon oxide nanoline was used as an etch mask to 

fabricate silicon nanowire through KOH etching or RIE etching (step b). After etching, silicon 

oxide nanoline was removed by hydrofluoric acid (HF) etching, leaving only silicon nanowire 

(step c). Finally, EBL is used to precisely fabricate electrodes to configure the silicon nanowire 

into a transistor (step d or e). Figure 1.8(f) shows the optical microscopic photo of the transistor 

with three gold pads serving as the source, drain and gate electrodes. Figure 1.8(g) shows the 

amplitude modulation AFM image of the lateral gate electrode and the nanowire. Figure 1.8(h) 

shows the AFM cross-section of the region marked in panel b indicating the height of the 

electrode is 100 nm while the height of the silicon nanowire is about 40nm. Figure 1.8(i) shows 

the reconstruction of the SiNWs obtained from Figure 1.8(g); Figure 1.8(j) shows the output 

characteristics of a 4 nm channel width Si nanowire ýeld-effect transistor. 



 

13 
 

 

Figure 1.8 (a-e) Fabrication processes of FET device using LON; (f) Optical microscope image of FET 

device; (g) Amplitude AFM image of the device; (h) AFM cross-section of the region marked in panel b; 

(i) Reconstruction of the SiNWs obtained from panel c; (j) Output characteristics of a 4nm channel width 

SiNW field effect transistor. 

The second class of TBN method is termed dip pen nanolithography (DPN) [46], which 

relies on chemical molecule diffusion through the meniscus formed between the tip and the 

substrate. Only limited types of substrates such as gold are demonstrated for DPN process 

because it requires specific surface chemistry to ensure stable formation of chemical 

nanopatterns on the substrate.  Researchers have demonstrated fabrication of nanopatterns of 

gold (Au), silver (Ag), palladium (Pd) and silicon using DPN [47-49]. But the quality of these 

metal patterns was not reported thus it is not clear whether these fabricated nanostructures can be 
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used for constructing functional nanodevices. Figure 1.9(a-e) shows a fabrication process of 

silicon nanostructure using DPN. First, DPN deposited alkythiol nanopatterns onto an 

Au/Ti/SiO2 substrate (step a); second, alkythiol nanopatterns served as etch mask to protect Au, 

Ti, and SiO2 underneath during a series of wet chemical etching of Au, Ti and SiO2 (step b).  

Then silicon etching was performed using the remaining Au as etch mask to form silicon 

nanostructures (step c and step d). Finally, Au, Ti, and SiO2 were removed. Figure 1.9(f) shows a 

series of silicon nanodots with increasing diameters while Figure 1.9(g) shows a series of silicon 

nanolines with increasing widths. 

 

Figure 1.9 (a to e) Schematics showing silicon nanostructure fabrication using DPN; (f) AFM topography 

image of silicon nanodot structures with different diameters fabricated by DPN; (g) silicon nanowires 

with different widths fabricated by DPN.  
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 The third class of TBN is mechanically based, in which an AFM tip mechanically 

fabricates nanopatterns on the substrate [50-54]. Figure 1.10(a) shows one process of fabricating 

chrome and silicon nanowires using this mechanical TBN method. First, an AFM tip 

mechanically plowed a trench through a 3 nm thick Ti film atop a 65 nm thick PMMA layer 

(step a). Then isotropic oxygen plasma etched through the Ti window down to the silicon 

substrate (step b). After plasma etching step, Cr was evaporated through the Ti/PMMA window 

and lift -off process followed to fabricate Cr nanowires (step c). Then SF6 and O2 reactive ion 

etching followed up to etch silicon unprotected by the Cr nanowires (step d). Finally, Cr was 

removed by wet etching and only silicon nanowires remained.  Figure 1.10(b) shows SEM 

images of Cr nanowires as well as the silicon nanowires. 

 

Figure 1.10 (a). Schematics showing the silicon nanostructure fabrication using mechanical AFM 

technique; (b) SEM images of fabricated Cr nanowires as well as silicon nanowires.  
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The fourth class of TBN is thermal-based [55], which uses a heated AFM tip to thermally 

indent a polymer film to form pits on the polymer [56-59], or thermally deposit molten polymer 

nanostructures onto a substrate [60-63] or low melting point metals [64], or thermally induce 

chemical reactions [65-69] to fabricate nanostructures. Figure 1.11 summarizes different 

nanostructures fabricated using heated AFM tips.  Figure 1.11(a) shows a 40 nm size PMMA pit 

array with 120 nm pitch fabricated by thermal indentation of a heated AFM tip array; Figure 

1.11(b) shows octadecylphosphonic acid patterns deposited onto a mica surface by a heated 

AFM tip; Figure 1.11(c) shows a topographical AFM image of a continuous indium metal 

nanostructure deposited by a heated AFM tip across a 500 nm wide gap (circled) between pre-

fabricated gold electrodes; Figure 1.11(d) shows conductive polymer PDDT nanowires deposited 

by a heated AFM tip across two electrodes. Figure 1.11(e) shows ferroelectric nanolines 

fabricated by inducing local crystallization by a heated AFM tip; Figure 1.11(f) shows graphene 

nanoribbons reduced by a heated AFM tip on a single-layer graphite oxide flake;  

 

Figure 1.11 Various kinds of nanostructures fabricated using TBN with a heated AFM tip. 

This thesis focuses on exploring the method of using heated AFM tip to deposit polymer for 

fabricating NEMS devices.   
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1.4 Deposition of Polystyrene Using a Heated AFM Tip 

Figure 1.12(a, b) shows the diamond-coated AFM tip used for all the research work in this 

thesis. Diamond-coated heated AFM tip offers two advantages for depositing polystyrene (PS) 

over a normal silicon tip without diamond coating. First, the amorphous diamond film can keep 

the molten polystyrene in place because the diamond film surface has better affinity to the 

molten polystyrene; second, the diamond film protects the silicon tip from mechanical wear 

during polymer deposition, ensuring an integral tip radius and maintaining uniform polymer 

nanopattern sizes over much longer usage [70].  

 

Figure 1.12  (a) Cartoon showing the formation of the diamond-coated AFM tip; (b) SEM image of a 

diamond-coated AFM tip; (c) Schematics showing the process of inking polystyrene on the heated AFM 

tip; (d) Cartoon showing the process of depositing polymer on a substrate using a heated AFM tip. 
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The first step of using heated AFM tip for depositing polymer is to add polymer materials on 

the tip, which can be achieved either using wet inking or solid inking. Solid inking method is 

used for all the work in this thesis. Figure 1.12(c) shows a cartoon describing the process of solid 

inking. We first placed a flake of polystyrene (molecular weight 50,000 Polyscience Inc.) on a 

glass slide and heated to 180 °C on a hotplate until the polymer started to melt. Then we used a 

metal wire to manually draw a fiber from the molten polystyrene and cut it into about 10 cm long 

fibers. After preparing the polystyrene fibers, we attached one end of a polystyrene fiber to a 

fix ture. Then we brought a heated AFM tip into contact with the fiber under a stereo microscope 

with the help of a manipulator. Upon contact, the molten polymer would wet the heated tip, and 

then we withdrew the heated tip away from the fiber, completing the inking process. 

Following inking, the AFM tip was fit into a commercial AFM (Asylum MFP-3D) and 

brought into contact with a substrate. The AFM tip was scanned along a programmed path with 

temperature maintained around 260°C using a closed-loop temperature control circuit. The 

molten polymer flowed to the substrate and became solid upon cooling by the substrate as shown 

in Figure 11(d).  
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CHAPTER 2: FABRICATION OF ARBITRARILY -SHAPED 

SIL ICON AND SILICON OXIDE NANOSTRUCTURES USING 

TIP-BASED NANOFABRICATION  

 

2.1 Introduction  

Tip-based nanofabrication (TBN) uses a nanometer-scale tip to interact with a sample to 

fabricate nanostructures. TBN has the potential for fabricating nanostructures with controlled 

size, shape and orientation at precise substrate locations and nanometer-scale precision and 

resolution[1]. In TBN, a tip can interact with the sample to fabricate nanostructures, with the tip 

influencing the surface through any of a number of mechanisms, including mechanical [2],
 

electro-chemical [3], optical [4], chemical diffusion [5], thermal [6], electrical polarization [7], 

and plasma [8]. 

Although TBN has many advantages, there are only a few published articles that describe 

the use of TBN for nano-device fabrication [9-16]. A key challenge to realizing TBN-fabricated 

nanodevices is to incorporate TBN fabrication steps with other processing steps.  Unfortunately, 

most TBN methods are not easily compatible with nanofabrication [17-22]. For example, dip pen 

nanolithography (DPN) can fabricate silicon nanostructures only when combined with 

intermediate chemical processing steps.  One publication showed the use of DPN to fabricate 

gold nanostructures using DPN; and then used these gold nanostructures as a masking step for 

subsequent etching [23]. Oxidation-based TBN can fabricate silicon oxide nanostructures with 

only a few nanometers in thickness due to the slow oxidation rate.  One publication showed that 
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the oxidation rate falls dramatically due to self-limiting behavior resulting from the build-up 

stress and a reduction of electrical field strength [24]. To achieve device fabrication using TBN, 

a simpler strategy would allow for better compatibility with silicon fabrication processes. 

Here, we show that a heated AFM tip can deposit thick polymer nanostructures and 

transfer the written structures into both silicon and silicon oxide films in a one-step etching 

process.  Moreover, we show the flexibility of the technique by demonstrating the fabrication of 

arbitrary shapes of solid structures of silicon oxide.  Our TBN method is compatible with 

existing nanofabrication methods and especially suitable for device fabrication. 

 

2.2 Experiment and Results 

2.2.1 Nanostructures Formed Using Tip-Based Nanofabrication and Wet Chemical Etching 

Figure 2.1 shows the process used to fabricate silicon oxide nanostructures by TBN.  First 

we grew a 50 nm thick silicon oxide layer via thermal oxidation at 1000 °C for 80 minutes.  

Then, a heated AFM tip deposited polystyrene (PS) on top of the oxide layer via TBN.  

Following polymer deposition, we etched the 50 nm thick silicon oxide layer by dipping the 

sample into buffered hydrofluoric acid (BHF) for 60 seconds.  BHF etched the silicon oxide that 

was not masked by the PS nanopatterns. The last step was to remove PS by acetone and oxygen 

plasma reactive ion etching (RIE). 

A key step in the process is to provide polymer ink onto the cantilever tip, and to then 

deliver the polymer ink onto the surface.  The polymer was loaded onto the cantilever tip by 

bringing the heated AFM tip end onto a PS fiber.  The heated tip melted the PS, and then the PS 

flowed onto the tip [25]. After inking, we mounted the tip in an Asylum Research MFP-3D AFM 

and scanned the tip along a programmed path with a constant force at a speed of 150 nm/second 
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[25]. A closed-loop feedback circuit maintained the cantilever heater temperature at 260 °C [26]. 

When the tip was hot, the molten polymer would flow from the moving tip to the substrate and 

form solid PS nanostructures [6].
 
The force between the tip and the substrate was maintained 

around 200 nN during the deposition.  During heating, the tip-sample adhesion force, measured 

by pulling the tip off of the surface, was about 425 nN. 

 
Figure 2.1 Schematics showing processing steps for fabricating silicon oxide nanostructures via 

TBN. The tip deposits molten polymer onto silicon oxide.  The polymer nanostructures serve as 

an etch mask.  

 Figure 2.2(a) shows an AFM contact mode image of various PS linear nanostructures 

deposited using the heated AFM tip at different tip scanning speeds. The PS linear 

nanostructures from right to left as shown in Figure 2.2(a) are deposited by the heated AFM tip 
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at 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 µm/second tip scanning speeds. Figure 2.2(b) 

summarizes the PS nanostructure heights at different tip scanning speeds. As the tip scanning 

speed increases, the deposited polymer lines are thinner. This is consistent with a previous 

publication, which showed that polymer deposition rate is relatively independent of tip speed 

[25]. Thus a faster moving tip deposits less polymer per unit length, and therefore produces a 

thinner line. 

 
Figure 2.2 (a) An AFM topography of linear PS nanopatterns deposited by the heated AFM tip at 

different tip scanning speeds as shown.  (b) Summary of PS nanopattern heights at different tip scanning 

speeds.  


