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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



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.



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 people’s 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



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].



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 SFs isotropic dry etching of silicon undercut the silicon underneath the aluminum film
(step 2). Following the SFg 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].
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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



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.
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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



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.

— NW Algn ﬁ Pad

. Sub . Scr/Iso
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.



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

10



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- Resolution Defects Type & Desian
manufacturing & & Processing  Scalability  Cost flexibiglit
Technologies Materials  contamination speed y
. Deposition,
SAUCUIE Occasional machining, Yes Low :
TBN All - I Arbitrary
materials pile-up assembly,
Fast
Ebeam resist/ e .
EBL 5nm; All development Machining; No High Avrbitrary
. Slow
residual
lon implantation . .
FIB 30nm; All and material iy A I Avrbitrary
. Slow
redeposition
10nm; . . .
' Residual Molding; Low in .
NIL poly_mers /contamination Fast Yes volume Fixed
and silicon
Femtosecond , Laser Machining; . .
Laser machining L0 s Ll redeposition Fast Yes High  Arbitrary
i Photoresist/ A
UV lithography 3|O m’rs development Matl::ha::tlng, Yes High Fixed
poly residual
X-ray , Machining; . .
Lithography 1nm; all No Slow No High Acrbitrary

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

11



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 field-effect transistor.

12
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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

13



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/SIO, substrate (step a); second, alkythiol nanopatterns served as etch mask to protect Au,
Ti, and SiO; underneath during a series of wet chemical etching of Au, Ti and SiO, (step b).
Then silicon etching was performed using the remaining Au as etch mask to form silicon
nanostructures (step ¢ and step d). Finally, Au, Ti, and SiO, 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.

Si(111)” * Si(100)

(e) rs/i(11ii’\rjéi(100)\/ ¥|

2 um

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 SFs and O, 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.

'Y/

(a)

Ti--3nm

(b) Cr Nanowires

c
J mask lift-off

a i
5 . slightly isotropic
l isotropic ' SF+0, RIE

0, RIE I

e
j Cr wet etching

b
J Cr evaporation
122822

:l PM]\'!A- Ti mask
-Si - Cr

Si 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;

EAR Y s R R XX E Y &

n
0
¥
L
p
o
»
o
o
L
.
wy
" il

L®

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].

High-Doped
(a) Silicon

Low-Doped Silicon
Heater Region

Diamond-
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Approach & Withdraw

Manual
L e 4
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W
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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
fixture. 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
SILICON 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

This work previously published: H. Hu, P. K Mohseni, L. Pan, X. Li, S. Somnath, J. R. Felts, M. A. Shannon, W. P.
King, Journal of Vacuum Science & Technology B. 31:06FJ01, 2013
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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.

Oxidation

Heated Cantilever

TBN creates
PS patterns

O, plasma
removes PS

HF wet etch

| sio,

. Polystyrene D Si

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 pm/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.
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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.
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Figure 2.3(a) shows a scanning electron microscope (SEM) image of silicon oxide
nanostructures fabricated by TBN at different writing speeds from 0.1 pm/second to 2
pm/second. Figure 2.3(b) shows AFM tapping mode image of the silicon oxide nanostructures.
Figure 2.3(c) summarizes the silicon oxide nanostructure height versus the tip writing speed. All
three figures show that silicon oxide nanostructures fabricated at slow tip writing speeds are
taller than at those fabricated at fast tip writing speeds. The slower tip speeds correspond with
thicker polymer structures on the surface, which better protect the silicon oxide during etching.
As shown in Figure 2.3, when the tip speed exceeds 0.6 pm/second, the silicon oxide
nanostructures become discontinuous. To fabricate unbroken silicon oxide nanostructures, the tip
writing speed should be less than 0.6 pm/second. To ensure good quality silicon oxide
nanostructures, we choose the tip writing speed to be 150 nm/second for all the experiments,
with the exception of the dot-writing experiments, where the tip was stationary.

Figure 2.4(a) shows SEM images of two sets of circular silicon oxide nanostructures
fabricated by TBN. In this case, the masking layer was TBN-fabricated PS nano-dots, which
served as the mask for HF etching of the silicon oxide layer. The polymer nano-dots were
deposited by a stationary heated tip with dwelling times from 2 seconds to 16 seconds with an
incremental step of 2 seconds. Figure 2.4(b) shows an AFM tapping mode image of a single
oxide dot pattern fabricated by dwelling the tip for 4 seconds and followed by BHF etching. The
indentation on the circular silicon oxide nanostructure was formed because of the indentation of
its etching mask, the molten polymer nano-dot. When the heated AFM tip finished depositing the
polymer nanostructure, the heating was turned off. The indentation on the nanostructure was
formed during polymer cooling with the tip still in contact with the polymer deposit. Figure

2.4(c) summarizes how the tip dwelling time impacts the size of the circular silicon oxide
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nanostructures. The diameter of the circular silicon oxide nanostructure increases with the

incremental increase of the tip dwelling time, which is consistent with previous publications [27].
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Figure 2.3 (a) SEM image of silicon oxide nanostructures fabricated via BHF wet etch. The PS
nanostructures were deposited at different tip speeds, and served as an etch mask. (b) AFM tapping mode

image of the silicon oxide structures. (c) Silicon oxide nanostructure height versus tip writing speeds.

When tip writing speed is above 600 nm/s, silicon oxide nanostructures are no longer continuous.
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Figure 2.4 (a) SEM image of two sets of circular silicon oxide nanostructures fabricated using different
tip dwelling times. (b) AFM tapping mode topography image of a circular silicon oxide nanostructure
fabricated by TBN. The dwelling time was 4 seconds for the nanostructure. (c) Diameter of the circular

silicon oxide nanostructures as a function of tip dwelling times.

Figure 2.5 shows SEM images of various basic silicon oxide nanostructures fabricated
using the process described in Figure 2.1. All the structures are 50 nm in height. Figure 2.5(a, b)
show an array of silicon oxide fin structures, each fin is 20 pum in length and 250 nm in width.
Figure 2.5(c, d) show an array of curved silicon oxide fins structures. Each curved fin structure
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consistis of a series of short linear fin structures. The heated AFM tip dwells longer in the joints
between two short linear lines and therefore results in thicker nodes as shown in Figure 2.5(c, d).
Figure 2.5(e, f) show an array of 8x8 circular silicon oxide nanostructures and each circular

nanostructure is about 250 nm in diameter.

Figure 2.5 SEM images of basic types of silicon oxide nanostructures fabricated via TBN. (a) Array of
silicon oxide fin structures; each fin is 20 um long and 250 nm wide. (b) Zoomed-in view of silicon oxide
fin structure. (c) Array of 8 curved silicon oxide fins. The curved fin consists of a series of linear fins. (d)
Zoomed-in view of a section of a single curved fin. The thicker region joins between two adjacent linear
fins where the heated tip paused. (e) Array of silicon oxide circular nanostructures, where each circular
nanostructure is about 250 nm in diameter. (f) Zoomed-in view of a single circular silicon oxide
nanostructure.

Figure 2.6 shows SEM images of various complex shapes of silicon oxide structures

fabricated using the process described in Figure 2.1. Figure 2.6(a, b) show a circular ring silicon
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oxide structure with a diameter of 7.8 pum. The ring consists of 32 individual line segments.
Figure 2.6(c) shows a series of silicon oxide nanostructures mimicking ancient Chinese
characters. Figure 2.6(d) shows the zoomed-in view of one character. Figure 2.6(e, f) show a
lotus flower structure. The difference in the width of the pattern is due to different tip dwelling
times. The tip dwells longer in the joints between two lines and, therefore, results in thicker
patterns. All the above images demonstrate that our TBN method can fabricate arbitrary patterns
of PS and transfer the patterns to solid silicon oxide structures. Since wet etching is an isotropic
process, resulting in undercutting, the PS nanopatterns cannot mask the silicon oxide that is

thicker than the width of the PS nanopatterns.

Figure 2.6 SEM images of complex silicon oxide nanostructures fabricated via TBN. (a) Ring structure
with 6 um diameter. (b) Zoomed-in view of a section of ring structure. (c) Set of ancient Chinese
characters. (d) Zoomed-in view of a single character. (e) Nanostructure in the shape of a lotus flower. (f)

Zoomed-in view of a section of the lotus flower.
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2.2.2 Nanostructures Formed Using Tip-Based Nanofabrication and Metal-Assisted Chemical
Etching

Figure 2.7 shows our process to fabricate nanostructures using TBN and metal-assisted
chemical etching (MacEtch) [27, 28]. First, we fabricated a 9 um square array of a photoresist
pattern using conventional micro optical lithography to assist the MacEtch process. The micro-
patterning process ensured that the extent of the gold layer, used as the MacEtch catalyst, could
be limited to a finite area for improved control over vertical etching of high-aspect ratio features
compared to MacEtch of a sample with no micro-patterning of gold films. Limiting the gold
within a small finite area allows MacEtch solution to penetrate through the sides of the
micropatterned region to etch the oxidized silicon more uniformly. If gold is not limited within a
small area, the MacEtch solutions will reach the oxidized silicon on the peripheral region much
more easily than the oxidized silicon in the middle, resulting in non-uniform etching. Next, a
heated AFM tip deposited PS nanopatterns on the silicon within the 9um hole. We then etched
silicon via the Bosch process consisting of alterative steps of passivation and etching to form a
shallow silicon structure having a profile amenable to gold lift-off. After Bosch etching, we
evaporated a 35 nm thick gold layer onto the sample. Finally, we dipped the sample into a
MacEtch solution to produce the silicon nanostructures. MacEtch was performed for a period of
25 minutes at room temperature in a solution of hydrofluoric acid (HF), hydrogen peroxide
(H202), and ethanol (EtOH), with a volumetric ratio of 1:2:2, respectively (molar concentration

of [HF] = 5.75 M, [H,0] = 3.88 M, [EtOH] = 6.86 M).
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Figure 2.7 Schematics showing the major steps for transferring PS nanostructures to a gold film and
creating silicon nanostructures by TBN and MacEtch.

Figure 2.8 compares the results of using Bosch etch to the results of using normal RIE
etch before the MacEtch step. Figure 2.8(a) shows the silicon fin structures after Bosch silicon
etch for 4 cycles using PS patterns as mask and Figure 2.8(b) shows the results after evaporating
35 nm thick gold film. The subset image of Figure 2.8(b) shows that the gold film on the bottom
is separated from the gold film on the sidewall of the fin. Figure 2.8(c) shows silicon nitride

nanostructures fabricated using TBN. We first deposited PS nanostructures using the heated
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AFM tip on top of a 250 nm thick silicon nitride layer prepared by plasma enhanced chemical
vapor deposition (PECVD). Then we etched the silicon nitride using PS nanostructures as etch
mask in RIE for 5 minutes. The RIE etching conditions are 35mTorr pressure, 90 W RF power
and 60 sccm flow of CHF; gas. Figure 2.8(d) shows the silicon nitride structure after evaporation
of a 35 nm thick gold layer. The subset image inside Figure 2.8(d) shows that the gold film on
the sidewall is connected with the gold film on the substrate surface, thereby covering the entire

silicon nitride structure and preventing controlled MacEtch from proceeding.

Figure 2.8 Comparison of Bosch silicon etch and RIE nitride etch. (a) SEM image of silicon fins after
Bosch etch using PS nanostructures directly as an etching mask. (b) SEM image of silicon fins after 35
nm thick gold evaporation. The gold film on the sidewall of the fin is separated from the gold film on the
bottom. (c) SEM image of 250 nm thick SiNx fins after 5 minutes RIE etching using PS nanostructures as
etch mask. (d) SEM image of the SiNx fins after 35 nm thick gold evaporation. The gold film on the fin
sidewall is contiguous with the gold film on the bottom, blanketing the entire SiNx fin and, thus,

preventing the MacEtch from occurring.
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Figure 2.9 shows the SEM images of various silicon nanostructures fabricated using TBN
and MacEtch. Figure 2.9(a, b) show an array of six silicon fin structures, where each fin is 6 um
in length, 400 nm in width and 500 nm in thickness. The lower part of the silicon fin fabricated
by MacEtch is smoother than the upper part of the silicon fin structure formed by Bosch silicon
etch. With optimized MacEtch conditions, the sidewall roughness of the silicon nanowires
fabricated by MacEtch can be as low as 2 nm [29]. Figure 2.9(c, d) show a lotus flower shaped
structure that is about 4 pm in size and 500 nm in thickness. Figure 2.9(e, f) show an array of

3x3 vertical silicon nanowires (Si NW) with diameter about 500 nm for each Si NW.

Figure 2.9 SEM images of different types of structres fabricated by TBN and MacEtch. (a) Array of six
fins with 500 nm thick silicon. (b) Zoomed-in view of a single fin with bottom part silicon formed by
MacEtch smoother than top part silicon formed by Bosch etch. (c) Lotus flower shape with bottom part
silicon formed by MacEtch and top part silicon formed by Bosch Etch. (d) Zoomed-in view of the profile
of the structure of (c). (e) Array of 9 pum tall vertical Si nanostructures. (f) Zoomed-in view of one Si

nanostructure showing the smoothness of the sidewall rendered by MacEtch.
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Figure 2.10 shows many arrays of Si NWs with different spacing and matrix sizes. Figure
2.10(a) shows an overview of 20 vertical arrays of Si NWs, within each square cell. All the Si
NWs are 500 nm in diameter and 8um in height. Figure 2.10(b) shows a 3x3 array of vertical Si
NWs with a spacing of 2 pum. Figure 2.10(c) shows a 4x4 array of vertical Si NWs and each
nanowire is spaced by 1.5 um. Figure 2.10(d) shows a 6x6 array of vertical Si NWs and the
spacing is 1 pm. The Si NWs stick to adjacent NWs and form bundles due to the surface tension

of wet liquids when Si NWs are packed very closely.

7

|
@
4
4
a
&
L
@

ang

o

nr [
4 W

2022300
rnBOG0N
(&)

|
1]
En®
aeeee
A ah A o

()

Figure 2.10 High aspect ratio vertical silicon nanostructures fabricated using TBN and MacEtch. (a)
Overview of many arrays of smooth vertical silicon nanostructures. (b) Array with 2 um spacing. (c)

Array with 1.5 pum spacing. (d) Array with 1 um spacing. These silicon nanostructures can form bundles

when the spacing is small.
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2.3 Discussion

There are three criteria that qualify a polymer material to serve as an etching mask. First,
the polymer must survive through the wet chemical etching or reactive ion etching that follows
the polymer deposition. Second, the polymer should be removed easily in order to limit further
contamination. Third, the polymer must adhere to the substrate well. PS satisfies all the above
criteria. We found 60 nm thick PS patterns deposited by the heated AFM tip can survive for 2
minutes in a standard Bosch etch process, 5 minutes of CHF3; RIE etching (60 sccm gas flow, 35
mTorr pressure, 90 W RF power), more than 2 minutes in BHF wet etching. Moreover, PS can
easily be removed by acetone or oxygen plasma RIE, both of which are very common processes
in nanofabrication and will not result into contamination.

TBN offers many advantages over other nanolithography methods. In terms of cost, TBN
can be performed using equipment that is much less expensive than equipment used by EBL or
FIB. TBN can fabricate arbitrary shapes of nanostructures while nanoimprint lithography
requires a mask to be fabricated before imprinting. TBN can also fabricate nanostructures onto a
non-flat substrate. Finally, the AFM function of TBN can be used to perform metrology during

fabrication.

2.4  Conclusions

We have presented a TBN technique that enables fabrication of silicon and silicon oxide
through one step of etching, which makes it compatible with existing nanofabrication methods
and suitable for device nanofabrication. PS nanostructures deposited from a heated AFM
cantilever serve as etching mask and transfer the PS nanostructures to silicon or silicon oxide

through etching. We demonstrated arbitrary shapes of silicon and silicon oxide nanostructure
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such as rings, curved lines and a lotus flower. We also demonstrated the integration of TBN with

both conventional wet etching and MacEtch. Moreover, due to the additive nature of our TBN

method, it results in much less contamination than other nanolithography techniques that require

spincoat of resist.
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CHAPTER 3: SILICON NANO-MECHANICAL RESONATORS

FABRICATED USING TIP-BASED NANOFABRICATION

3.1. Introduction

Mechanical resonator devices with nanometer-scale features have promising applications
including sensitive mass detection [1-3], single electron spin detection, and RF communications
[4, 5]. Standard techniques for fabricating the nano-mechanical features of these devices include
electron beam lithography (EBL) [6] and focused ion beam (FIB) patterning [7, 8]. Both EBL
and FIB require expensive equipment, and the serial nature of these techniques can limit
throughput. It is also possible to fabricate nano-mechanical resonators from nanomaterials such
as carbon nanotubes (CNTs), nanowires (NWs), or graphene [9-13]. These materials-based
approaches have limitations on materials compatibility, and the shape of the resonator is limited
by the pre-grown nanomaterial. While all of the above approaches can be used to fabricate nano-
mechanical resonators, there is still a need for the rapid and simple fabrication of nanostructures,
particularly those having complex shapes. This paper presents tip-based nanofabrication (TBN)
of nano-mechanical resonators, a relatively fast and simple approach for nanolithography.

TBN is a promising nanofabrication technology that can fabricate nearly any shape of
nanostructure, with features as small as several nanometers [14-17]. While there have been a

large number of articles published on the fabrication capabilities of TBN, only a few published

This work previously published: H. Hu, H. Cho, S Somnath, A. F Vakakis, W. P. King, Nanotechnology, 25:275301,

2014
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articles report the fabrication of functional nanodevices using TBN. These include nano-
transistors [18-21], nano-fluid channels [22], nano-wires [23], and nano-gaps [24]. Two major
challenges hinder the use of TBN for nanodevice fabrications. The first challenge is the difficulty
of using TBN for fabricating solid-state nano-mechanical structures that are integrated with other
micro/nanofabrication processes. For example tip-based liquid deposition deposits chemicals that
may not be directly compatible with other nanofabrication process [24], while oxidation-based
TBN relies on specific electrochemical reactions that works for a limited number of substrate
materials [25]. The second challenge is the difficulty of achieving nanometer-scale resolution in
the alignment overlay of TBN-fabricated nanostructures. For example, if photolithography is
used for alignment between features fabricated during different process steps, the overlay may be
no better than about 2 um [26]. In another example, electron beam lithography can be used to
fabricate metal contact pads aligned silicon nanowires, with high precision; however, TBN has
its largest advantage when it replaces EBL [21]. The present chapter reports a TBN technique
that addresses both of these challenges in both process integration and also high resolution

alignment, through the fabrication of nano-mechanical resonator devices using TBN.

3.2 Experiments and Results

Figure 3.1 shows the five major steps for fabricating the silicon nano-mechanical
resonators using TBN. The process starts with a silicon-on-insulator (SOI) wafer having a 400
nm thick top silicon layer and a 2 um thick buried silicon oxide layer. First, aluminum structures
were fabricated by sputtering a 25 nm thick aluminum layer followed by conventional optical
lithography and aluminum wet etching. Next, a heated AFM tip deposited polystyrene (PS)
nanowires while the cantilever heater was held at 260 °C. Polymer flowed from the tip onto the

substrate as the tip scanned the surface at a speed of 150 nm/sec [17]. The scanning speed does
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not affect the width of the deposited PS structure; however it does affect the thickness of the PS
structure. Next, Bosch etching transferred the patterns into the top silicon layer. The PS
nanowires were removed using acetone and oxygen plasma etching. Finally, the silicon oxide
layer was etched for 40 minutes using buffered hydrofluoric acid (BHF), which released the
devices. For successful release of free-standing structures, we used a supercritical point dryer
(Tousimis Automegasamdri@915-B) that employs liquid carbon dioxide for releasing soft

structures such as our free-standing spiral-shaped resonators.
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Figure 3.1 Schematic drawings showing the major steps for fabricating silicon nano-mechanical
resonators using TBN: (a) Fabricate aluminum micropads using conventional optical lithography and wet
etching. (b) Deposit polystyrene (PS) nanowires using the heated AFM tip across aluminum micropads. (c)
Bosch silicon etching of top silicon layer of the silicon-on-insulator (SOI) wafer. (d) Remove PS
nanowires using acetone and oxygen plasma etching. (e) Etching the buried silicon oxide layer to release

the silicon nanobeams.
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Figure 3.2 shows an array of double-clamped silicon nano-mechanical resonators
fabricated using the above process. Figure 3.2(a) shows the key nanolithography step, an SEM
image of six PS nanowires across two aluminum micropads. The thickness of the aluminum pads,
25 nm in this case, can be adjusted by varying sputtering deposition time. The PS nanowires are
500 nm wide and 200 nm thick. We found that the PS nanowires are thicker than the aluminum
micropads to ensure continuous PS nanowires across the aluminum boundaries. During polymer
deposition, the heated AFM tip scanned at a speed of 150 nm/sec, which was sufficiently slow to
allow molten PS to flow to the substrate to form continuous 200 nm thick PS nanowires, which
was much thicker than the aluminum micropads. Figure 3.2(b) shows that the PS nanowire is
continuous across the edge of the aluminum pad. Figure 3.2(c) shows an array of released
double-clamped nano-mechanical resonators fabricated using PS nanowires as etch mask. The
nano-mechanical resonators have a width of 500 nm, a length of 18 um, and a thickness of 400
nm and are suspended approximately 2 um above the substrate. The particle residue observed in
Figure 3.2(b) resulted from the wet aluminum etching and Bosch silicon etching. This residue
sits on top of the buried oxide layer, and is removed once the buried oxide layer is etched away
during the release step.

Figure 3.3 shows an example of a double-clamped spiral-shaped silicon nano-mechanical
resonator fabricated using the above process. Figure 3.3(a) shows a spiral-shaped silicon nano-
mechanical resonator underneath PS nanowires after Bosch etching between two aluminum
micropads. Figure 3.3(b) shows a zoomed-in view of a section of the PS nanowires protecting
the underlying silicon nanostructures. Figure 3.3(c) shows a released free-standing spiral-shaped
silicon nano-mechanical resonator fabricated using PS nanowires as an etch mask. The spiral-

shaped nano-mechanical resonator has a beam width of 300 nm and a thickness of 400 nm. The
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inset image of Figure 3.3(c) shows a zoomed-in view of a section of the spiral-shaped resonator,
showing the roughness on the edge is less than 10 nm. The edge roughness is affected mostly by

the edge of the polymer mask.
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Figure 3.2 (a) SEM image showing an array of six PS nanowires deposited from the heated AFM tip
across two 25nm thick aluminum micropads. (b) Zoomed-in view of a PS nanowire across the boundary
of one aluminum micropad. (¢) SEM image of an array of double-clamped silicon nano-mechanical

resonators fabricated using PS nanopatterns.
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Figure 3.3 (a) SEM image showing the results of top silicon etching using spiral-shaped PS nanopatterns
as well as two aluminum micropads as etch mask. (b) Zoomed-in view of a section of the spiral-shaped
PS nanopatterns as well as the underneath spiral-shaped silicon nanostructures. (¢) SEM image of a free-
standing spiral-shaped silicon nano-mechanical resonator fabricated using PS nanopatterns as etch mask.
The inset image shows a zoomed-in view of a section of the straight silicon beam of the spiral-shaped

resonator. The width is about 300 nm and the edge roughness is less than 10 nm.
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Figure 3.4(a) shows a SEM image of six linear single-clamped silicon nano-mechanical
resonators. We measured the thermal vibration displacement of one of these devices at room
temperature and ambient pressure using a laser vibrometer system (Polytec, UHF-120). Figure
3.4(b) shows the measured thermal response transformed to the frequency domain using Fast
Fourier transform labeled as hollow circles. We estimated the resonant frequency of 1.5 MHz
and the quality factor of 115 by fitting a Lorentzian function to the response. The inset image

shows a prediction from finite element simulations for this resonator in the resonant mode.
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Figure 3.4 (a) SEM image of an array of six single-clamped silicon nano-mechanical resonators. (b)
Measured displacement at different frequencies using a laser interferometer as shown in blue empty circle.
The fitted data as shown in the red solid line shows a resonant frequency of 1.5 MHz and a quality factor
of 115. The predicted frequency is 1.2MHz. The inset image shows the simulated nano-mechanical

resonator in the resonant mode.
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In order to better understand the fabricated devices, we used a finite element simulation
in COMSOL to estimate the resonant frequency for comparison with the measured value. The
simulation used 2329 kg/m® for the density, 170 GPa for the Young’s modulus, and 0.28 for the
Poisson’s ratio for the material properties of silicon. The geometry of the resonator devices was
taken from SEM images. In the case of the device from Figure 3.4, the length was 19.3 um,
width was 500 nm and the thickness was 400 nm. We assigned a fixed boundary condition to one
end of the device and used 174 tetrahedral elements to form the mesh. COMSOL used an
eigenfrequency simulation to predict a resonant frequency of 1.5 MHz, which is close to the
measured value of 1.2 MHz. Because the simulation does not account for air damping, we expect
the simulation to slightly overpredict the measured value [27].

Figure 3.5(a) shows a SEM image of the fabricated spider-like nano-mechanical
resonator, consisting of a suspended silicon micropad in the center as the proof mass, defined by
the optical lithography, and four silicon beams, defined by TBN. We measured the thermal
vibration displacement of the resonator using a laser vibrometer with the laser focused on the
central micropad. Figure 3.5(b) shows the measured displacement as hollow circles and the
Lorentzian function fit as the solid red curve. The estimated fundamental resonant frequency is
2.2 MHz and the quality factor is 124. The inset image shows the simulated nano-mechanical

resonator in the resonant mode.
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Figure 3.5 (a) A SEM image of a spider-like silicon nano-mechanical resonator. The center micropad is

defined by optical lithography and is 4.3 um in size. The four silicon nanobeams are defined by TBN and

are 500nm in width. (b) Measured displacement of the center silicon micropad at different frequencies

using a laser interferometer shown as blue empty circles. The fitted data shown as a red solid line shows a

resonant frequency of 2.2 MHz and a quality factor of 124. The predicted frequency is 2.7 MHz. The inset

image shows the simulated nano-mechanical resonator in the resonant mode.

We simulated the resonant characteristics of spider-like nano-mechanical resonator using
COMSOL. We used the geometry derived from SEM images for the simulation. The length of
the four beams is 15.4 um, the width is 500 nm, and the thickness is 400 nm. The micropad

suspended in the center was approximated as a square with 5.42 um sides. We used the same
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material properties of silicon as mentioned above. We used 4420 tetrahedral mesh elements in
total. We assigned a fixed boundary condition to the fixed end of each silicon beam. The
COMSOL simulation solved for the eigenfrequencies of the model. The predicted resonant
frequency of 2.7 MHz is close to the measured resonant frequency 2.2 MHz. Again, the
predicted value is higher than the measured value.

Figure 3.6 shows six different types of silicon nano-mechanical resonators fabricated
using TBN. Figure 3.6(a) shows an array of eight linear double-clamped resonators. Figure 3.6(b)
shows an array of linear single-clamped resonators with lengths ranging from 5 to 20 um. Figure
3.6(c) shows three different types of spider-like resonators. The top silicon nano-mechanical
resonator has a circular silicon micropad supported by four silicon beams not parallel to each
other. The bottom two nano-mechanical resonators have two different sizes of rectangular
micropads supported by four parallel silicon beams. Figure 3.6(d) shows three double-armed
nano-mechanical resonators, with different shapes such as rectangle, U-shape, or V-shape.
Figure 3.6(e) shows an array of two identical free-standing spiral-shaped resonators. Since this
spiral-shaped resonator is soft and easily stuck to the substrate if directly dried in air, we used a
supercritical point drier to obtain the free-standing spiral-shaped resonators. Figure 3.6(f) shows
an array of four serpentine-shaped and double-clamped resonators. These nano-mechanical
resonators all have a beam width around 500 nm and a thickness of 400 nm determined by the

top silicon layer thickness of the SOI wafer.
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Figure 3.6 SEM images of different types of silicon nano-mechanical resonators fabricated using TBN. ()
Array of double-clamped silicon nano-mechanical resonators. (b) Array of single-clamped silicon nano-
mechanical resonators with different lengths. (c) Spider-like nano-mechanical resonators with different
pad shapes and sizes. (d) Double-armed silicon nano-mechanical resonators: U-shaped, V-shaped and
rectangular-shaped. (e) Array of two free-standing spiral-shaped silicon nano-mechanical resonators
released using critical point drying method. (f) Array of four serpentine-shaped and double-clamped
silicon nano-mechanical resonators.
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3.3 Discussion

The TBN technique described here has several advantages over existing TBN techniques
and other nanofabrication techniques. First, our TBN method is additive and nearly free of any
contamination since we deposit PS only where needed. This is in contrast to fabrication
techniques such as EBL that require photoresist to completely cover the entire working substrate.
The PS nanowires that are deposited can easily be removed using common methods for
removing organic materials such as soaking in acetone or oxygen plasma etching. Second, our
TBN method is compatible with existing nanofabrication processes. PS nanowires can serve as
an etch mask either by themselves or together with other common masking materials such as
silicon oxide, aluminum and photoresist. Third, our TBN method is compatible with a wide
variety of substrate materials such as silicon, silicon oxide, silicon nitride, and metals. In contrast,
other TBN methods that rely on electrochemical reactions only work on special substrates.
Finally, our TBN method provides high precision feature alignment which is essential for
fabricating nanoscale devices. Our TBN method uses the unheated tip in standard AFM
operation to acquire the substrate topography. This topography information is used to precisely
deposit the PS nanowires within the resolution of the closed-loop AFM scanner, less than 5 nm.

The width of the fabricated silicon nanowires is determined by the width of the polymer
nanowires deposited from the heated AFM tip. The size and shape of the PS nanowires are
determined by the molten PS droplet flow to the substrate. For the experiments described here,
the PS nanowires are typically 500 nm wide. This is governed mainly by tip radius, polymer
viscosity, wetting behavior of the substrate to the molten polymer and also substrate temperature

[28]. The nanostructures could be made smaller by decreasing the tip radius, using a lower
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viscosity polymer, or changing the substrate temperature. Based on exiting literature, we
estimate the minimum resolution can be at least 10 nm [29].

We choose PS as the deposited polymer for three reasons [17]. First, PS is easily
removed by acetone or oxygen plasma etching, either of which is commonly used in
micro/nanofabrication process; therefore, PS results in very little contamination. Second, PS is
found to mask silicon well during the Bosch silicon process in our experiment. Third, PS adheres
to silicon and silicon oxide very well.

The advantages of TBN include total process time as well as process flexibility. First, the
turnaround time of tip-based nanofabrication can be shorter than EBL or FIB. The tip scanning
speed reported by TBN reached 100 mm/s, faster than the scanning speed of a commercial high
resolution Gaussian e-beam lithography system [30]. Second, TBN can be parallelized. Several
multi-probe lithography systems have been demonstrated including a 4096 tip array individually
addressed [31-33]. Finally, TBN can be an additive fabrication process, while EBL is typically a
subtractive fabrication process.

There are several advantages of using our TBN method particularly for fabricating silicon
nano-mechanical resonators. First, TBN enables the fabrication of very small resonators having
high resonance frequencies that can be used for applications such as frequency filtering and
small mass sensing. Second, our TBN method can fabricate arbitrary-shaped nano-mechanical
resonators; therefore, it is capable of tuning the spring constant of nano-mechanical resonators,
reducing the footprint of nano-mechanical resonators, and creating non-linear resonance. For
example, spiral-shaped nano-mechanical resonators can reduce the device footprint area and
increase the integrating density [34]. Third, our TBN method is capable of alignment with

nanometer resolution and therefore is suitable for fabricating three-terminal non-linear nano-
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mechanical resonators [35] that are typically fabricated using expensive methods such as EBL or

FIB.

3.4 Conclusions

In conclusion, we have presented the fabrication of silicon nano-mechanical resonators
using TBN and characterization of the resonant frequency of two fabricated nano-mechanical
resonators. We used a heated AFM tip to deposit polystyrene nanowires on substrate and
employed the PS nanowires as etch mask to transfer the nanopatterns to silicon through one step
of etching. We integrated our TBN method seamlessly with a standard surface micromachining
process in an SOl wafer. Moreover, we demonstrated various types of silicon nano-mechanical
resonators such as single-clamped, double-clamped, and novel resonator shapes such as spirals
and spider shapes. Our TBN method is particularly suitable for nanodevice fabrication due to its
simple operation in ambient conditions, compatibility with existing nanofabrication process, easy

alignment functionality, and its in-situ scanning capability.
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CHAPTER 4: NANOFLUIDIC CHANNELS OF ARBITRARY

SHAPES FABRICATED BY TIP-BASED NANOFABRICATION

4.1 Introduction

Nanofluidic channels provide nanometer-scale physical confinement to biomolecules, and
therefore are suitable for manipulation and analysis of DNA [1-5], proteins [6] and single
molecules [7, 8]. Nanofluidic channels also exhibit unique ion transport behavior when at least
one dimension of the channel is close to the Debye length [9-13]. Conventional fabrication
methods for nanofluidic channels only provide one nanometer-scale dimension, which is the
height of the channel [14-17]. To achieve nanometer-scale physical confinement on lateral
dimension, advanced nanofabrication techniques such as electron beam lithography (EBL) [18]
and focused ion beam (FIB) [19] are required. However, EBL and FIB are expensive and are
difficult for massive production of nanofluidic channels. Moreover, EBL and FIB are both serial
processes and are not easily scalable. Nanoimprint requires a master mold that is usually
expensive to prepare and can only replicate the design of the mold [20]. Several novel
nanofluidic channel fabrication methods that rely on certain mechanisms such as elastomeric
collapse [21] and wrinkling [22] have the advantages of low-cost and simplicity in fabrication,

but the design flexibility is relatively limited.

This work previously submitted: H. Hu, Y. Zhuo, M. E. Oruc, B. T. Cunningham and W. P. King, submitted to

Nanotechnology, 2014
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Tip-based nanofabrication (TBN) uses a nanometer scale tip to interact with substrate to
define nanoscale features through a number of mechanisms such as manipulation, mechanical
scratch, chemical diffusion, thermal indentation, thermal deposition, electrochemical reaction,
plasma, etc. TBN employs either scanning tunneling microscopy (STM) [23-25] or atomic force
microscopy (AFM) [26], either of which cost much lower than EBL and FIB. Moreover, TBN
has the potential of achieving parallelization through using an array of tips [27]. However, very
few publications reported the use of TBN for fabricating nanofluidic channels [28, 29]. One
essential reason is that most TBN methods are not compatible with existing nanofabrication
methods and are not easily suitable for fabricating solid-state material nanostructures.

This chapter presents a tip-based nanofabrication (TBN) method for fabricating arbitrary
shapes of nanofluidic channels. We used a heated AFM tip to deposit dense polymer nanowires
that served directly as an etch mask to fabricate silicon nanostructures through one step of
etching [30]. The silicon nanostructures were used as a mold for replicating PDMS nanofluidic

channels. This TBN process is compatible with existing nanofabrication methods

4.2 Experiment

Figure 4.1 shows the major steps in the fabrication process of the nanofluidic channels. The
first step (Figure 4.1a) was to fabricate micro-patterned silicon dioxide. Starting with a [100]
silicon wafer, 70 nm thick silicon dioxide layer was grown in a 1000 °C oxidation furnace for 2
hours, followed by patterning photoresist using conventional optical lithography, and then
etching the silicon dioxide unprotected by the photoresist using buffered hydrofluoric acid (BHF).
The second step (Figure 4.1b) was to deposit polystyrene (PS) nanowires using the heated AFM

tip. A closed-loop feedback circuit kept the heated AFM tip at 260 °C while the molten PS
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flowed from the tip to the silicon substrate [31, 32]. The third step (Figure 4.1c) was to etch
silicon using Bosch process for 1 minute with micro-patterned silicon dioxide and deposited PS
nanowires. The PS nanowires and the silicon dioxide together served as etch mask [30]. To
reduce the scallops present on the sidewalls of the silicon structures fabricated by the Bosch
process, we tuned the etching step to be 2.5 seconds and the passivation step to be 1.5 seconds.
After etching, the remaining silicon was used later as a mold for replicating PDMS nanofluidic
channels. The fourth step (Figure 4.1d) was to mold PDMS with the fabricated silicon mold. We
mixed PDMS (sylgard 184) base with a curing agent at a mass ratio of 4:1. After degassing the
mixture, we poured the mixture on top of the silicon master and heated on a 60 °C hotplate for
12 hours to cure the PDMS. To facilitate the PDMS demolding process, we deposited 15 nm
thick amorphous fluorocarbon film on the silicon mold using sputtering before pouring PDMS
on the silicon mold [33]. The fifth step (Figure 4.1e) was to peel the PDMS channel layer off and
manually punch four through-holes on the cured PDMS channel later serving as liquid inlets and
outlets. The last step (Figure 4.1f) was to bond this PDMS channel to a glass slide. Before
bonding, the glass slide surface was cleaned with acetone, isopropyl alcohol (IPA), water, IPA in
sequence and finally blown dry. Then the glass slide and the PDMS channels were both treated
using 100 W oxygen plasma for 20 seconds. Then PDMS surface was brought into contact with

glass slide surface and baked on a 90 °C hotplate for 20 minutes.
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Figure 4.1 Schematics of major steps in the TBN process for fabricating nanofluidic channels. (a)
Fabricate silicon dioxide micropatterns using conventional optical microlithography and wet hydrofluoric
acid etching; (b) Deposit polymer nanowires across the silicon dioxide micropatterns using a heated AFM
tip; (c) Bosch silicon etching using both micropatterned silicon dioxide and polymer nanowires as etch
mask; (d) Cast PDMS on the fabricated silicon mold; (e) Peel off PDMS layer from the silicon mold and

punch four through-hole vias as the solution inlets and outlets; (f) Bond PDMS channel to a glass slide.

Figure 4.2 shows the fabrication results for a single nanofluidic channel using the above-
described process. Figure 4.2(a) is a SEM image of a silicon mold and the inset image shows a
zoomed-in view of the silicon mold. The silicon mold has a length of 10 um, a width of 380 nm,

and a height of 900 nm. Figure 4.2(b) is a microscopic image of the PDMS nanofluidic channel
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replicated from the silicon mold shown in Figure 4.2(a). Figure 4.2(c) shows a SEM image of the
nanofluidic channel. To avoid electron charging effect and obtain good SEM images, we coated
the PDMS nanofluidic channel with 2.5 nm thick gold coating by sputtering. The wrinkles shown
at the PDMS surface are due to the swelling of PDMS during the sputtering [34, 35]. Figure
4.2(d) is the zoomed-in view of the PDMS nanofluidic channel. The nanofluidic channel is 10

pm long, 300 nm wide and 500 nm deep.

Figure 4.2 (a) SEM image of a silicon single linear nanochannel mold; the inset image shows the
zoomed-in view of a section of the nanochannel mold; (b) A microscopic image of the PDMS nanofluidic
channel replicated from the silicon mold as shown above; (c) A SEM image of the PDMS nanofluidic

channel replicated; (d) A zoomed-in view of a section of the PDMS nanofluidic channel replicated.
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Figure 4.3 shows the fabrication results of two different nanofluidic channel arrays using the
present TBN process. Figure 4.3(a) shows a SEM image of the silicon mold used for producing
an array of 10 linear nanofluidic channels and Figure 4.3(b) shows a microscope image of the
corresponding replicated PDMS nanofluidic channel array. Figure 4.3(c) shows a SEM image of
silicon mold used for fabricating an array of 10 curved nanofluidic channels while Figure 4.3(d)
shows a microscope image of the corresponding replicated PDMS nanofluidic channel array. The

length of the nanofluidic channel is 10 um, the width is 300 nm and the depth is about 500 nm.

Figure 4.3 (a) SEM image of the silicon mold used for an array consisting of 10 linear nanofluidic
channel array; (b) Microscope image of a replicated PDMS nanofluidic channel array consisting of 10
linear nanofluidic channels; (c) SEM image of the silicon mold used for an array consisting of 10 curvy
nanofluidic channels; (d) Microscope image of a replicated PDMS nanofluidic channel array consisting of

10 curvy nanofluidic channels.
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To show the flexibility of this TBN fabrication process, we fabricated two nanofluidic
channel arrays with more complex shapes using the TBN process. Figure 4.4(a) shows a SEM
image of the silicon mold for an array of three spiral-shaped nanofluidic channels while Figure
4.4(b) shows a zoomed-in view of a section of a spiral-shaped silicon mold. Figure 4.4(c) shows
a SEM image of the silicon mold for an array of four wavy-shaped nanofluidic channels while
Figure 4.4(d) shows a zoomed-in view of one wavy-shaped silicon mold. The nanofluidic

channel width is 250 nm and the channel depth is about 800 nm.

Figure 4.4 (a) SEM image of silicon mold for three spiral-shaped nanofluidic channel array fabricated by
TBN; (b) Zoomed-in view of a section of one spiral-shaped nanofluidic channel mold; (c) SEM image of
silicon mold for an array of four wavy shapes of nanofluidic channel with half, one, one and a half, and

two full waves; (d) Zoomed-in view of the silicon mold for the wavy shapes of nanofluidic channel.
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4.3 Results and Discussion

In this TBN process, the nanofluidic channel depth is determined by the silicon mold height,
which can be adjusted by changing the etching duration. The nanofluidic channel width is
determined by the width of the PS nanowires deposited using the heated AFM tip, which is
usually in the range of several hundred nanometers [30]. To reduce the nanofluidic channel
width, we thinned the silicon features using thermal oxidation of the silicon followed by BHF
etching. This thinning process also helps reduce the sidewall roughness of the silicon structure
etched by the Bosch process. Figure 4.5 shows the silicon mold structure before and after the
thinning down. Figure 4.5(a, b) shows the SEM image of the silicon mold after DRIE etching;
the silicon mold has a width about 500 nm and scallops are clearly visible. Figure 4.5(c, d) shows
the SEM image of the silicon mold after 20 min oxygen plasma treatment, 200 nm thermal
oxidation, and BHF etching. The silicon mold width reduced to about 370 nm, and the sidewall
surface roughness was significantly reduced.

One important characteristic of the nanofluidic channel is the ion transport behavior,
particularly the influence of surface charges on the conductance of the nanofluidic channel [36-
38]. We used a single curvy PDMS nanofluidic channel for the measurement of ion transport.
First, potassium chloride (KCI) solutions were filled into channels via a plastic tube inserted on
one of the through-hole on the PDMS channel with the use of a syringe pump. This filling
process ended when both microfluidic channels and the nanofluidic channel were filled. Then we
inserted two platinum wires into two through-holes residing on opposite sides of nanofluidic
channel for electrical connections. We measured the current at different voltages stepping from
-5 volts to 5 volts with a potentiostat (Gamry potentiostat Reference 600) as shown in Figure

4.6(a). In the experiment, KCI solutions with concentration ranging from 10 nM to 1 M were
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used for different sets of current-voltage (I-V) measurements. By fitting the 1-V curves,
conductances of the nanofluidic channel at different KCI concentrations can be derived. Figure
6(b) shows the derived conductances of the nanofluidic channel at different KCI concentrations

represented by the black triangles.

Figure 4.5 (a) SEM of a spiral-shaped silicon mold that was fabricated using TBN and Bosch etch; (b) A
zoomed-in view of a section of the silicon mold. The scallops are visible on the sidewall of the silicon
mold; the width of the silicon mold is about 500 nm; (c) SEM image of the same spiral-shaped silicon
mold that is thinned down using 200 nm oxidation and BHF etching; (d) Zoomed-in view of a section of
the silicon mold. The scallops are removed by the thinning down process. The width of the silicon mold

after thinning down reduces to 300 nm.
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In our experiment, I-V measurement started after both microfluidic channels sitting at
opposite ends of the nanofluidic channel were filled and fluidic flow through the nanofluidic
channel stopped. Therefore, the electric current was mostly contributed by the ion migrations
inside the nanofluidic channel. The conductance G of a nanofluidic channel can be simplified as
Equation 4.1 as shown below [39]:

WH W
G =a(sy + £ ), T"‘Z,UKO-sT (4.1)

where [ and picy are the mobility of potassium ion and chloride ion, o is the nanofluidic channel
surface charge density. W, H, and L are the nanofluidic channel width, height and length, and n,
is the ion density of the solutions. The first term in Equation 4.1 is due to bulk ion concentration
while the second term is due to ions induced by the channel surface charges. At high ion
concentrations, the surface charges in a nanofluidic channel are shielded by the mobile ions and
have negligible influence on the ion conductance; therefore, the conductance is determined by
the bulk concentration. At low ion concentrations, surface charge governs the ion concentration
inside the nanofluidic channel, thus dominating the ion conductance.

The nanofluidic channel used in this 1-V measurement has a width of 400 nm, a height of
400 nm and a length of 12 um. To calculate the surface charge density, we chose p to be
7.619x10® m%/V-s and pc to be 7.912x10°® m?V-s [39]. Based on the experiment data, we
derived the surface charge density o5 to be 0.22 C/m? close to the reported values of surface
charge density of 0.1 C/m?for silicon dioxide [11, 36]. Figure 4.6(b) shows the simulation curve
based on Equation 4.1 as represented by the solid black dash dot curve. As the KCI concentration
decreases from 1 M to 1 mM, the nanofluidic channel conductance decreases proportionally to
the KCI concentration. As the KCI concentration keeps on decreasing below 10 pM, the

nanofluidic channel conductance stops decreasing proportionally to the KCI concentration and
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starts to saturate, which is a typical behavior widely observed in nanofluidic channels due to the

influence of surface charges on the channel walls [9, 10, 39].
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Figure 4.6 (a) Schematic showing the measurement setup for the current-voltage measurement of PDMS

nanofluidic channels; (b) Measured and modeled nanofluidic channel conductance at different KCI

concentrations.

Fluorescence microscopy on the single curved PDMS nanofluidic channel was employed to
verify the functionality of the nanofluidic channel. First, nanofluidic channel was manually filled
with a fluorescent dye (LD-700, Exciton, Inc.) that was diluted with deionized water to a
concentration of the 0.5 mg/mL using a syringe. The fluorescence dye has a peak absorption
wavelength of 647 nm and a peak emission wavelength of 673 nm. Then we used a HeNe laser
with wavelength of 655 nm as the excitation laser and used an inverted microscope (Carl Zeiss
Axio Observer Z1) imaging system equipped with a CCD camera (Photometrics Cascade) to
capture the fluorescence microscopy images and then processed the images with a computational

software (Matlab, Mathworks). Figure 4.7(a, b) shows the bright field microscope images of the
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nanofluidic channel interfacing two microfluidic channels. Figure 4.7(c, d) are the fluorescence
images of the nanofluidic channel showing that the nanofluidic channel was filled with
fluorescence dyes, demonstrating the integrity of the nanofluidic channel fabricated by our TBN

process.
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Figure 4.7 Bright field microscope images and corresponding fluorescence images of a single curved

PDMS nanofluidic channel interfacing with two microfluidic channels.

4.4 Conclusions
In conclusion, this chapter presents the fabrication of PDMS nanofluidic channels using a
heated AFM tip. The heated AFM tip deposited PS nanowires on silicon to serve as etch mask to

74



fabricate silicon molds for nanofluidic channels through one step of dry etching. Then PDMS
nanofluidic channels were fabricated using the silicon mold through replicate molding. We
integrated this TBN method with standard nanofabrication process seamlessly to fabricate
nanofluidic channel with two interfacing microfluidic channels defined by conventional optical
lithography. Both ion conductance measurement and fluorescence imaging were carried out on
one of the fabricated nanofluidic channels for demonstrating the functionality. This TBN method
of fabricating nanofluidic channels is rapid, low-cost and has the potential of scaling up for
massive production of nanofluidic channels. Moreover, this TBN method can create arbitrary
shapes of nanofluidic channels and is seamlessly compatible with existing nanofabrication
processes, which makes this method suitable for producing highly-integrated lab-on-chip

nanofluidic devices with complex structures such as a funnel [40].
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CHAPTER 5: SILICON METAL-SEMICONDUCTOR FIELD

EFFECT TRANSISTORS FABRICATED BY TIP-BASED

NANOFABRICATION

5.1 Introduction

Field effect transistors (FET) are the basic components for modern electronics. Shrinking the
size of the FET has been going on for many years following Moore’s law. The state-of-the-art
FETs are fabricated using very expensive equipment such as deep-UV lithography system.
However, even with these advanced lithography tools, the dimensions of the FET are still limited
by the optical diffraction, currently 50 nm for the deep UV. As Moore’s law continues, it is
possible that the optical lithography technology might reach its limit. Therefore, it is important to
look for alternative methods for fabricating FET devices.

Tip-based nanofabrication (TBN) uses a nanometer scale tip to interact with the substrate to
define nanoscale features through a number of mechanisms such as manipulation, mechanical
scratch, chemical diffusion, thermal indentation, thermal deposition, electrochemical reaction,
plasma, etc. Up to now, there are only a few reports of using TBN for fabricating FET devices
such as oxidation-based TBN [1-3]. However, one challenge of oxidation-based TBN is that the
feature size is dependent on many factors such as humidity, force between the tip and substrate,
voltages etc. It is difficult to scale up for volume production of transistors due to the uniformity
issue.

Here, we present a reliable tip-based nanofabrication (TBN) method for fabricating silicon
metal-semiconductor field effect transistor (MESFET) devices using a heated AFM tip. We used

a heated AFM tip to deposit dense polymer nanowires that served directly as etch mask to
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fabricate silicon fin through one step of etching. Then source, drain and gate were fabricated
using conventional optical lithography. This TBN process is seamlessly compatible with existing
nanofabrication methods because the deposited polymer can be combined with optical
lithography patterned silicon oxide together to serve as etch mask. Moreover, we measured the |-

V curves of the TBN-fabricated MESFET and obtained reasonable performance.

5.2 Experiment

MESFETs use a Schottkey metal-semiconductor junction for modulating the conducting
channel. They are widely used for microwave frequency communications [4-7] and radar
applications. In contrast to the MOSFET, MESFETSs have no insulator between the gate and the
active region.

Figure 5.1 shows the major fabrication process for the silicon MESFET using TBN. First,
we fabricated 150 nm thick silicon oxide doping windows for source and drain region on top of a
silicon-on-insulator (SOI) wafer using conventional lithography and wet etching (step a). Then
we doped the source and drain region through the doping windows using boron diffusion. The
boron diffusion was performed for 15 min in a 950 °C furnace with N, atmosphere, followed up
by 40 seconds etching of borosilicate glass using 10:1 DI water to HF, 10 min oxidation using
1:1 H,SO4: HNOg3, and finally 40 s dipping into 10:1 DI water to HF.

Then we deposited 200 nm thick PECVD silicon oxide on top of the sample and patterned
the etch mask for source and drain region using conventional lithography and wet etching of
PECVD silicon oxide (step b). We then deposited polystyrene (PS) nanowires across the etch
mask of source and drain using the heated AFM tip at 260°C with a tip scan speed of 150 nm/s

(step c). After deposition of PS, we etched the top silicon using the patterned PECVD oxide as
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well as the PS nanowires as etch mask, and transferred the patterns to the top silicon (step e).
This step defines the geometry of source, drain and the fin. We then fabricated aluminum source
and drain contact pads using metal lift-off process (step f). To ensure good ohmic contact, we
annealed the sample at 400 °C furnace for 10 min in a N, atmosphere. The last step is to
fabricate aluminum gate electrode using metal lift-off method. Because a Schottkey contact is
desired between the silicon fin and the aluminum gate, so there is no annealing step after the

metal lift-off step.

(a) boron dopin
window

polystyrene
nanowire

heated
AFM tip
(e) So rcedrain (f)

(d) ilicon fin

Figure 5.1 Schematics of major steps in the TBN process for fabricating nanofluidic channels. (a)
Fabricate doping windows of source and drain on top silicon using conventional optical microlithography
and wet hydrofluoric acid etching; (b) Define silicon oxide mask for source and drain area using 2™
optical lithography BHF etching; (c) Deposit polystyrene (PS) nanowires using a heated AFM tip across
two oxide mask for source and drain area; (d) Etch top silicon using both silicon oxide and PS nanowires
as etch mask; (e) Fabricate source and drain contact pads using the 3th lithography, aluminum sputtering

and lift off; (f) Fabricate gate electrode using the 4" lithography, aluminum evaporating and lift off.
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5.3 Results and Discussion
Figure 5.2 shows the SEM image of first generation of fabricated silicon MESFET. From (a) to

(d), MESFETS with one, two, four, eight fins were fabricated.

Figure 5.2 SEM images of TBN-fabricated MESFETS with one, two, four and eight fins.

The first generation of transistors exhibited very poor performance. The source-drain
current was very small. Figure 5.3 shows the zoomed-in view of the gate electrode. VVoids were
observed between the aluminum gate and the silicon fin. Because the silicon fin is almost
rectangular, and we used evaporation of aluminum at a pressure of 10 Torr, the aluminum film
was not conformal on top of the silicon fins; therefore, some gaps formed between the aluminum

and the silicon fin.
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Figure 5.3 (@) Zoomed-in view of the aluminum gate on top of the silicon fin; (b) titled view of the

aluminum gate on top of the silicon fin.

To solve this issue, we optimized the process conditions. First, we added a step of silicon
fin oxidation and BHF etching step before gate electrode fabrication, which reduced the fin
width and rounded the rectangular shape to facilitate conformal coating; second, we replaced
aluminum evaporation with physical sputtering, in which aluminum atoms more uniformly
coated the silicon fin due to the shorter mean free path length because of the higher pressure.

Figure 5.4 shows the SEM images of the second generation of TBN-fabricated silicon
MESFET devices with single and dual fins. Figure 5.4(a,b) shows a single-fin MESFET. The
length of the fin is about 13.6 um, the width is 400 nm and the height is 500 nm. Figure 5.4(c,d)

shows SEM images of a dual-fin MESFET. The geometry of the two-fin transistors is the same
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as the single-fin MESFET. MESFET devices in this second generation have better gate coverage

Draln -_

on the silicon fins.

Figure 5.5 zoomed-in view of SEM images of aluminum gates atop silicon fins.

Figure 5.6 shows the measurement of both gate leak current and source and drain current versus
different gate-source bias for a single-fin TBN-fabricated MESFET as shown in Figure 5.4(a).

Black curves represent gate leak current and blue curves represent source-drain current. The two
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currents changes with gate-source bias Vs at different Vg values. The Vgs values for the four

curves are -2. -1.5, -1, and -0.5 V. The black curve shows that the threshold voltage Vo, defined

as the voltage at which the gate starts to leak current, is measured to be around -0.4 volts for the

aluminum and silicon Schottky contact. The threshold voltage Vi, defined as the voltage at

which the channel starts to conduct current, is measured to be around -0.3 V. When Vs decreases

below -0.3 V, the channel starts to conduct current. As Vs decreases, the channel starts to have

more holes for conduct current, so the magnitude of Iy increases. When Vs reaches -0.6 V, the

gate leak current increases so much that it takes over the current from the drain, which limits the

working range of the MESFET.
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Figure 5.6 Measurement of Gate current represented by black curves and drain current represented by

blue curves versus gate source bias Vs at different Vs settings for a single-fin MESFET. The black curve

shows that the threshold voltage V., defined as the voltage value under which the gate starts to leak

current.
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To improve the performance of the MESFET in terms of dynamic range, it is necessary to
shift the Vi, to the right, so Vg within the normal operating range cannot cause the gate current to
leak much. Since Vo, is a fixed value for a fixed metal to silicon, we can only shift the Vy, to the
right. Vi, is given as equation 5.1, where g is the single electron charge, Na is the doping
concentration of the silicon fin, W, is the silicon fin width, and Vy; is the built-in potential at

zero bias for the aluminum-silicon Schottky contact.

V. = qNAWfin2

-V 5.1
th 88 bi ( )

s
So either increasing the doping concentration Na or increasing the width Ws, can increase Vi,
Figure 5.7 shows the simulation of threshold voltage Vi, at different doping concentrations Na.
The current doping concentration is around 3x10™ /cm?, the simulated Vy, is around -0.3 volts,
matching the observed Vi, According to the simulation curve, to increase the Vi, to 0.5 volts, we

need about 3x10"® /cm® boron-doping concentration.
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Figure 5.7 Simulation curves for threshold voltage versus different boron doping concentrations.
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5.4 Conclusions

We have presented a TBN method for fabricating MESFET devices. In this TBN method, a

heated AFM tip deposits polymer nanowires that serve as mask for transferring the geometry of

polymer nanowires into silicon nanowires through one step of dry etching. This TBN method is

seamlessly compatible with existing nanofabrication process for FET device applications. To

demonstrate the capability of this TBN method, we fabricated MESFET devices with one, two,

four, and eight silicon fins. I-V measurement showed the FET behavior of fabricated MESFET

devices.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

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 demonstrated reliable fabrication of nanostructures of solid-state materials such as silicon and
silicon oxide, paving the first step for NEMS fabrication using TBN; second, we developed a
process that makes this TBN method seamlessly compatible with conventional nanofabrication
process.

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 measured two
NEMS resonators to have resonance frequency of 1.2MHz and 2.2 MHz, close to the simulated
resonance frequency.

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 device with one, two, four and eight fins are fabricated, demonstrating the

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

6.1 Future Work

This thesis presented reliable fabrication of NEMS device using a single heated AFM tip.
In order to use this TBN method as a commercial fabrication method for NEMS devices,

additional work needs to be done in at least two directions.
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The first direction is to improve the automation and throughput of this TBN method.
Currently, the inking process of adding the polymer to the heated AFM tip is manual. After using
up the polymer on the tip, the heated AFM tip needs to be removed from the AFM equipment
and loaded to a manual stage for polymer inking. This manual inking process reduces the degree
of automation of this TBN method and limits the throughput. One possible solution to this
problem might be to develop a new generation of heated AFM tip with automatic inking function.
Figure 6.1 shows a conceptual design of this auto-inking heated AFM tip. Instead of a regular
double-armed design, a third delivering arm is added. The delivering arm is designed to have a
thermal gradient that drives molten polymer from high temperature at the base to the low

temperature at the tip using thermal marangoni force [1, 2].

Silicon Tip

Thermal
heating arms

Polymer
delivery ar

Molten
Polymer
droplets

On-chip
Polymer
reservoir

Figure 6.1 Schematics showing a heated AFM tip with automatic inking function.

The second direction is to address the scalability. Several multi-tip TBN systems have
been demonstrated [3-6]. However, in order to use TBN for mass-production of NEMS devices,

thousands or even millions of tips need to be operating individually to deposit polymers. Figure
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6.2 shows a conceptual design of millions of thermal AFM tips arrayed for depositing polymer
nanowires. The AFM tip is not made of silicon but of polymer such as PDMS. Au tip is
fabricated on each of the polymer tip [6]. Laser beams shooting from the base of the polymer tip
can induce plasmonic heating on the Au tip, thus melting the polymer on the tip, and depositing

polymer nanowires. The laser beam can address each tip from the base.

Transparant Laser

polymer beams
pyramids

Plasmonic

, fdweatiggb Deposite
Induced by holymer .
the laser "0 Au tips

Figure 6.2 Schematics of million tips heated by laser induced plasmon resonance in Au tip.

Another important future direction is to explore the use of heated AFM tip for patterning
on non-flat substrate. For example, the AFM tip is able to deposit on top of a curved substrate or
patterned substrate. Figure 6.3 shows an AFM topography image of a deposited polystyrene
nanodot on a photonic crystal surface [7]. This additive method has advantages over EBL
because no contamination can be introduced. EBL requires ebeam resist covering everywhere on

the surface, which is not desired for many applications that require clean surfaces.
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Figure 6.3 AFM topography image of a polystyrene nanodot deposited by a heated AFM tip on top of a

photonic crystal surface.
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