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Design, Fabrication and Application of the Flash Memory

and Biosensing Devices Based on Nanotechnology

Student: Chi-Chang Wu Advisor: Prof. Fu-Hsiang Ko

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

The development of nanotechnology is an important revolution to science,
industry, and even our life. Because of size-miniaturization, the physical, chemical,
and biological properties of the materials are apparently different to original ones. In
this thesis, nano-technology and nano-materials are applied to the electronic and
biology fields. This thesis is divided into three sections, and is described below
briefly.

In the first section, the improvement of nickel silicide on the junction diode was
demonstrated. Because the device continues to shrink to nano size, the issue about
metal-semiconductor interface becomes more and more important. The effects of
capping layers on formation and electrical properties of Ni-silicided junctions were
investigated. The uncapped and TiN-capped samples were shown to exhibit better
thermal stability than the Ti-capped samples. A high-resistivity Ni,Ti,Si, compound
layer is formed on the surface during silicidation for the Ti-capped sample. In addition,
the thermal and morphological stability of NiSi on SiGe film was also investigated.

We found that NiSi films formed on poly-Si/poly-SiGe stack layers possessed
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continuous, smooth structures. Moreover, nickel germanosilicide [Ni(Si,Ge)] line
formed on the poly-SiGe exhibited a fine-line effect, whereas NiSi line formed on the
poly-Si/poly-SiGe stack layer was very stable. A model for the stress-confined grain
growth and recrystallization is proposed to explain the improved properties of the
poly-Si-buffered film.

In the second section, the formation of nanocrystal by using sol-gel spin-coating
method was studied. The formation of the nanocrystals at various annealing
temperatures was demonstrated. We found the film started to form the islands at 600
°C anneal, and finally transferred into NCs at 900 °C. A model was proposed to
explain the transformation of thin film. The retention for 900 °C annealed nanocrystal
memory exhibited less than 30% charge loss after 10° sec at 125 °C measurement.
The solvent effect on the formation of nanocrystal was also investigated. The
morphology of the nanocrystals for precursors in ethanol system was isolated type,
while was interconnected form in IPA system. Ethanol as preparation solvent formed
a thinner sol-gel film for spinodal decomposition, and was benefit for formation of
isolated nanocrystals. The ethanol system derived NC memory demonstrated a large
memory window (9.8 V) than IPA system (3.8 V) due to the isolated NCs. The
ethanol system derived NC memory also exhibited better memory performance of
retention times for < 5% and < 10% charge loss at 25 °C and 85 °C measurement,
respectively. Moreover, a Ti,Zr,Si,0 nanocrystal memory was operated by a novel
hot hole trapping method. The memory window of the nanocrystal memory by hot
hole trapping can be up to 4.3 V; long retention times are extrapolated up to 10° sec
with about 8%, 11%, and 25% charge loss at 25, 85, and 125 °C measurement,
respectively. The good electrical performance is attributed to the effects of the
high-density isolated nanocrystals and hole-trapped into the deep trap energy level,

hence no significant lateral and vertical charge leakage occurs.
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Finally, high-sensitivity nanowire/nanobelt field effect transistor (FET) was
fabricated and for biosensing application. We developed a silicon nanowire FET that
allows deoxyribonucleic acid (DNA) biosensing. We employed the BRAF'”*"
mutation gene, which correlates to the occurrence of cancers, as the target DNA
sequence. The threshold voltage of the NWFET increased when the mutation gene was
hybridized with the capture DNA strands on the nanowire, and decreased to the original
level after de-hybridization of the gene. The detection results of mismatched DNA
sequences, including one- and five-base—mismatched DNA strands, could be
distinguished from complementary DNA gene by this sensor. Futhermore, we used
the local oxidation of silicon (LOCOS) process to fabricate a silicon nanobelt field
effect transistor (NB FET). This approach is completely compatible with
complementary metal oxide semiconductor (CMOS) technology, yet it avoids the
need for expensive lithography tools to define the nanoscale pattern. We employed
the fabricated NB FET as a biomolecular sensor for the early, real-time, label-free
screening of hepatocellular carcinoma (HCC). To increase the accuracy of HCC
screening and prevent false positive identification, we tested the ability of our NB
FET to determine alpha-fetoprotein (AFP) as a cancer marker, a DNA fragment from
hepatitis B virus (HBV), and the solution pH—all of which can be used as markers for
the onset of HCC. This multiplex sensing of AFP, HBV, and the solution pH suggests
that our direct, label-free, ultrasensitive biosensor in a microfluidic chip might be

applicable as an HCC detector in real samples.
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Chapter 1
Introduction
1.1 Introduction to nanotechnology

There's plenty of room at the bottom! -- A famous lecture given by physicist
Richard Feynman, who was awarded the Nobel Prize in physics in 1965, at an
American Physical Society meeting at Caltech on December 29, 1959 [1]. Feynman
described a process by which the ability to manipulate individual atoms and
molecules might be developed, using one set of precise tools to build and operate
another proportionally smaller set, and so on down to the needed scale. He was
particularly interested in the possibilities of denser computer circuitry, and
microscopes which could see things much smaller than is possible with scanning
electron microscopes.

Feynman concluded his talk with challenges to build a tiny motor and to write
the information from a book page on a surface 1/25,000 smaller in linear scale.
Feynman offered prizes of $1000 for each challenge. Amazingly, his motor challenge
was quickly met by a meticulous craftsman, using conventional tools. In 1985, Tom
Newman, a Stanford graduate student, successfully reduced the first paragraph of A

Tale of Two Cities by 1/25,000, and collected the second Feynman prize.



After that, the technology is toward smaller thing, and even to nano-size. Owing

to this famous talk, Richard Feynman is called the father of nanotechnology.

Feynman’s “Plenty of room” gave nanotechnology a packaged history that provided

an early date of December 1959, plus a connection to the charisma and genius of

Richard Feynman.

Nanotechnology is a revolution in science and technology. It distinguishes itself

from all previous scientific and industrial revolutions in many ways. Through the new

technology, we can not only change the fundamental properties of matter as well as a

tailor make materials with desirable attributes, but also manipulate the nanoscale

objects that conventional technique is impossible to do. Generally nanotechnology

deals with structures of the size 100 nanometers or smaller, and involves developing

materials or devices within that size. Nanotechnology is very diverse, ranging from

extensions of conventional device physics, to completely new approaches based upon

self-assembly method, to developing new materials with dimensions on the nanoscale,

even to speculation on whether we can directly control matter on the atomic scale.

Nanotechnology has the potential to create many lots materials and devices with

applications, such as in electronics, biology, and chemistry field.

A large number of methods for nanofabrication technology have been reported.

In general, these methods can be divided into two categories, that is, top-down and



bottom-up approaches [2]. The top-down methods start with patterns that have a large

scale, and shrink their lateral dimensions to form nanostructures. In contrast, the

bottom-up methods built from atoms or molecules which assemble themselves

chemically by principles of molecular recognition. The bottom-up researches attempt

to build nano-devices on one molecule at a time, rather like the way that living

organisms synthesize macromolecules [3]. The two approaches are described in detail

below.

(1) Top-down approach

The top-down approach seeks to fabricate nano-devices by using advanced

lithography method. In fact, many technologies that descended from conventional

solid-state silicon methods for fabricating microprocessors are now capable of

creating features smaller than 100 nm, falling under the definition of nanotechnology.

Similar to the micromachining, top-down approach can be divided into

bulk-/film-machining, surface-machining, and mold-machining (Fig. 1-1). In

bulk-/film-machining, the pattern is created by etching trenches in the substrate. This

is done typically by conventional photolithography followed by etching process of the

substrate. [4-5] In surface-machining, a bottom layer is deposited on the substrate

followed by the deposition of the sacrificial layer. After pattering, the top layer is

deposited on top of the sacrificial layer and then pattern [6]. The nano-pattern is



finally formed by removing the sacrificial layer. In mold-machining, the mold in the

inverse shape of the desired pattern is fabricated. This is filled with a structural

material and then, the mold can be removed from the desired structure.

The top-down approach is able to fabricate a high-density nanostructure by

using the advanced lithography and etching system. The cost is, however, expensive

due to these high-priced systems and complex process steps. How to reduce the

running cost is an urgent issue in developing nanotechnology.

(2) Bottom-up approach

The bottom-up approach seeks to assemble the atoms or molecules into the

smallest nanostructure by controlling the chemical reaction. The typically dimension

for this approach is about 2~10 nm. Fig. 1-2 shows the schematic diagram of the

bottom-up approach. This approach is cheaper than top-down approach, and hence the

cost can be down. However, the controlling of bottom-up approach is still a challenge.

Most existing studies based on “bottom-up” nanostructures have been limited by

complex integration techniques that require precise transfer and positioning of

individual nanostructures to provide reliable and superior ohmic contacts.

Self-assembly is the most used bottom-up approach to fabricated nanostructure.

Currently, the mastery of self-assembly is limited to its relatively simple systems. To

achieve complex systems hierarchical self-assembly can assist, where the products of



one self-assembly step is a base for the next one. The formation of self-assembled

monolayers, that are produced when a substance spontaneously forms a molecular

monolayer on a surface, could be successfully combined with standard lithographical

methods to achieve large-scale and better controlled structures.

Although the two methods seem to develop by opposite strategy, they are not

conflict with each other. In fact, a promising and ideal approach is the combination of

both methods, where the smallest nanostructures can be achieved by bottom-up

methods and the interconnection can be done by top-down lithographical methods.

H.Zhu et al. [7] proposed CNTs grown by chemical vapor deposition (CVD) within

the anodic aluminum oxide (AAQ) template. Through this method, good uniformity

and naturally perpendicular growth can be achieved without the need of extra process

step.

1.2 Motivation

In this thesis, nano-technology and nano-materials are applied to the electronic

and biology fields. This thesis is divided into three sections, and is described below

briefly.

(1) Research on nickel silicide process



Because the device continues to shrink to a nano-size dimension, the issue

about metal-semiconductor interface becomes more and more important. The contact

resistance increases dramatically due to the contact area of the Source/Drain is

decreasing, and hence the driving force of the nano-device is degraded [8]. Through

the silicide technique, the contact resistance and layout area can be decreased. Fig. 1-3

shows the dramatic representations of the silicide technique used in the nano-device.

Without silicide film, the contact hole is decreased dramatically when the device

shrinks, and hence the contact resistance is increases [Fig. 1-3(a)]. On the other hand,

the contact resistance of Source/Drain is a constant when device is shrinking by using

the silicide technique due to the contact area is almost the same [Fig. 1-3(b)]. Even

the situation of contact hole decreasing or mis-alignment problem are occurred, the

contact resistance remain constant (Fig. 1-4). Therefore, the layout area can be

retrenched due to less contact hole is necessary (Fig. 1-5).

However, as the device shrinks to nano scale, the silicide material and process

suffers from many challenges such as resistance matching and interaction between the

SiGe Gate [9]. In this thesis, effects of capping layers on formation and electrical

properties of Ni-silicided junctions were investigated. A high-resistivity NiyxTiySi,

compound layer is formed on the surface during silicidation for the Ti-capped sample.

In addition, the thermal and morphological stability of NiSi on SiGe film was



investigated. We found that NiSi films formed on poly-Si/poly-SiGe stack layers

possessed continuous, smooth structures.

(2) Study on the sol-gel derived nanocrystal memorys

The flash memory devices are increasing interest for portable electronic

productions because of its high data retention, low cost, and low power consumption

characteristics.The basic concepts and the functionality of a floating gate (FG) device

are easily understood if it is possible to determine the FG potential. If a charge is

forced into the well, it cannot move without applying an external force: the FG stores

charge. However, the FG type flash memory suffers the electron migration problem in

the charge trapping layer, and will cause the charge loss and data retention

degradation [10]. This interest arises from the inherent advantages of isolated

nanocrystal acting as discrete floating gate nodes. The nanocrystal memory can keep

the trapped charge tightly to avoid the charge loss problem found in conventional thin

film storage memory (Fig. 1-6). Various materials have been used to form

nanocrystals, such as silicon [11], germanium [12] and metal [13], as the charge

storage layer for nonvolatile memories.

We proposed a novel sol-gel spin coating method to fabricate a compound

material thin film, and transformed into nanocrystal after annealing. The sol-gel

solution provided colloidal solvents or precursor compounds when metal halides were



hydrolyzed under controlled conditions in a beaker. In the sol-gel reaction, hydrolysis,
condensation, and polymerization steps occurred to form metal-oxide networks in the
colloid liquid. The most interesting feature of sol-gel processing in the solution is its
ability to synthesize new types of materials that were known as “inorganic-organic
hybrids” [14]. The sol-gel spin coating method was a simple method to deposit thin
film as compared to ALD, PVD, or CVD technologies due to its cheaper precursors
and tools. In addition, the film can be fabricated in the normal pressure environment
instead of high vacuum system. However, to the best of our knowledge, there is no
literature reported concerning to the formation mechanism of the sol-gel derived
nanocrystal. In this thesis, we demonstrated the effects of annealing temperature and
solvent to the nanocrystal formation. We found the film started to form the islands at
600 °C anneal, and finally transferred into NCs at 900 °C. The morphology of the
nanocrystals for precursors in ethanol system was isolated type, while was
interconnected form in IPA system. Ethanol as preparation solvent formed a thinner
sol-gel film for spinodal decomposition, and was benefit for formation of isolated
nanocrystals. In addition, Ti-based nanocrystal memory programmed by hot hole
trapping method was also proposed.

(3) Research on the real-time, label-free and ultrasensitive nanowire/nanobelt

FET biosensors for cancer marker analysis



The detection of specific nucleic acid sequence has recently attracted much

attention because more than 4000 inherited diseases are known [15]. Efforts are

needed to identify these mutation genes, and it is desirable to explore more simple and

rapid methods for biomolecule detection [16-19]. In general, the traditional techniques

in detecting the biomolecule include optical and electrochemical measurements. For

the optical characterization, a fluorescent group with emitting specific light of interest

is labelled on the target DNA molecule. The DNA sequence is then determined by

analyzing the fluorescence by an optical scanner [20]. The optical method requires the

technique for fluorescent material labeling and tedious polymerase chain reaction to

amplify the DNA concentration. Additionally, the electrochemical characterization

uses a conventional cell embedded with three electrodes [21-22]. The electrochemical

measurement requires an indicator that can selectively bind to the double-stranded

DNA and a couple of surface preparation procedures thereafter. Table 1.1 lists the

comparison of various disease detection and diagnosis methods.

Many advanced biological sensors, such as nanowires (NWs) and nanotubes

(NTs), have recently received much attention due to their excellent characteristics for

the detection of biomolecules [23-26]. In contrast to the conventional biosensing

techniques, the nanowire’s field-effect transistor (NW FET) sensors exhibit highly

sensitive and label free detection for the biomolecules [27]. The fabrication of



nanowire-based biosensor includes the proper integration of *“bottom-up” and
“top-down” approach [28-29]. The “top-down” fabrication uses the state-of-the-art
integrated circuit technology to scale down the designed linewidth and is compatible
with the standard semiconductor process. The “bottom-up” fabrication aims to
precisely tether the molecule onto the NWs or NTs. The charge carrier of the NWs or
NTs can be affected by the immobilized molecule, and the variation of electrical
signal can be used as the sensing indicator. The reaction capability of the molecule
with the nano-scale surface and the defect formation during molecular self-assembly
can seriously influence the fabrication yield, which results in the difficult integration
and hinders the widespread application for the sensors.

Therefore, we fabricated NW/NB FET biosensors located on a
silicon-on-insulator substrate by using the top-down complementary metal-oxide
semiconductor technology. We applied the NW FET sensor as an ultrahigh-sensitivity
molecular probe for the detection of a cancer-related BRAFY>*F mutation gene. The
presence of BRAFY*®F mutation genes was correlated to the occurrence of
melanomas, colorectal cancers, gliomas, lung cancers, sarcomas, ovarian carcinomas,
breast cancers, papillary thyroid carcinoma, and liver cancers [30]. This mutation is
believed to mimic phosphorylation in the activation segment by insertion of an acidic
residue close to a site of regulated phosphorylation at serine 598. BRAFY>%F exhibits
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elevated basal kinase activity and has diminished responsiveness toward oncogenic
stimulation. BRAFY**F also transforms NIH3T3 cells (murine embryonic fibroblasts)
with higher efficiency than does the wild-type form of the kinase, consistent with its
functioning as an oncogene [31]. Therefore, characterization of the BRAFY***
mutation genes at the molecular level is significant for early tumor identification.

We also applied the NB FET as the biomolecular sensor in detecting the
hepatocellular carcinoma (HCC). HCC is the most common primary cancer of the
liver in the world. The diagnosis and treatment methods of HCC have been developed
many years, while the recurrence and mortality of HCC is still high, hence the
five-year survival rate of this disease is less than 5 % [32]. This vital disease is
prevalent in Asia and sub-Saharan Africa. The incidence of HCC in Taiwan is steadily
raising in the past years, resulting in an increase in the mortality rate from 22.7 per
100,000 population in year 1986 to 28.1 in year 2007, and it is now the first and
second most common cancer inmen and in women, respectively [33]. Clinical studies
have shown that HCC can be cured by surgical resection in the early stage. However,
since very few neurons spread in the liver, patients with HCC in the early state are
asymptomatic. Most patients are diagnosed in the late-stage or metastasis state, that
patients are not suitable for surgical resection. Moreover, erroneous diagnosis is
another problem to be consideration due to the false positive issue by conventional
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method [34]. Therefore, characterization of the HCC for early tumor identification, as
well as multiplex detection with diversified cancer markers to increase the accuracy,
are significant to allow the possibility of aggressive and specific therapy to save
human lives.
1.3 Thesis organization

In this thesis, we applied the nano-technology to the electronic and biology
fields. In chapter 2, research on nickel silicide process was demonstrated. Firstly, we
investigated the effects of capping layers on formation and electrical properties of
Ni-silicided junctions. We found that Ti-capped silicide sample exhibited poorer
thermal stability in comparison with uncapped and TiN-capped sample due to a
high-resistivity NiTiSi compound formed on the surface of Ti-capped samples, which
resulted in the increase of silicide thickness and junction leakage problem. Next, the
improvement of morphological stability of NiSi on Si/SiGe film was proposed.
Moreover, nickel silicide formed on the nano-sized line was also investigated. A
model for the stress-confined grain growth and recrystallization is proposed to explain
the improved properties of the poly-Si-buffered film.

In the second section, a nanocrystal memory by a novel sol-gel method was
studied. In chapter 3, the mechanism of the nanocrystal formation at different
annealing temperatures and solvent were investigated. We demonstrated the sol-gel

12



film started to hase-changing property from 600°C annealing, and finally transformed
into NCs at 900°C. As to the solvent effect, the morphology of the nanocrystals for
precursors in ethanol system was isolated type, while was interconnected form in IPA
system. Ethanol as preparation solvent formed a thinner sol-gel film for spinodal
decomposition, and was benefit for formation of isolated nanocrystals. The ethanol
system derived nanoscrystal memory demonstrated a large memory window (9.8 V)
than IPA system (3.8 V) due to the isolated nanocrystals. Moreover, we proposed a
Ti-based nanocrysals memory by utilizing the hot hole trapping to program. With the
merits of high-density nanocrystals and hot hole trapping, this nanocrystal memory
exhibited excellent electrical performance in terms of the large memory window, high
data retention, exceptional endurance, and high program speed.

In the third section, the nanowire and nanobelt field effect transistor (FET) was
fabricated for biosensing application. In chapter 4, a single crystalline silicon
nanowire FET was fabricated for deoxyribonucleic acid (DNA) biosensing. We
employed the BRAFY**F mutation gene, which correlates to the occurrence of
cancers, as the target biomolecule.

In addition, a silicon nanobelt (NB) FET was also fabricated by using the local
oxidation of silicon (LOCOS) process. This approach prevents the need for expensive
lithography tools to define the nanoscale pattern. The NB FET was applied as the
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real-time, label-free screening of hepatocellular carcinoma (HCC). We detected
alpha-fetoprotein (AFP), hepatitis B virus (HBV) DNA fragment, and solution pH,
respectively, to prevent the false positive issue. This multiplex sensing of AFP, HBV,
and the solution pH suggests that our direct, label-free, ultrasensitive biosensor with

the microfluidic chip might be applicable as an HCC detector in real samples.

14



) (b}
Wafer with
photoresist

<«——— UVLight

Lithography
«——— Mask Etach
Silicon waferwith &2 Remove

alayer of photor-
esist

photoresist

Fig. 1-1 (a) Conventional photolithography procedure. This procedure separates into
two steps, step 1 is the preparation of the mask, and step 2 is the application of the mask
to manufacture replicas. (b) Typical bulk-/ film-machining method, the channel is
created by etching trenches in the substrate wafer or, alternatively, in the film deposited
on the substrate.
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Fig. 1-2 Schematic diagram of the bottom-up procedure. A chemical reaction brings
together some molecular aggregate to small crystal, and the small crystals attract
surroundings into a nano-particle.
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Fig. 1-3 Schematic representations of the contact resistance in nano-device.
(a) The contact resistance is increased dramatically due to the contact area is
reducing without nickel silicide, while (b) the contact resistance remain
constant using nickel silicide as the contact metal.
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Fig. 1-4 Schematic representations of the contact resistance in shrinkage and
mis-aligment problem. (a) contact hole size shrinking, and (b) contact hole
mis-aligment.
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Fig. 1-5 Typical layout of the device. (a) without silicide process, and (b)
with silicide process.
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Table 1.1 Comparison of various disease detection and diagnosis methods.

Detection and diagnosis of disease

Method Traditional Optics & Bio- Nuclear Biotronic
Surgery Sonics chemistry Medicine
¥
Period Prehistorical Early 1900s 1980s 1990s 2000s
Advantag | 1. Fast 1. Fast 1.Relatively 1. Real-time 1.Highly
e 2. Mature tech 2. Clear image sensitive 2. Clear image sensitive
3. Non-invasive | 2. Cheaper 2. Label-free
3. Real-time
4. Integration
Disadvan | 1.Imprecise 1. Highly risk 1. 1. Highly risk 1. Developing
tage 2.Invasive 2. Experience Time-consuming | 2. High-cost tech.
3.Highly risk requirement 2. Indirectly 2. False positive

3. False positive
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Chapter 2

Research on nickel silicide process

2.1 Introduction

The self-aligned silicidation (SALICIDE) process is one of the critical
techniques for ultra large scale integrated (ULSI) circuits, and is more emphasized as
the device dimensions is towards nanometer scale. By using this technology, the
contact resistance of silicide-Si interface at poly-Si gate and source/drain regions will
be decreased, thereby increasing the driving current and the transconductance (Gm) of
the Metal Oxide Semiconductor Field Effect Transistor (MOSFET) devices [1].

TiSi, is widely used as the silicide material for several years [2]. However, it
has been found that the transformation of TiSi, from high resistivity C49 phase to low
resistivity C54 phase is restricted by the linewidth, causing higher sheet resistance for
lines narrower than 0.35 pum [3]. Neither CoSi, nor NiSi has such linewidth
dependence effects as observed in TiSi, [4]. On the other hand, with the continuously
decreasing junction depth, the silicide thickness is being shrunk to decrease silicon
consumption at the expense of a higher sheet resistance [5,6]. For this reason, NiSi is

being considered as a potential candidate for deep sub-100 nm devices because the
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same sheet resistance can be obtained with less Si consumption as compared to CoSi,
[7-9].

Although NiSi have many merits, there are obstacles to be overcame such as
large junction leakage current and thermal stability related degradation. Moreover, the
reaction between nickel silicide and poly-SiGe is unstable. For these reasons, the

improvement of nickel silicide process was demonstrated in this chapter.

2.2 Study on the capping layer for the formation of nickel silicide
junctions

In this section, we demonstrated the effects of the Ti or TiN-capped layers on
thermal stabilities of nickel silicide thin film. One of the reasons of nickel silicide
thermal stability is because the oxidized of nickel, results in the increase of silicide
resistivity. Therefore, a capping layer on top of nickel thin film is necessary to prevent
oxidant. Here we used various capping layers and compared their thermal stabilities.
The results showed that there was higher leakage current for NiSi sample with the
Ti-capped layer than that of the uncapped layer. Further studies identified that the
excess junction leakage current was due to the Ti-Ni-Si compounds layer formed on

the nickel silicide surface.
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2.2.1 Experiments

The n"-p junctions were formed by As” implantation at an energy of 20 keV

with a dose of 5x10" cm™ followed by the rapid thermal annealing (RTA) process.

After wafers were cleaned, they were introduced to a cluster sputtering system to
deposit the metal films. Prior to the film deposition, Ar presputter cleaning was
further carried out to remove the thin native oxide layer. Ni films of 20 nm and Ti or
TiN films were sputtered, respectively. The thickness of Ti thin film was 10 or 30 nm,
and the TiN thin film was 30 nm.

After deposition of metal films, nickel silicidation was done in a RTA (AG
610) system, followed by a H,SOs + H,O, mixture to selectively remove the
unreacted metal. Finally, TiN /AlSiCu /TiN was deposited and patterned as the metal
pad. For easy identification, the uncapped silicide sample, Ti 10 nm-capped silicide
sample, Ti 30 nm-capped silicide sample, and TiN 30 nm-capped silicide sample are
denoted herein as uncapped, Ti 10-capped, Ti 30-capped, and TiN 30-capped,

respectively.

The leakage currents of junction diodes were determined at a reverse bias of
5V by a HP4156 semiconductor parameter analyzer. For the unpatterend sample,
sheet resistance of the silicide film was measured by a four-point probe.
Microstructures of the silicide films and interfaces were examined using transmission
electron microscopy (TEM). The compositions and the phase identification of silicide

films were carried out by energy dispersive spectroscopy (EDS) and x-ray diffraction
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(XRD) analysis, respectively. Compositional depth profiles were characterized by

secondary ion mass spectroscopy (SIMS).

2.2.2 Results and discussion

Fig. 2.1 compares the sheet resistance of Ni silicide using different capping
layer processes after annealing at 300-800°C for 30 sec in an N, ambient. At
temperatures below 450°C, all samples exhibit large sheet resistance and it is
attributed to the formation of nickel-rich Ni,Si phase, as analyzed in XRD spectra of
Fig. 2.2. NiSi with low sheet resistance (about 4~5 Q/[0) are shown for temperatures
ranging from 450 up to 600°C. At higher than 600°C, the silicide thin films start to
degrade with slight increase in sheet resistance, especially for the Ti-capped samples,
as shown in the inset of Fig. 2.1. The degradation for nickel silicide film annealed at
higher temperature is attributed to either the phase transformation from low-resistivity
NiSi to high-resistivity NiSi, or the agglomeration of the silicide film caused by local
energy equilibrium at the intersection of grain boundaries [10].

So far as the result of sheet resistance is concerned, the uncapped and TiN
30-capped samples exhibit better thermal stability than the Ti 10-capped and Ti
30-capped samples. Obviously, it does not conduce to relevant shift of the Ni-silicided
transformation temperature by using either Ti or TiN capping layer on Ni-silicidation
process. This result is distinct from the phenomenon of Co-silicidation process. It has
been demonstrated that the transformation point of Co,Si to CoSi was shifted towards
lower temperature by a Ti capping layer, which is arose from that the Ti capping layer
lowers the activation energy for CoSi formation by eliminating the formation of SiO,
between the growing CoSi and the Co [11]. The fact that Ti capping layer does not
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play an active role for Ni silicidation process is ascribed to the lower reaction

temperatures for Ni and Si.

The XRD spectra for samples annealed at 400, 450, 600 and 700°C are shown

in Figs. 2.2 (a)-(d). All samples annealed at 400°C exhibit nickel-rich Ni,Si preferred

orientation. After 450°C annealing, the NiSi phase predominated, and no NiSi, phase

was detected even the annealing temperature is up to 800°C (not shown here). This

finding is consistent with the sheet resistance result that Ti-capped sample does not

lead to a significant shift of the nickel silicide transformation temperature. It is more

noteworthy that there are two peaks (about 40.6 and 43.3 degree) detected from the Ti

30-capped and Ti 10-capped samples (peaks from Ti 10-capped sample are

unapparent, but still visible), while the uncapped and TiN 30-capped samples are not.

The intensity of the two peaks that were detected from the Ti 10-capped and Ti

30-capped samples increase with increasing either the annealing temperature or the Ti

thickness, which indicate that there may be a Ti-compound layer formed on silicide

thin film.

To verify the composition of the Ti-compound layer, samples were further

analyzed by TEM. Figs 2.3 (a)-(f) show the cross-sectional TEM images of the

uncapped, TiN 30-capped, Ti 5-capped, Ti 10-capped, Ti 20-capped, and Ti

30-capped samples annealed at 650°C for 30 s, respectively. As shown in the figures,

there are two layers formed on the Ti 5-capped, Ti 10-capped, Ti 20-capped and Ti
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30-capped sample, while only a single layer are found on the uncapped and TiN

30-capped samples. For the Ti-capped samples, the thickness of the upper layer

increased upon increasing the thickness of Ti capping. The two layers formed on the

Ti 30-capped sample were also analyzed by EDS to confirm their compositions.

Figures 2.4a and b show the EDS analyses of the upper layer and the lower layer

formed on the Ti 30-capped sample, respectively. It is clearly seen that the upper layer

is composed of a high-resistivity Ni,Ti,Si, compound and could not be removed by

etchant, while the lower layer is a relatively low-resistivity Ni-Si compound. Oxygen

signal was not detected at either upper layer or lower layer in TEM and EDS results,

which is distinct from the result of the previous report about CoSi, study. It was

reported that a Ti cap or alloying layer is capable of gettering oxygen that is

incorporated into the deposited Co, and reducing interfacial oxide in the silicidation

process by forming a TiO, layer in the silicide surface [12]. The similar results are

also found in the NiSi studies [13-14]. No detectable oxygen in this study is possibly

due to the pre-etching process so that native oxide was completely removed and a

clean surface was showed up to form silicide. Furthermore, it is found from Figs. 2.3b

and 2.3c that the overall thickness of the silicide layers, as well as the Ni,Ti,Si, layer,

increase with increasing the Ti capping layer thickness. This result is harmful to the

electrical properties of the Ni silicided device because both thinner silicide layer and
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lower sheet resistance are the main demand for the ULSI technology. The thicker
silicide layer will cause excessive leakage current of the source/drain region, and
result in degradation in properties of the devices.

Fig. 2.5 illustrates the cumulative distributions of reverse-biased leakage
current densities (Jg) for the Ni-silicided n"-p junction diodes annealed at 500°C for
30 sec. Twenty five randomly chosen diodes of area 0.1 x 0.1 cm” was measured at
room temperature. As shown in Fig. 2.5, the uncapped and TiN 30-capped samples
exhibit smaller leakage current densities than that of the Ti 10-capped and Ti
30-capped samples. As mentioned above, the thickness of NiSi and Ni,Ti,Si, layers
increase with increasing the Ti capping layer thickness, as shown in the TEM images
of Fig. 2.3. This means that increasing the Ti capping layer thickness result in the
more seriously consumed junction depth, and hence, caused larger junction leakage
current.

Fig. 2.6 reveals the SIMS depth profiles of As" for samples annealed at 500
°C for 30 sec. There are almost the same junction depth for the uncapped, Ti
10-capped, and TiN 30-capped samples (about 0.076 um at 10" atoms/cm’). However,
the As profile of the Ti 30-capped sample is shifted toward deeper side (about
0.091um at 10" atoms/cm®). This finding explains why the leakage current of the Ti
30-capped sample is slightly smaller than that of the Ti 10-capped sample shown in
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Fig. 2.5. It has been demonstrated that As is depleted in the TiSi, layer and thus
diffuses significantly into Si underneath [15]. Therefore, the Ti 30-capped sample
with a thicker Ni,Ti,Si, compound layer, caused the impurity redistribution to induce
a deeper junction depth. In addition, the “snowplough” effect that As accumulates at
the silicide/Si interface, especially for the Ti 10-capped and Ti 30-capped samples, is
found. This observation indicates that the Ti capping layer leads to the snowplough
effect enhancement during the NiSi formation. Moreover, the accumulation of As is
deeper for the Ti-capped sample, which is due to the formation of the thicker silicide

layers, as shown in Fig. 2.3.

2.3 Study on morphological stability of the nickel silicide formed on
polycrystalline Si/SiGe substrate

In this section, the stress-induced morphology and fine-line stability
enhancement of NiSi on poly-SiGe with a buffer poly-Si interlayer was studied.
Polycrystalline silicon-germanium (poly-SiGe) is a suitable candidate material for
replacing polycrystalline silicon (poly-Si) at the gate electrode because of its lower
dopant activation energy, higher carrier mobility [16-17], and good compatibility with
standard silicon CMOS processing technologies, as well as the possibility of tuning its
work function merely by changing the mole fraction of Ge [18]. In addition,

poly-SiGe films can be deposited at temperatures lower than those required for
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poly-Si films, presumably because of the lower binding energies of the Si—Ge and

Ge—Ge bonds in poly-SiGe films relative to those of the Si—Si bonds in poly-Si films

[19]. Unfortunately, combining nickel silicide processing with poly-SiGe materials

suffers from the drawback that the direct reaction between nickel and poly-SiGe

provides materials exhibiting relatively poor morphological stability relative to those

obtained from poly-Si [20] because the melting point of the ternary alloy Ni(Si,Ge) is

lower than that of NiSi. This problem restricts the further application of nickel silicide

and poly-SiGe gate materials.

Here we compare the morphological stabilities and fine-line effects of
Ni/poly-Si/Si02/Si-substrate, Ni/poly-SiGe/SiO2/Si-substrate, and
Ni/poly-Si/poly-SiGe/SiO2/Si-substrate systems. We studied the effects of the
silicidation temperature on the sheet resistance of various films. In addition, we
examined the fine-line effects of nickel (germano) silicided narrow lines. Although it
has been reported that the resistance of NiSi formed on poly-Si lines exhibits
independent geometrical dimensions [21], no literature exists describing the electrical
properties of Ni(Si,Ge) formed on narrow poly-SiGe lines. Thus, we evaluated the
morphology and recrystallization effects of these films, and propose a model that

accounts for the stress-induced grain growth suppression and recrystallization effects.

2.3.1 Experiments

These experiments employed 6-inch (100)-oriented silicon wafers. A

500-nm-thick silicon oxide film was first formed, followed by the deposition of a (1)
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200-nm poly-Si film, (2) 200-nm poly-SiGe layer, or (3) 40-nm poly-Si/160 nm

poly-SiGe stack layer. After RCA standard cleaning, 10-nm Ni and 4-nm TiN films

were deposited through dc sputtering. After metal deposition, the Ni-silicidation

reaction was performed in a rapid thermal annealing (RTA) system. Finally, a mixture

of H,SO4 and H,0, (3:1) was used to selectively remove the unreacted metal at a

temperature of 120 °C. The sheet resistance of the silicide film was determined using

a four-point probe system. A bridge structure was used in conjunction with an Agilent

4156A semiconductor analyzer to characterize the values of resistance of various

narrow lines. The morphology of the film was examined using transmission electron

microscopy (TEM). The stresses of these films were measured using a Tencor

FLX-2320 instrument.

2.3.2 Results and discussion

After  performing the silicidation reaction, the stacked (1)
Ni/poly-Si/SiO,/Si-substrate, (2)  Ni/poly-SiGe/SiO,/Si-substrate, and  (3)
Ni/poly-Si/poly-SiGe/SiO,/Si-substrate  films  were transformed into (i)
NiSi/poly-Si/Si0,/Si-sub,  (ii)  Ni(Si;«Gex)/poly-SiGe/SiO,/Si-sub, and  (iii)
NiSi/poly-SiGe/SiO,/Si-sub species, respectively. The phase for sample (iii) was
identified to be NiSi by XRD, since the thickness ratio of buffer poly-Si to Ni was
close to the consumption ratio for forming the low-resistivity NiSi. Fig. 2.7 provides a
comparison of the sheet resistances of these films as a function of the annealing

temperature. The sheet resistances of samples (i) and (ii) increased slightly upon
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increasing the annealing temperature over the range 500-800 °C, and then increased
abruptly at temperatures higher than 850 °C. In contrast, the resistance of sample (iii)
remained constant after annealing at temperatures between 500 and 850 °C. This
observation suggests that the insertion of the buffer film (i.e., poly-Si) between the Ni
and poly-SiGe films was beneficial to the electrical and thermal properties.

Fig. 2.8 displays the sheet resistances of various narrow lines of samples
(1)—(ii1) annealed at 600 °C. The sheet resistance of lines of sample (i) remained
nearly constant for line widths ranging from 200 to 100 nm, which is consistent with
previous findings [22]. The slight decrease in resistance that occurred after shrinking
the line width from 100 to 60 nm was caused by edge effects of the recessed spacer
forming a thicker silicide at the line’s edge [23]. In contrast, the sheet resistance for
sample (ii) increased upon reducing the line width. This phenomenon, the well-known
fine-line effect, had been reported from a study of Ti silicide [24], but has never been
reported for Ni(Si,Ge) lines formed on poly-SiGe. The fine-line effect vanished after
insertion of poly-Si, i.e., for sample (ii1). This behavior should improve the process
stability of such systems, especially for sub-100-nm devices. We infer that the larger
Ni(Si1,Ge) grains resulting from the ready grain growth of poly-SiGe after annealing
was the main cause of the increased sheet resistance in sample (ii). Similar behavior
resulting from grain size effects has been described previously [25].

Fig. 2.9 displays cross-sectional TEM micrographs of the silicide films
obtained after annealing at 850 °C. Samples (i) and (ii) (Figs. 2a and 2b, respectively)
possessed completely agglomerated silicide structures that were responsible for the
poor electrical properties observed in Fig. 2.7. These images also reveal the
occurrence of layer inversion, i.e., the reversal of the positions of the silicide and

poly-Si(Ge) layers, which is consistent with previous findings [26]. These

32



agglomerated silicide islands resulted from poly-Si(Ge) grain growth and a
recrystallization effect during treatment at high temperature. Fig. 2.10 illustrates the
schematic diagram of silicide agglomeration process. It has been reported that the Ge
segregation effect of Ni(Si,Ge) would result in a more severe thermal stability
problem for Ni(Si,Ge) formed on poly-SiGe [27]. The segregation of Ge from
Ni(S1,Ge) grains is driven by the heat of formation for SiGe being more favorable
than that of NiGe. In contrast, the grains in sample (iii) retained their columnar
structure and a uniform interface existed between the silicide and poly-SiGe (see Fig.
2.9c and its inset), which is the same as Fig. 2.10c. The uniform interface is likely
caused by the Ge, which is expelled from the Ni-Si-Ge compound, blocked the Ni
diffusion paths and resulted in the delay in the formation of NiSi, [28-29]. Similar
result were also reported for CoSi, formed on a SiGe layer [30]. This observation
implies that the insertion of the poly-Si film in sample (iii) maintained the film’s
continuance and curtailed agglomeration of the silicide film.

In Fig. 2.11 we propose a model to explain the stress-induced grain growth
suppression of the silicide film. In terms of thermodynamics, the driving force for the
morphological transformation of a grain is the reduction of interfacial energy. Figure
2.11a displays schematically the morphology changes that occurred to samples (i) and
(i1) after annealing. Increasing the annealing temperature enhances the sizes of the
poly-Si and poly-SiGe grains, with the silicide migrating along the grain boundary,
resulting ultimately in agglomerated island and layer inversion occurring at
excessively high temperatures [31]. Figure 2.11b provides an explanation of the
benefit of inserting the poly-Si film into sample (iii). The underlying poly-SiGe layer
exerts a compressive stress upon the upper poly-Si film. This stress suppressed the

grain growth of the poly-Si and silicide, which in turn retarded the agglomeration and
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layer inversion effects. In addition, the Ge layer between the silicide and poly-SiGe
film also play the role to retard layer inversion [28-30]. This model can also explain
the behavior of the Ni(Si,Ge) fine lines of sample (ii). The thermal stability of
silicided-narrow lines is determined by the laterally confined areas, and larger grains
induce linewidth-dependent degradation [15]. Larger silicide grains readily formed
columnar structures and then converted into bamboo-like structures as the line width
shrank; agglomeration into islands then occurred during annealing. For sample (iii),
the fine-line effect was eliminated in the presence of the inserted poly-Si layer
because of suppression of the growth of silicide grains; therefore, the formation of
bamboo-like structures was retarded.

To support this model with respect to the stress effect in sample (iii), we
prepared three samples having various poly-SiGe film thicknesses. We found that
samples possessing smaller compressive stresses exhibited inferior electrical
properties after annealing at high temperatures, especially when the annealing
temperature exceeded 850 °C. This finding is consistent with our prediction that
compressive stress enhances the thermal and morphological stabilities of nickel

silicide samples.

2.4 Summary

In section 2.2, effects of capping layers on formation of Ni-silicided junction
were investigated. With a Ti-capped layer on Ni-silicided sample, it is shown to
exhibit inferior thermal stability than the uncapped and TiN-capped samples. For the

silicided junctions, samples with a Ti capping layer are shown to have larger leakage
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current density. A high-resistivity Ni,Tiy,Si, compound layer formed on the NiSi

surface for the Ti-capped sample, resulted in the overall silicide thickness and the

junction leakage current increased. In addition, we find that the Ti capping layer

enhance the snowplough effect during the NiSi formation.

In section 2.3, the thermal stability and electrical behavior of various nickel

(germano) silicide structures were investigated. The insertion of a poly-Si film on

poly-SiGe significantly enhances the thermal and morphological stabilities of NiSi

films. We have derived a stress-confined grain growth and Ge blocking model to

explain the beneficial effects of the poly-Si film and confirm the predictions made

after scrutiny of TEM images. The presence of poly-Si films improved the properties

of both the thin-film and fine-line NiSi structures.
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Fig. 2.1 Sheet resistance of NiSi using different capping layer processes as a
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Fig. 2.3 Cross-sectional TEM images of (a) uncapped, (b) TiN 30-capped, (c¢) Ti
S-capped, (d) Ti 10-capped, (e) Ti 20-capped, and (f) Ti 30-capped samples after

annealing at 650°C for 30 sec.
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Fig. 2.9 Cross-sectional TEM micrographs of the nickel (germano)silicide films
formed on (a) poly-Si (sample (1)), (b) poly-SiGe (sample (ii)), and (c)
poly-Si/poly-SiGe stack layers (sample (iii)) after annealing at 850 °C.
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Fig. 2.11 Schematic models of nickel (germano)silicide formation at high
annealing temperature: (a) on poly-Si (sample (1)) and poly-SiGe (sample (ii)); (b)
on poly-Si/poly-SiGe stack layers (sample (ii1)).
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Chapter 3

Study on the sol-gel derived nanocrystal memorys

3.1 Introduction

Memory storage is an important technology that enables the growth in the
information world. With the rapid growth of the internet, wireless communication
products, personal digital assistants (PDAs), digital cameras, digital camcorders,
digital music players, and computers, there is continually a demand for superior
information storage technology. The development of portable consumer electronics
has spurred the need for high-density nonvolatile memory with low power
consumption for system on-chip applications. Considering the flexibility-cost plane, it
turns out that the flash memory offers the best compromise between these two
parameters, since they have smaller cell size and excellent flexibility (they can be
electrically written on field more than 100,000 times, with byte programming and
sectors erasing)[ 1]. In recent years, flash memories based on charge storage in nitride
traps, such as poly-silicon/Si0,/Si13N4/SiO,/semiconductor (SONOS) structures have
been investigated intensively [2-3]. However, the conventional SONOS memory still
suffers from erase saturation and insufficient charge-trapping efficiency, which

markedly degrade its performance [4-5].
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Nanocrystal nonvolatile memory (NC-NVM) has predominant advantages when

it was proposed in the early 1990s by Tiwari et al.[6]. NC memory have attracted

much attention as one of the strong candidates for non-volatile memory due to its

scalability, electrical isolation and low charge leakage through the tunneling oxide.

The demand for high-density, low-cost, low-power consumption, and fast

program/erase speed NC NVM will lead the current thin film memory technologies to

several revolutionary and evolutionary approaches [7-8]. The only stored charges at

the nanocrystals adjacent to the defect leak through the tunneling dielectric, compared

to huge charge loss of conventional flash memory due to the lateral charge transport

[9-11]. The possibility of exceeding the performance limits of the conventional

floating-gate device spurred many subsequent investigations on this approach. Only

the electrons stored on the nanocrystal directly above the defect chain will be affected

since the nanocrystals are separated from each other. The tunnel oxide thickness of

the nanocrystal memory device can be reduced to allow faster programming and

lower voltage operation [12].

Various methods have been employed to form the nanocrystals (NCs), including

atomic layer deposition (ALD) [13], physical vapor deposition (PVD) [14-15],

chemical vapor deposition (CVD) [16], and ion beam synthesis [17]. Gerardi et al.[18]

employed the low pressure chemical vapour deposition (LPCVD) to fabricate Si
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nanocrystals for density up to 2x10'? cm™ ,and then, utilized Si nanocrystals as the
memory cell. King et al.[19] fabricated Ge nanocystals by oxidation of a Si; Gey
layer formed by ion implantation, and demonstrated quasi-nonvolatile memory
operation with a 0.4 V threshold-voltage shift. Lin et al. [20] reported co-sputter
technique to fabricate high density HfO, nanocrystals and utilized to nanocrystal
memories with about 4 V threshold-voltage shift. These methods usually use
complicated procedures of chemical template, ultrahigh vacuum system and
expensive instrumentation to fabricate the NC. In contrast, a cost-effective method to
form NC by using simple sol—gel spin-coating process was first proposed by our
group [21]. The sol-gel method can provide colloidal solvents or precursor
compounds when metal chlorides are hydrolyzed under controlled conditions. This
approach is relatively cheap, simple, and can be fabricated in a normal atmospheric
pressure instead of high-vacuum system. We have successfully achieved the
nanocrystal memories with superior characteristics in terms of considerably large
memory window, high speed P/E, long retention time, and excellent endurance.

In this chapter, the sol-gel derived nanocrystal memory was investigated. The
study was divided into three sections. In the first section, the effect of annealing
temperature for the formation of nnaocrystal was demonstrated. We found the
nanocrystallization was correlation to the interfacial tension of sol-gel thin film. In the
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second section, effect of solvent for the sol-gel derived NC memory was investigated.
The solvent was an important parameter for NC formation. The ethanol system
formed a thinner sol-gel film and hence led to the isolated NCs, while the
interconnected morphology was observed in the IPA system. In the third section, a
novel programming method by using hot hole trapping was observed for the Ti-based
NC memory. The Ti-based NC memory exhibited improved data retention
characteristic and excellent electrical performance because the effective mass of hole
was much heavier than that of electron in silicon, therefore the hot hole could be

caught into a deeper level trap when injected to the charge trapping layer.

3.2 Effect of annealing temperature for the formation of nanocrystals

The crystallization of transferring the charge trapping thin film into the
nanocrystal phase during thermal annealing is dependent on the sol-gel composition,
preparation solvent and annealing temperature. The formation of coexisting hafnium
silicate and zirconium silicate nanocrystal memory has published previously [22]. In
general, the nanocrystal formation is related to the solid phase segregation induced
seeding effect [23]. However, the effect of annealing temperature that controlling the
formation of nanocrystal, degree of crystallization, interfacial energy and charge
retention in the sol-gel derived memory is still unclear.

50



3.2.1 Experiments

Prior to various annealing treatments, the sol-gel thin film was deposited by the

spin-coating method from the precursors of zirconium tetrachloride, hafnium

tetrachloride, and silicon tetrachloride. The above precursor was dissolved into the

ethanol, and a suitable amount of hydrochloric acid serving as the catalyst for

hydrolysis and condensation was added into the solution. The molar ratio for ZrCly,

HfCly, SiCls, and ethanol in the sol-gel solution was 1:1:1:1000. The solution after

preparation was stirred for 0.5 hr, and then spin-coating onto the Si substrate by using

a TEL system (Clean Track Model-MKS8). After thin film deposition, these samples

were subjected to rapid thermal annealing (RTA) treatment at various temperatures

for 60 s under an O, ambient to form the NCs.

The fabrication of sol-gel spin-coating NC memory was started with local

oxidation of Si process on a p-type (100) silicon substrate. A 10 nm tunneling oxide

film was thermally grown at 925 °C in a furnace. The sol-gel film was then formed

through spin-coating and RTA process mentioned above. The 20 nm blocking oxide

was deposited by plasma enhanced CVD tetraethylorthosilicate, followed by a

200-nm-thick poly-Si gate was deposited. Finally, gate pattering, source/drain (S/D)
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implanting, and the rest of the subsequent metal-oxide-semiconductor processes were

used to fabricate the NC-NVM devices.

3.2.2 Results and discussion

The cross-sectional high resolution transmission electron microscope (HRTEM)
images of the sol-gel derived thin films that annealed at 400, 600, and 900°C are
illustrated in Fig. 3.1. The sample in Fig. 3.1(a) after 400°C RTA exhibits a
continuous and smooth film. This observation suggests the annealing at 400 °C has no
effect on the film’s morphology. As to the sample annealed at 600°C, Fig. 3.1(b)
reveals the morphology of thin film is discontinuous and uneven. The sol-gel film is
gradually transferred into islands (in inset). If the annealing temperature is elevated to
900°C, the film illustrated in Fig. 3.1(c) is complete transferred into NCs. The crystal
size is estimated to 6-10nm. Literature has been proposed the spinodal decomposition
effect [24] to explain the annealing effect for formation of zirconium silicate. We
infer the darker NCs in Fig. 3.1(c) are formed from the high-molecular-weight
hafnium silicate, and the bright NCs are from the low-molecular-weight zirconium
silicate [22]. To verify the composition of the nanocrystal, the sample was analyzed

by Energy Dispersive Spectrometer (EDS). Fig. 3.2 shows the EDS spectra of the
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sol-gel derived nanocrystals. As seen in the figure, the nanocrystal is composed of Hf,
Zr, Si, and O.

The nature of the chemical bonding for the transformation of thin film into
nanocrystal was characterized by using X-ray photoelectron spectroscopy (XPS)
analysis. Fig. 3.3 provides a comparison of the XPS results for (a) Si 2p, (b) Zr 3d, (c)
Hf 4f, and (d) O 1s bonding for samples annealed at different temperatures. Fig. 3.3(a)
shows the increasing of binding energy of Si 2p from 100.40eV (400°C RTA) to
100.95¢V (900°C RTA) with annealing temperature. This observation relates to the
oxidization of Si atom toward blue shift. Both binding energies of Zr 3d and Hf 4f
shown in Figs. 3.3(b) and (c) exhibit the shifting to the higher energies upon
increasing the annealing temperature. This observation suggests that the oxygen
atoms of Zr—O and Hf-O bonds reacted with their nearby Si atoms, forming hafnium
and zirconium silicate [25]. As to the O 1s spectra in Fig. 3.3(d), each peak can be
deconvoluted into two peaks, i.e., the higher and lower energy peaks, which are
respectively attributed to the SiO, and metal-rich silicate [26]. If the annealing
temperature is increased, the intensity ratio of lower energy peak to higher energy
peak is increased. This result indicates the hafnium and zirconium silicates were
toward the bonding of metal-rich silicate. This finding is also consistent with the
observation of Hf 4f and Zr 3d spectra.
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Fig. 3.4 shows the interfacial tension (interfacial energy per unit area) of the
hafnium and zirconium silicates as a function of annealing temperature [27]. As Fig.
3.4 depicted, the interfacial energy increases abruptly from 400°C to 600°C RTA, and
then slight decrease from 600°C to 1050°C. As Fig. 3.1(a) mentioned, the surface at
400°C RTA is still smooth and possesses the lowest energy. The surface morphology
of 600°C RTA sample is rough in Fig. 3.1(b), implying that the surface is unstable and
in higher energy state. At 900°C RTA, the interfacial energy is decreased in
comparison with 600°C RTA due to the formation of nanocrystal. We proposed a
model in Fig. 3.5 to describe the observed transformation phenomenon on the sol-gel
film. The sol-gel film is continuous and smooth as deposited, and retains the same
morphology at 400°C annealing. It becomes unstable at 600°C annealing, and phase
change is then observed in order to reduce the surface energy. Upon 900°C annealing,
the sol-gel film reaches a stable state due to the formation of NCs.

The sol-gel derived NC was used as the charge trapping purpose in the NVM
device. Figs. 3.6(a) and (b) illustrate the retention characteristics for the devices
annealed at 600 and 900°C, respectively. For both samples at 25°C measurement, the
retention times can be extrapolated up to 10% for only ~5% charge loss, while ~10%
charge loss at 85°C measurement. As the measuring temperature increased to 125°C, a
significant charge storage at 10" sec is observed for the 600°C annealed sample, while
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the 900°C annealed sample still retain its good characteristic for <20% charge loss.
This result explains the importance of NC formation for the NVM. The nanocrystal is
discrete dispersion in the charge trapping layer, which alleviates the charge loss
problem when defects exist in the thin tunneling oxide. The inset of Fig. 3.6(b) shows
the Ip-Vg characteristic for the 900°C annealed sample. We use channel hot electron
(CHE) injection to program, and band to band tunneling induced hot hole injection
(BTBHH) to erase. The V; shift after programming can be up to 9 V, which is much
better than our previous reports [22, 28].

Fig. 3.7 shows the disturbance characteristics of the sol-gel derived NC memory.
The Drain disturbance shown in Fig. 3.7(a) on programmed state and applied Vp= 5
and 10 V with Vg= Vs= V= 0 V to the device. The V; shift after 10* sec operation
was less than 0.3V at Vp = 5 V measurement, and less than 0.5 V at Vp = 10 V
measurement. We measured the Gate disturbance on erase state devices and applied
Vg =9 and 10 V with Vp= Vs= V=0V to the device. After 10* sec at 25°C, small
extent of less than 0.3V was found, which is shown in Fig. 3.7(b). Fig. 3.7(c)
illustrates the read disturbance characteristic at 25°C measurement. We measured the
read disturbance on erase state at Vg =4 V, Vp = 2 V with Vg= Vg= 0 V, and the
memory cell almost without any disturb. While at ¢ = 4 V, Vp = 4 V operation, a
visible but small disturbance less than 0.5 V were found after 10* sec measurement.
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The multi-bit characteristic of the NC memory was also demonstrated here. The
schematic representation of the 2-bit operation of NC memory is illustrated in Fig. 3.8.
The charges were trapped in both Source and Drain sides, while not disturbed to each
other. Fig. 3.9 demonstrates the feasibility of performing 2-bit operation with NC
memories through a reverse-read scheme in a single cell. From the Ip—Vg curves, it is
clear that the forward and reverse reads could be employed to detect the information
stored in the programmed bit 1 and bit 2, respectively. The read operation was

achieved using a reverse-read scheme.

3.3 Effect of solvent for the formation of nanocrystals

The capability of sol-gel method is to synthesize various types of NCs by mixing
any material of interest [29]. However, the preparation solvent is a decisive factor on
determining the sol-gel film thickness. The mutual solubility of inorganic salt and the
solvent affects the solution’s dispersion state and viscosity. The film’s thickness has
some relationship with the growth mechanism and extent of phase separation for
annealed NC due to the effect of spinodal decomposition [30]. The spinodal
decomposition occurs upon specific thermal annealing for transformation of the

sol-gel thin film into the NCs. However, the formation mechanism of NC from
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deposited sol-gel film is still unclear, especially for the relationship of thickness and

NC phase separation.

Spinodal decomposition is a thermodynamically spontaneous reaction of

compositional fluctuations when a homogeneous phase becomes unstable under

annealing condition [31]. The morphology of the NC is continuous variation with the

annealing condition. For a deposited thin film, the stress relaxation at surface or stress

gradient along the film thickness causes an inhomogeneous decomposition rate and

the development of alternating layers of the phases lying parallel to the surface [32].

The mechanism of spinodal decomposition induces the deposited thin film

transformation into interconnected or discrete morphology of NCs. The morphology

of decomposed phases depends on the deposited film thickness, annealing

temperature, solvent type and the composition.

In this section, we explored the mechanism of NCs formation by sol-gel

technique utilizing spinodal decomposition of zirconium silicate and hafnium silicate

after sufficiently RTA treatment. We demonstrated the assumption of sol-gel solution

prepared by different solvents with various viscosities effected NC formation and

isolation degree. We theoretically explained this phenomenon using a model of the

phase separation accompanied with the nano-crystallization, based on the

experimental data of coexist Zr-silicate and Hf-silicate NCs. The sol-gel derived NCs
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as charge storage layer of memory was also fabricated to demonstrate its electrical

characteristic.

3.3.1 Experiments

The precursors of zirconium tetrachloride (ZrCls, 99.5%, Aldrich), hafnium

tetrachloride (HfCls, 99.5%, Aldrich), and silicon tetrachloride (SiCly, 99.5%, Aldrich)

were utilized for the preparation of sol-gel solution. The precursors used in sol-gel

process including metal or metalloid elements were surrounded by different kinds of

reactive ligands such as halides. The precursors were dissolved in solvent respectively

with ice-bath and to prevent aggregation. Here we used ethanol and 2-propanol (IPA)

as the solvents to disperse the precursors, respectively. Hydrochloric acid was added

to the solution as the catalyst because acid-catalyzed gels were therefore aggregates of

very small ultimate particles. The solution after preparation was stirred vigorously for

0.5 hr to ensure homogeneous state. Owing to the precipitation reason, we selected the

concentration of 1:1:1:1000 to do the experiments following. The sol-gel solution

prepared by ethanol solvent and IPA solvent were spin-coated on the silicon

substrates by Tokyo Electron Limited (TEL) system (Clean Track model-MKS)

apparatus to deposit sol-gel film by rotation speed of 3000 rpm for 60 sec,

respectively. Due to different viscosity, different thickness of the deposited sol-gel
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thin film was fabricated. After spin-coating, these samples were subjected to
annealing at 900°C for 60 sec in an O, ambient to nano-crystallization from phase
separation of spinodal decomposition.

To demonstrate its electrical performance, the sol-gel derived NCs were
employed as the charge storage layer of the SONOS-type memory. Fig. 3.10 displays
the structure and process flow for the preparation of the NC memories. The
fabrication of the sol-gel derived memory devices involved the LOCOS isolation
process on p-type, 5-10 (Q-cm, (100) 150 mm silicon substrates. After a standard
RCA clean process, 10-nm-thick tunnel oxide was thermally grown at 925°C by a dry
oxidation process in a furnace. Subsequently, the sol-gel film was spin-coated onto
the sample, and was subjected to RTA treatment under an O, ambient at 900°C for 60
sec in order to form NCs. A blocking oxide of 20 nm in thickness was deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD), followed by deposition of a
200-nm-thick amorphous Si as gate material. Gate lithography, gate etching,
source/drain (S/D) implanting, substrate and contact patterning, followed by the rest
of the subsequent standard complementary metal oxide semiconductor (CMOS)
procedure, were then performed to complete the fabricating of the sol-gel derived

SONOS-type memory devices.
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3.3.2 Results and discussion

First of all, Brookfield viscometer to measure the viscosity of different sol-gel

solutions at 20 °C was utilized. We measured the viscosity of molar ratio

concentration ZrCly:HfCly:SiCls:solvent = 1:1:1:1000, 1:1:1:500, and 1:1:1:1000,

respectively, with ethanol and IPA as solvent. The viscosity and thickness of various

sol-gel solutions with respect to composition of precursor are listed in Table 3.1.

Basically, the inorganic sol-gel salt in IPA solvent demonstrates the higher viscosity

than in ethanol solvent. This observation suggests the better solubility of inorganic

salt in ethanol solvent, and therefore, the relative thinner spin-coating film.

Interestingly, the solutions of molar ratio of ZrCls:HfCl4:SiCl4:IPA = 1:1:1:500 and

1:1:1:100 exhibit the precipitation effect, and the corresponding sol-gel film are not

successfully achieved. This observation suggests the important issue of intrinsic

solvent property for the preparation of sol-gel thin film for NVM. In general, a low

viscosity fluid generates a thinner film during spin-coating process.

The pseudo-binary ZrO,-SiO; phase diagram is illustrated in Fig. 3.11(a), and the

HfO,-Si0O; system also demonstrates the similar phase diagram [33]. In meta-stable

phase equilibrium, the ZrO,-HfO,—SiO, system is the crystalline silicate. As a

function of compositional concentration with respect to the annealing temperature in

Fig. 3.11(b), the phase separation of sol-gel film will occur by spinodal
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decomposition. The RTA under 900°C and composition (ZrO,:Hf0,:SiO,=1:1:1) of
the sol-gel film is within the region of spinodal decomposition. Seol and Hu utilized
computer simulation to predict the spinodal decomposition process [34]. They
suggested the morphology of decomposed phases on initially homogeneous thin film
strongly depended on the film thickness and the composition. The thin film after RTA
may be interconnected NC in addition to the isolated NC. In our sol-gel experiment,
the initial composition of precursors was fixed to study the phase separation of
spinodal decomposition. For example in Table 3.1, the film thickness can be varied by
solvent type. The thickness of ethanol and IPA for ZrCls:HfCls:SiCly:solvent=
1:1:1:1000 in Table 3.1 is 2.0 and 3.2 nm, respectively.

Structural characterization for the evaluation of spinodal decomposition of
charge trapping layer is achieved by the high-resolution transmission electron
microscopy (HRTEM, JEOL 2100F) at 300 kV. The respective cross-section TEM
image of the charge trapping NCs fabricated from ethanol and IPA solvents are
demonstrated in Fig. 3.12. The formed NCs in Fig. 3.12(a) used ethanol solvent to
prepare sol-gel solution, and annealed at 900°C for 60 sec. The morphology of charge
trapping film completely transferred into isolated NCs. In contrast, the sample in Fig.
3.12(b) was prepared from IPA solvent and the morphology of NCs was in difference
with the ethanol system. The NCs obtained from IPA solvent was interconnected
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morphology. What is the growth mechanism for such different NC morphology by

only varying the sol-gel solvent? The mechanism responsible for the formation of

discrete or interconnected NCs is dependent on the phase separation of spinodal

decomposition for the annealed sol-gel thin film mentioned early.

Stemmer and coworkers proposed the meta-stable phase diagram for the thin

film of zirconium silicate and hafnium silicate [35]. They concluded that the film had

the driving force for a thermodynamically meta-stable state of the spinodal

decomposition under RTA at 900°C. Therefore, we depict a pathway in Fig. 3.13 for

explaining the thickness phenomenon of spinodal decomposition on sol-gel thin film.

As to the thinner film (such as 2.0 nm in Table 3.1) by ethanol solvent, a series of

phase separation mechanism is depicted in Fig. 3.13(a). The first step shows the initial

stage of sol-gel deposited film before annealing. The second step illustrates the

morphology of thin film is continuous and smooth, and which retains the similar

morphology under low-temperature annealing (~400°C). Upon 600°C RTA in step 3,

the film starts to perturb, and becomes not only discontinuous but uneven. Finally, at

the 900°C RTA, the phase transformation by spinodal decomposition leads to the

completely isolated NCs. On the contrary, the morphology for the thicker film (such

as 3.2 nm in Table 3.1) from IPA solvent system demonstrates the three-dimensional

and interconnected NC structure at 900°C RTA.
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In order to evaluate the charge trapping capability of the isolated and
interconnected NC NVM, we fabricated the memory by following the schematic
diagram of device structure in Fig. 3.10. Fig. 3.14 shows Ip-V characteristics of the
NC memories at fresh, program, and erase state, respectively. The measured condition
for programming is: Vg = 10 V, Vp = 10 V, and erasing: Vg = -6V, Vp = 10V. The
memory fabricated by ethanol system shown in Fig. 3.14(a) exhibits a relatively large
memory window of about 9.8 V, and is significantly larger than sample by IPA
system of about 3.8 V window and other reports [36-39]. We infer the ethanol system
with initially thinner film is beneficial for the better charge trapping performance due
to the formation of isolated NCs through spinodal decomposition. The morphology of
isolated NC in silicon dioxide can exhibit better charge trapping efficiency than the
interconnected NC.

Fig. 3.15 shows the charge retention characteristics of the sol-gel derived NVM.
The normalized V; shift in % is defined as the ratio of V; shift at the time of interest
and at the beginning (t=1 sec). For NVM fabricated by ethanol solvent system, the
retention times in Fig. 3.15(a) is extrapolated up to 10° sec for less than 5% charge
loss at 25°C measurement. Under 85°C measurement, the retention times of NVM to
10° sec demonstrates less than 10% charge loss. As to the IPA system NVM at 85°C
characterization, a significant amount of 15% charge loss at 10° sec is observed. This
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result suggests the isolated NC from ethanol system is beneficial for data retention
than interconnected NC from [PA system.

Regarding to device reliability, there also arises a challenge as the flash memory
is repeatedly programming and erasing. The memory will be degraded as if the device
suffers from the formation of a new defect during the applied voltage. The endurance
of NC NVM after 10* programming and erasing (P/E) cycle is illustrated in Fig. 3.16.
The measured condition for programming is: Vg = 10 V, Vp = 10 V, 10 ms, and
erasing is: Vg =—6V, Vp =10V, 10 ms. For NVM in ethanol and IPA solvent systems,
the memory window narrowing after 10* P/E cycles are calculated to be 9.8 and 10.5
%, respectively. The endurance characteristic shows little difference between ethanol
and IPA systems. In addition, the good endurance characteristic also indicates that the

amount of operation-induced trapped electrons is very tiny.

3.4 Hot hole trapping characteristic of the Ti-based

nanocrystal memory

Generally, the NC memory used channel hot electron (CHE) injection to
program, which positive pulses were applied synchronously to the gate and drain of
the device, and hence electrons are injected into the charge storage layer [40].
However, there is little information available on the study of NC memory
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programmed by hot hole injection. Because the effective mass of hole (m,/ mo = 0.69)

is much heavier than that of electron (m,/ my = 0.26) in silicon [41], the hot hole is

expected to be caught into a deeper level trap when injected to the charge trapping

layer. Therefore, the data retention characteristic of the memory will be improved by

hot hole trapping.

In this section, the TixZr,Si,0 NC was synthesized by sol-gel method and was

employed as the charge trapping layer of the memory. This NC memory exhibited an

interesting hot hole trapping property. A band diagram is theoretically derived to

explain this hot hole trapping results. The electrical characteristics, including retention,

endurance, and program speed for the NC memory are also demonstrated.

3.4.1 Experiments

The precursors utilized for the preparation of sol-gel solution were titanium

tetrachloride (TiCls, 99.5%), zirconium tetrachloride (ZrCls, 99.5%), and silicon

tetrachloride (SiCls, 99.5%). Ethanol was used as the solvent to disperse the

precursors. Hydrochloric acid serving as the catalyst for hydrolysis and condensation

was added into the solution. The molar ratio of 1:1:1:1000 for TiCly, ZrCl,, SiCly, and

ethanol were mixed and stirred vigorously for 0.5 hr to ensure homogeneous state.

The sol-gel was then spin-coating onto the Si substrate. After thin film deposition,
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samples were subjected to annealing at 900 °C for 60 sec in an O, ambient to
transform into the NCs.

The fabrication of sol-gel derived NC memory was started with local oxidation
of Si process on a p-type (100) silicon substrate. After clean process, a 4 nm tunneling
oxide film was thermally grown at 925°C in a furnace. The sol-gel film was then
spin-coating followed by RTA process. A 10 nm blocking oxide was deposited by
PECVD, and a 200-nm-thick amorphous-Si gate was then deposited. Afterward, the
rest of the subsequent MOS processes were performed to complete the sol-gel derived
NC flash memory devices. Fig. 3.17 shows the plan-view TEM image of the sol-gel
derived NC. The density of NC is estimated to be 2E12 ¢cm™, with an average size is

to be about 3~5 nm.

3.4.2 Results and discussion
The nature of the chemical bonding of the sol-del derived Ti.Zr,Si,O nanocrystal
was characterized by using XPS analysis. Fig. 3.18 provides the XPS results for (a) Ti
2p, (b) Zr 3d, (c) Si 2p, and (d) O 1s bonding of the sol-gel derived nanocrystal
annealed at 900°C. The XPS results verify the composition of the TixZr,Si,O
nanocrystal.
Fig. 3.19 shows the Ip-V characteristics of the NC memories at fresh, program,

and erase state, respectively. The measured condition for programming is: Vg =-7 V,
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Vp =7V, 1 ms, and erasing is: Vg =7 V, Vp =7 V, 1 ms. Unlike the memory that
programmed by CHE, the Ip-Vg curve of the memory in Fig. 3.19 exhibits a shift to
the left after programming, implying that the trapped charge to NC is hot hole.
Therefore, a band-band hot hole (BBHH) was used to program in this study, and CHE
was used to erase. We have tried to program by injecting the electrons (by applying a
positive voltage to both the gate and drain), but no significant shift of the Ip-Vg curve
was observed. On the contrary, the memory window by BBHH method can be up to
4.3 V, which is significantly larger than other reports [42-47]. We infer the
high-density and isolated NCs are beneficial for the better charge trapping
performance due to sufficient trapping site in the NCs.

The retention characteristics of the NC memory devices at various measurement
temperatures are illustrated in Fig. 3.20(a). The normalized V; shift is defined as the
ratio of V; shift at the time of interest and at the beginning (t = 1 sec). The retention
times are extrapolated up to 10° sec with only about 8%, 11%, and 25% charge loss at
25, 85, and 125°C measurement, respectively. Compare to other sol-gel derived NC
memories reported previously [46-47], the retention characteristic by hot hole
trapping is much improved. The superior performance is attributed to the effects of
the isolated NCs and hole-trapped into the deep trap energy level, hence no significant
lateral and vertical charge leakage occurred.
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The endurance of NC NVM after 10* programming and erasing (P/E) cycle is
illustrated in Fig. 3.20(b). The measured condition for programming is: Vg =-7 V, Vp
=7V, 1 ms, and erasing is: Vg =7 V, Vp = 7 V, 1 ms. The memory window
narrowing after 10" P/E cycles is calculated to be 10.9 %. The threshold voltage shifts
in programming and erasing states are slightly after cycles. The good endurance
characteristic indicates that the amounts of operation-induced trapped charges are
very tiny.

Although the retention characteristic is improved by hot hole trapping method,
the program/erase speed is a concern due to heavy effective mass of hole. Therefore,
the program and erase speeds of the NC memory are measured under various bias
conditions and are shown in Fig. 3.21. As seen in the figure, the V; shift increases
upon increasing the programming time, and finally saturated at about -7.2 V. In
addition, with increasing the applied program voltage, the V, shift also increases. The
program speed can be as fast as 24.3 (s with a -2 V V; shift for program conditon of
Vi =-8V, Vp =8 V. Compared to other reports of flash memory devices [42-47],
the sol-gel derived NC memory exhibits a relatively fast programming speed under
similar condition. The erase speed shown in Fig. 3.21(b) is much faster than program
speed, which is 1.4 (s with a 2 'V V, shift for erase conditon of Vo =8 V, Vp =8 V.
This result indicates the sol-gel derived NC memory yields a high efficiency charge
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storage layer with fast programming speed and low programming voltage by the hot
hole trapping method.

Fig. 3.22 illustrates the inferential energy band diagram of the sol-gel derived
TixZr,Si,0 NC memory under thermal-equilibrium. The energy level of the NC
conduction band is expected lower than that of the Si substrate. Therefore, longer
programming time is required for hot electron injected from the Si substrate to the
trapping site of the NC. On the other hand, the programming time for hot hole
injection through tunnel oxide and trapped in the NC is much fast. This inferential
energy band diagram explains why the Ti,Zr,Si,0 NC memory used hot hole trapping

to program, but it needs to further experimental prove.

3.5 Summary

In section 3.2, we have discussed the NCs formation of the sol-gel spin-coating
thin film at different annealing temperatures. The XPS characterization indicated the
annealing treatment under oxygen ambient can activate the formation of metal
silicates (i.e. hafnium silicate and zirconium silicate). Together with the TEM images
and interfacial energies, we propose a model to explain the transformation of thin film
into nanocrystals. The 400°C treatment has no effect on the thin film, while 600 and
900 °C anneals affect the film’s morphology. The film after morphology change has

higher interfacial energy, and crystallization can minimize the energy. The sol-gel
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derived NCs successfully played the role of charge trapping purpose in the memory.

The 900 °C annealed sample demonstrates the satisfactory retention characteristic

than the 600 °C annealed sample due to the NC formation. The large V; shift of the

900 °C annealed sample is potential for future multi-bit application.

In section 3.3, we investigated the factor of sol-gel film thickness that affected

the morphology of NCs. The solvent for precursor played an important role on the

solution viscosity and film thickness. The IPA system was more viscous than ethanol

system for sol-gel precursor under the same concentration. The thinner film by

ethanol system led to the isolated NCs, while the interconnected NCs morphology

was observed in the thicker film by IPA system. The sol-gel derived isolated NCs of

ethanol system that applied in flash memory device exhibited better charge trapping

performance, larger memory window, better retention times, and excellent endurance.

In section 3.4, a sol-gel derived NC memory by utilizing the hot hole trapping to

program was proposed. With the merits of high-density NCs and hot hole trapping,

this NC memory exhibited excellent electrical performance in terms of the large

memory window, high data retention, exceptional endurance, and high program

speed.
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Fig. 3.1 Cross-sectional TEM micrographs of the thin film transformation after (a)
400°C, (b) 600°C, and (c) 900°C annealing.
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Fig. 3.2 EDS spectra of the sol-gel derived nanocrystals.
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Fig 3.3(a) Si 2p, and (b) Zr 3d XPS spectra of the sol-gel thin films after different

annealing temperatures.
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Fig 3.3 (c) Hf 4f, and (d) O 1s XPS spectra of the sol-gel thin films after different
annealing temperatures.
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Fig. 3.8 Schematic diagram of the NC memory at 2-bit operation.
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Fig 3.9 electrical characteristic of the NC memory at 2-bit operation.
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Table 3.1 Dependence of viscosity and film thickness as a function of compositional

molar ratio of sol-gel solutions.

Concentration Viscosity Thickness
Composition of precursor
(in molar ratio) (cP) (nm)
ZrCl+HfCl,+SiCl +Ethanol 1:1:1:1000 1.15 2.0
ZrCl+HfCl,+SiCl +Ethanol 1:1:1:500 1.19 2.0
ZrCl+HfCl,+SiCl +Ethanol 1:1:1:100 1.47 2.3
ZrCl+HfCl4+SiCl,+1PA 1:1:1:1000 2.45 3.2
ZrCl,+HfCl,+SICl+1PA 1:1:1:500 precipitate —

ZrCl,+HfCl+SiCl,+1PA 1:1:1:100 precipitate —
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Fig. 3.10 Schematic diagram of the device structure for the spin coating charge

trapping film/nanocrystal memories.
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Fig. 3.12 Cross-sectional TEM images for the morphology from (a) ethanol
system (inset: lattice fringe of nanocrystal), and (b) IPA system.
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Fig. 3.14 Ip-Vg characteristics of the NC memories in (a) ethanol system, and (b) IPA

system at fresh, program, and erase state, respectively.
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Fig. 3.15 Charge retention characteristics of the NC memories in (a) ethanol
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Fig. 3.16 Endurance characteristics of the NC memories in ethanol and IPA
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Fig. 3.17 Plan-view TEM image of the sol-gel derived NC.
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Fig. 3.18 (a) Ti 2p, (b) Zr 3d, (c) Si 2p, and (d) O 1s XPS spectra of the sol-gel derived

Ti,Zr,S1,0 nanocrystals.
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Chapter 4
Research on the real-time, label-free and
ultrasensitive nanowire and nanobelt FET biosensors

for cancer marker analysis

4.1 Introduction

Ultrasensitive assays for biological and chemical species are fundamental
requirements for the screening and detection of disease, as well as for the discovery of
new drugs. There is increasing demand for ultrasensitive gene detection systems that
allow the early detection of genetic disorders, thereby improving preventative health
care. Many of these disorders are caused by in-cell mutations of double-stranded
deoxyribonucleic acid (dsDNA), the blueprint of our genetic makeup.
Double-stranded DNA comprises pairs of single-stranded DNA (ssDNA) bonded
together to form the well-known DNA double helix. Hence, the detection of specific
sequences of ssDNA and knowledge of the base pair composition are important
aspects of the diagnoses of genetic disorders.

The most widespread technique for assaying DNA samples employs the
polymerase chain reaction (PCR) to amplify a DNA fragment or sequence of interest
through enzymatic replication [1-2]. PCR has become a common technique in
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biological and medical research laboratories for such tasks as the sequencing of genes,

the detection and diagnoses of infectious diseases, the identification of genetic

fingerprints, and the creation of transgenic organisms [3]. The drawbacks of such

assays include the need for a fluorescent label and the great length of time required to

amplify trace DNA concentrations. Higher-sensitivity, label-free sensing devices are

desired as replacements for the time-consuming, label-based assays [4].

One-dimensional nanowires [5-9] are particularly appealing candidates for use

in ultrasensitive miniaturized biomolecule sensors. Nanowire field-effect transistors

(NWFETs) can suppress the short-channel effects encountered in nanoscale metal

oxide semiconductor field-effect transistors and provide high surface sensitivity [10].

Unlike the signal responses of conventional electrochemical cells operate based on the

Nernst equation [11], the response of NWFETs featuring surface-immobilized

molecules from the fluid is more complex. Recently, Nair and Alam [12] derived a

logarithmic relationship between the target molecular concentration and the electrical

signal for an NWFET functioning based on the diffusion—capture model and the

Poisson—Boltzmann equation.

Silicon NWFETs have been fabricated using both “top down” and “bottom up”

methods [13]. The “bottom up” fabrication methods usually involve the formation of

NWs through vapor—liquid—solid (VLS) growth [14], which is limited by the need for
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complex integration techniques that require precise transfer and positioning of
individual NWs to provide reliable and superior ohmic contacts. In addition, control
over the doping concentrations in self-assembled semiconducting nanostructures
remains a great challenge, as is the fabrication of high-density sensor arrays.
Furthermore, the use of an additional external gate—to precisely turn the NWFET
sensor to higher sensitivity—is also critical [5,7,15]. The “top down” methods for
fabricating NWs usually employ the advanced lithography techniques used in the
semiconductor industry, allowing mass-production with reduced fabrication costs [16].
The excellent device performance and good ohmic contacts of such methods enable
the possibility of integration.

In this chapter, ultrasensitive FET biosensor was fabricated for cancer marker
analysis. In section 4.2, a single crystalline silicon nanowire FET biosensor with a
critical 60-nm in width was fabricated. The Si NWFET allowed detection of the
hybridization and de-hybridization for BRAF"**** mutation gene from a cancer cell,
as well as the ability to distinguish the complementary and mismatched target DNAs.
In section 4.3, an novel silicon nanobelt FET process was proposed by using the
LOCOS isolation process and CMOS-compatible technology. We used the NB FET

as the ultrasensitive and real-time biosensor to analysis the hepatocellular carcinoma.
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To avoid the false positive issue, the alpha-fetoprotein cancer marker, hepatitis B

virus X gene fragment, and solution pH were detected by our NB FET.

4.2 A silicon NWFET biosensor to detect a gene mutation

In this section, we wused conventional complementary metal-oxide
semiconductor technology to develop a 60-nm—wide Si NWFET that enables the
sensing of mutated genes. We first evaluated various cleaning solutions for their use
in improving the immobilization of DNA onto the silicon dioxide (SiO;) surfaces, in
terms of the fluorescence efficiency and the electrical properties of the sensors. We
then applied the NWFET sensor as an ultrahigh-sensitivity molecular probe for the

V599E

detection of a cancer-related BRAF mutation gene.

It has been reported that the presence of BRAF' "

mutation genes correlates
to the occurrence of melanomas, colorectal cancers, gliomas, lung cancers, sarcomas,
ovarian carcinomas, breast cancers, papillary thyroid carcinomas, and liver cancers
[17-18]. This mutation is believed to mimic phosphorylation in the activation segment
by insertion of an acidic residue close to a site of regulated phosphorylation at serine
598. BRAF"*F exhibits elevated basal kinase activity and diminished responsiveness

toward oncogenic stimulation. BRAF">*F

also transforms NIH3T3 cells (murine

embryonic fibroblasts) with higher efficiency than does the wild-type form of the
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kinase, consistent with the functioning as an oncogene [19]. Therefore,

characterization of the BRAFY>?F

mutation genes at the molecular level is significant

for early tumor identification, allowing the possibility of aggressive and specific

therapy to save human lives.

4.2.1 Fabrication of NWFET sensors

A commercially available 6-in. (100) silicon-on-insulator (SOI) wafer, which
possessed 50-nm—thick intrinsic silicon and 150-nm—thick buried oxide, was served as
the device substrate [Fig. 4.1(a)]. The detailed fabrication procedures for the
back-gated NWFET sensor were mentioned below. The critical silicon NWs having a
width of 60 nm and length of 2 um were defined using a 40-keV electron beam (EB)
lithography and dry etching system [Fig. 4.1(b)]. After removal of EB resist, a thin
layer of SiO, film (10 nm) was then deposited by low-pressure chemical vapor
deposition (LPCVD). Again, the EB photoresist (PR) was spin-coated onto the
surface. Prior to ion implantation, the PR on the region of defining the source/drain
areas was removed by EB lithography. Arsenic ion beam (As") was then implanted
with a dosage of 5 x 10> cm ™ at an acceleration energy of 20 keV. Backside of the
sample was also boron-implanted at 100 keV with 5 x 10" cm™ dosage. After PR
removing, rapid thermal annealing (RTA) was performed at 1050°C for 30 s in a
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nitrogen ambient to activate the carriers [Fig. 4.1(c)]. Prior to defining the contact pad

region through lithography and wet etching (80% phosphoric acid, 5% nitric acid, 5%

acetic acid, and 10% de-ionized water; by volume), a 500-nm—thick Al-Si-Cu (Al:

98.5%; Si: 1%; Cu: 0.5%; by weight) alloy was formed using a sputter system [Fig.

4.1(d)]. After PR removal, 50-nm-thick SiO; and 10-nm-thick silicon nitride (Si3;Ny4)

layers were sequentially deposited through plasma-enhanced chemical vapor

deposition (PECVD) at 300°C to passivate the nanowire’s surface. Then, the EB

lithography was used to open the NWFET’s detection region for sensing purpose. The

region was sequentially etched back by plasma etch (for Si3Ny4) and diluted buffer

oxide etching solution (BOE for SiO,, NH4F : HF : de-ionized water = 42: 7 : 1). The

PR was then removed by H,SO4 and H,O, mixture (3:1; denoted “piranha”), and the

schematic diagram was indicated in Fig. 4.1(e). Then, only the backside surface was

dipped and etched by BOE solution in a pipette. Finally, a 500-nm-thick Al-Si-Cu pad

was deposited by sputter system. A cross-sectional representation of the NWFET with

electrical connection for the detection of DNA molecules is presented in Fig. 4.1(f).

Prior to the DNA immobilization, all the devices were preserved in clean room for at

least one week to ensure the thickness saturation of native oxide.

4.2.2 Self-assembly of capture DNA on the NWFET device
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Prior to immobilizing the DNA molecules, sensors were cleaned for 30 min
using various solutions: (a) no cleaning (denoted “control”), (b) de-ionized water
(denoted “DI”), (c) piranha, (d) 25% 2-propanol solution (denoted “IPA”), and (e)
acetone and ethanol mixture (1:1; denoted “ACE”). The H,SO4, HCI, H,0,, and
organic solvents used to clean the device surface were of analytical or higher grade
(Merck, Darmstadt, Germany). High-purity DI water, purified through double
deionization processes, was used throughout.

After performing the cleaning process, a monolayer of 30-mer ssDNA (capture
DNA, Blossom Biotechnologies, Taipei, Taiwan) molecules was then immobilized
onto the NWFET surface. The surface reactions occurred with the silanol groups
present on the silicon NW surface as a result of silicon oxide formation. Because
silanol groups are good proton donors (H') and acceptors (SiO),
(3-aminopropyl)triethoxysilane (APTES) was employed to self-assemble a monolayer
of DNA onto the surface of the NW detection region. Fig. 4.2 illustrates the procedure
used to immobilize the DNA strands onto the surface-bounded APTES units. Initially,
the samples were immersed into 10% APTES aqueous solution for 30 min at 37°C
and adjusted to pH 3.5 with 1 M HCI. The samples were then rinsed with DI water
and dried on a hot plate (120°C for 30 min). At this stage, amino groups were
presented as terminal units from the surface. Next, glutaraldehyde was linked to the
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amino groups to present aldehyde groups from the surface; the sample was immersed

in the linker solution [2.5% glutaraldehyde (1,5-pentanedial)] for 30 min at room
g

temperature and then rinsed with phosphate-buffered saline (PBS; 120 mM NacCl, 2.7

mM KCI, and 10 mM phosphate buffer; pH 7.4; Sigma—Aldrich) solution [20]. The

2.5% glutaraldehyde solution [21-22] was formed by diluting 25% glutaraldehyde

(Sigma—Aldrich) with PBS solution. Next, the selective immobilization technique was

used to bind the terminal 3’-amino group of the oligonucleotide to the aldehyde

groups on the NW surface [23]. A fresh solution of synthetic 1 uM capture DNA

(Blossom Biotechnologies, Taipei, Taiwan) was diluted with PBS buffer to provide a

10 nM solution of capture DNA. A drop (100 uL) of this capture DNA solution was

placed onto the NWs and reacted for 1 h to ensure effective immobilization. The

un-reacted aldehyde groups were blocked through reactions with ethanolamine

(Sigma—Aldrich), washed with PBS buffer, and subsequently dried under ambient

nitrogen.

To monitor the efficient immobilization of the capture DNA, a fluorescently

labeled capture DNA sample (Blossom Biotechnologies, Taipei, Taiwan) was also

prepared. The fluorescent unit was derived from fluorescein isothiocyanate (FITC),

which reacted specifically at the 5" end of the capture DNA. Green fluorescence
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images (excitation: 494 nm; emission: 520 nm) were observed using a BXS51

fluorescence microscope (Olympus, PA, USA).

4.2.3 Target DNA hybridization and de-hybridization

After capture DNA immobilization, a strand of synthetic complementary DNA,

namely the target DNA (Blossom Biotechnologies, Taipei, Taiwan), was applied to

hybridize to the capture DNA on the NWFET surface. The sequence of the target

DNA was complementary to that of the capture DNA. The 30-mer target DNA was

diluted to various concentrations with PBS buffer solution. The target DNA was then

injected into the microfluidic channel that ran through the NWFET detection region,

followed by PBS washing to remove the excess target DNA. The electrical

measurement of the NWFET sensor was performed to obtain the drain current (Ip)

versus gate voltage (Vi) curve. To ensure successful hybridization, an FITC-labeled

target DNA strand, with the fluorescent unit located at the 3" end, was also prepared.

The electrical properties of the NWFET biosensors were characterized using an

Agilent-4156C semiconductor parameter analyzer (Agilent Technologies, CA). After

measurement, the samples were washed with hot DI water (90°C) for 5 min to

de-hybridize the complementary DNA pair. The resulting surface presenting only the

capture DNA was then measured again.
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4.2.4 Electrical performance of the NWFET

Fig. 4.3 presents plot of the Ip—Vg at drain voltages (Vp) of 0.1 and 1 V,
respectively, for the fabricated 60-nm NWFET biosensor. The current flowing
through the NW located between the source and drain electrodes could be switched
“on” and “off” at various backside gate potentials. If, at a large negative gate bias
(e.g., —15 V), the channel conduction (Ip) is very low, a positive voltage applied to the
gate will create an n-channel (i.e., an electron carrier). Therefore, the sensor is a
normally-on, n-channel depletion NWFET [24]. In general, a backside gate can apply
a bias voltage to the NW and, thereby, affect the energy barrier for the charge carriers.
This applied voltage ensures device operation under the optimal conditions of a larger
current shift. Stern and co-workers [25] proposed a p-channel DNA sensor with a
backside gate control design; the sub-threshold swing (SS) for their device was,
however, about 1250 mV/decade (Ip = 10" A and 10° A at -20 V and -25 V,
respectively)—much higher than our value of 450 mV/decade. We attribute the high
sensitivity of our DNA sensor to the use of the single crystal n-channel design rule
having higher mobility and lower SS characteristic.

The turn-on/turn-off current ratio of this sensor was near six orders of magnitude
when Vp was 0.1 V, suggesting improved practicality of the fabricated biosensors.
The threshold voltage (V;), which we determined for a drain current at 10° A, was
ca. —10.8 V. The dependence of the value of Ip on the applied gate voltage implies
that the fabricated NWFET sensors could be fine-tuned to optimal conditions to sense
molecules that effect a change in the surface charge. A charged molecule bound onto
an NW surface exerts an electric field in a manner similar to an applied gate voltage.

For example, when the surface receptor contains a macromolecule of DNA bearing
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negative charge, specific binding interactions will result in an increase in the NW’s
negative charge, and, hence, a shift to the right for the V; in Ip—Vg curve of the

NWFET biosensor [9].

4.2.5 Evaluating of cleaning efficiency through fluorescence imaging

The charge carriers in the NWs are affected by the presence of the immobilized
biomolecule; therefore, the variation of their electrical signal can be used as the
sensing indicator. If the surface of interest is covered by ambient contaminants, the
detection region of the NW is blocked by the contaminants, which degrade the
function of the sensor. Conventional bioassays described in the literature have been
cleaned using piranha solution [26-27], even though it is not appropriate for sensor
cleaning when the technology advances to the bio-electronic era. For example,
piranha solution would corrode all of the metal contacts, e.g., the Al-Si-Cu alloys that
are the most commonly used in semiconductor manufacturing. Hence, we sought a
relative mild cleaning method that would restore the electrical signal in the NW
devices—one that could be used as a substitute for washing with piranha solution—in
the blooming field of coupling biomolecules to semiconductor electronics.

A silicon substrate on which stacked with Si0,/Si3N4/Si10, film in a low-pressure
quartz furnace was employed to test the efficiency of the various cleaning solutions.
The primary SiO, film was a buffer layer to prevent the Si3N4 film from peeling off.
The upper Si0, film was then patterned to form a line structure, as indicated in Fig.
4.4(a). The content of cleaning solutions and the post-cleaning immobilization
procedure were mentioned in session 4.2.2. Because the immobilization efficiency of
DNA on a SiO, surface is much higher than that on Si3;Ny4, the immobilization

selectivity of DNA on these materials could be distinguished by using the line
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structure. Prior to immobilizing the 10 nM FITC-labeled capture DNA, the 1-day
ambient exposure samples were subjected to cleaning with various solutions to test
their cleaning efficiencies. The intensity of fluorescence signal on the SiO, surface
was then characterized to evaluate the cleaning efficiency. Quantification of the
fluorescence images was achieved by the software of Image-Pro Plus (Media
cybernetic®). Fig. 4.4(b) displays fluorescence images of the samples without
cleaning (control) and after cleaning with DI, piranha, IPA, and ACE. The intensities
of fluorescence signal for control and the samples cleaned using DI, piranha, IPA, and

ACE are 4.210.2, 7.4%0.3, 45.8%1.5, 21.5+0.9, and 33.5%1.4, respectively. Obviously,

the samples cleaned using piranha and ACE displayed clear fluorescence images,
suggesting that these two solutions were effective surface cleaning agents. Moreover,
the fluorescence appeared only on the SiO, patterns, indicated that DNA
immobilization was unfavorable on the SizNs surfaces. In contrast, the weak
fluorescence images of the surfaces washed with either DI or IPA indicate that they
were not cleaned effectively; i.e., the contaminants remaining on the surface affected
the immobilization of DNA. Despite its superior cleaning efficiency, piranha solution
is very reactive and will corrode interconnect metals. The mild ACE cleaning solution
appears to be a good substitute for the traditional piranha solution when cleaning
NWFET biosensors.

We also characterized the immobilization efficiency in terms of the electrical
properties of the NWFET biosensors. Fig. 4.5 illustrates the Ip—Vg curves recorded at
a constant drain voltage (Vp = 0.1 V) for various resulting NWFET sensors. The
threshold voltage of the base line (prior to cleaning and immobilization of capture
DNA) was —10.80 V. It appears that the surfaces washed with DI and IPA was not

cleaned effectively; only a few DNA strands bound to the NW, causing small
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rightward shifts of the threshold voltage (0.15 and 0.42 V, respectively). In contrast,
surface cleaning was effective when using the ACE mixture (rightward shift of 0.63 V
for the curve); this clean surface allowed more DNA strands to self-assemble,
consistent with the fluorescence images in Fig. 4.4(b). To clarify the influence of the
ACE cleaning process, we also measured the electrical properties of the sample after
ACE cleaning but without DNA immobilization. In this case, the Ip—Vg curve was
almost identical to that of the sample prior to cleaning, implying that the threshold
voltage shift arose mainly as a result of immobilizing the DNA strands on the NW

surface.

4.2.6 Using the NWFET to detect a mutated gene
To detect BRAFY™* mutation genes, we cleaned the surface of the NWFET
with ACE and then immobilized a 30-mer capture DNA strand, having the sequence
5'-AAATATATTA-TTACTCTTGA-GGTCTCTGTG-3", onto the surface. This
capture DNA sequence is fully complementary to that of the target DNA which is

partial sequence of the BRAFY>"

mutation gene [28]. Hence, the capture DNA on
the NW surface formed a molecular probe for the detection of target DNA having the
specific gene sequence 5'-CACAGAGACC-TCAAGAGTAA-TAATATATTT-3".
Fig. 4.6 reveals the ability of the NWFET biosensors to detect cancer-related mutation
genes. The threshold voltage for the capture DNA—modified NWFET, measured in

PBS buffer solution, was —10.16 V (base line). Various concentrations of the target

DNA, containing the BRAF"*’" mutation gene, were adsorbed onto the surface of the
g g
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NWFET device, providing a further rightward shift of the Ip—Vg curve, indicating the

successful hybridization of the complementary mutation gene with the capture DNA.

The fluorescence image in inset (I) confirms the successful hybridization of the 10

nM FITC-labeled target DNA to the capture DNA.

For de-hybridization, we washed this dsDNA sample with hot DI (90°C) to

separate the target DNA from the probe surface; the curve returned to almost the same

level as that of the base line. To ensure de-hybridization, we also used the

FITC-labeled DNA to trace the reaction pathway of the molecule of interest on the

surface. The fluorescence image of the sample obtained after de-hybridization of the

FITC-labeled target DNA [inset (II)] reveals that the target DNA was completely

separated from the NW surface after de-hybridization.

Fig. 4.7 reveals the exponential relationship between the voltage shift of the

NWFET sensor and the target DNA concentration. The voltage shift for the NWFET

sensor under various target DNA concentrations of 10 fM, 1 pM, 100 pM, and 10 nM

was 0.2210.03, 0.4520.05, 0.69£0.04, and 0.81£0.04 V, respectively. The relationship

between the response of a nanobiosensor and the DNA concentration has been

reported previously [12] to be

S(t) o In[p,]
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where S(t) is the sensor response, which is either a voltage or current shift, and [pg]

is the DNA concentration. This equation suggests that the response of a nanoscale

sensor should exhibit a logarithmic dependence on the DNA concentration, consistent

with our finding. The linear fitting for the calibration curve is y = 0.119 * log(x) +

1.8817 from 10 fM to 100 pM with correlation coefficient of 0.988. The detection

limit, which is defined as the minimal mutation gene concentration that gives a

voltage shift which is 3 times the standard deviation, is estimated to 0.88 fM from the

calibration curve. In addition, the relative standard deviation of threshold voltage shift

for the target DNA is less than 12%.

Fig. 4.8 reveals the specific detection of target DNA using our NWFET. We

investigated the behavior of mismatched target DNA strands (concentration: 10 nM)

containing one and five mismatched bases; their DNA sequences were

5'-CACAGAGACC-TCAAGTGTAA-TAATATATTT-3" and

5-CACAGAGACC-TCAAGTACGG-TAATATATTT-3", respectively. The latter

exhibited the same response as that of the base line, whereas the former exhibited a

rightward shift but could still be distinguished from the complementary sample. These

results suggest that the single-base—mismatched target DNA hybridized to a small

degree, but the five-base—mismatched DNA barely reacted with the capture DNA. A

similar result has been reported for three-base—mismatched mutant genes, which
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interacted nonspecifically with an NW sensor, but could be quantified and

distinguished from their corresponding wild-type genes [6].

4.3 A novel silicon NB FET for hepatocellular carcinoma detection
There is increasing need to develop ultrasensitive and selective biological
sensors for disease detection, drug discovery, and biomedical diagnostics [29]. For
example, ultrasensitive biological detection systems that allows the early detection of
genetic disorders are expected to improve preventative health care. At present, the
most widespread techniques for detecting biomolecules are based on enzyme-linked
immunosorbent assays (ELISAs) [30] and polymerase chain reactions (PCRs) [31].
The ELISA method determines the level of an antigen in a sample through the
magnitude of a fluorescence signal; its drawbacks include the need for a fluorescent
label and relatively insensitive detection [32]. The PCR method utilizes enzymatic
replication to amplify a deoxyribonucleic acid (DNA) fragment; it also has problems
relating to fluorescent labeling and the long periods of time required to amplify traces
of DNA [33]. The development of real-time, label-free sensing devices that overcome
the drawbacks of ELISA- and PCR-based methods remains a considerable challenge.
Several solid state field effect transistors (FETSs), including ion-sensitive FETs
(IS FETs) [34] and extended-gate FETs (EG FETs) [35], have been adapted to
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function as effective chemical and biomolecular sensors. More recently, such sensors

based on quasi one-dimensional (Q1D) semiconductor nanostructures, such as

nanotubes [36], nanowires [37], and nanobelts [38], have attracted considerable

attention because of their distinct electrical, optical, and magnetic properties. The

large surface-to-volume ratios and selective binding of charged biomolecules onto

these nanostructures’ surfaces can result in significant changes in electronic

conductance in the channel of the nanostructure. Hence, the real-time, label-free

detection of ultratrace levels of molecules in biological samples has become a real

possibility [39]. Cheng et al. [38] were the first to utilize tin oxide nanobelt FETs for

the sensing of solution pH, although the switching on/off current ratio, which was

related to the method’s sensitivity, was limited to only three orders of magnitude

because of interference from defects and contamination. To the best of our knowledge,

no silicon nanobelt FETs exhibiting excellent field effects have been developed

previously for ultrasensitive biomolecule sensing.

Most of the previously available nanostructures have been fabricated using

“top-down” or “bottom-up” methods [40]. The latter are usually used to construct

nanostructures through vapor-liquid-solid (VLS) growth [41], which requires

complicated integration techniques and exquisite control over doping concentration

when adapted to the fabrication of high-density sensor arrays in acceptable fabrication
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yields. The “top-down” methods for fabricating nanostructures typically employ the

high-resolution lithography and reactive-ion-etching (RIE) systems that are used in

semiconductor technology [42]. Although these methods are compatible with

mass-production, the device fabrication costs are relatively high because advanced

lithography tools are expensive [43].

To achieve nano-sized sensor devices, we previously employed a low-cost

sidewall spacer technique for the fabrication of a poly-silicon nanowire FET for use

as a biosensor [43-45]. The electrical performance of this poly-silicon NWFET was,

however, poor in comparison with that expected for the corresponding

single-crystalline silicon device; indeed, the higher mobility and better sub-threshold

swing of single-crystalline silicon channels relative to those of poly-silicon suggest

that more-reliable and -sensitive detection systems are possible. In this section, we

describe a novel method—one that does not require expensive lithographic tools to

define the nanoscale patterns—for fabricating single-crystalline silicon nanobelt field

effect transistors (NB FETs). Specifically, we used the conventional local oxidation of

silicon (LOCOS) [46] process to shrink the active silicon film to obtain a nano-sized

silicon belt having a thickness of 4 nm and a width of 150 nm. This simple and

economical method, which allows the fabrication of uniform and stable silicon
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nanobelts, is completely compatible with complementary metal oxide semiconductor

(CMOS) technology.

4.3.1 NB FET fabrication

A schematic representation of the fabrication steps is provided in Fig. 4.9. The

NB FET sensor was fabricated using a commercially available 6-in. (100)

silicon-on-insulator (SOI) wafer, which featured 50 nm—thick intrinsic silicon and 150

nm-thick buried oxide as the device substrate. After standard cleaning (NH,OH:H,0,

= 3:1; then HCI:H,O, = 3:1), the stacked films of tetraethyl orthosilicate

(TEOS)-oxide and silicon nitride were deposited sequentially as the masking layer for

the LOCOS process (Step 1). The underlying layer of TEOS-oxide, a so-called pad

oxide, was used to cushion the transition of the stresses between the silicon substrate

and the nitride film. In Step 2, an optical lithography system (Canon FPA-3000i5

stepper) and a plasma etching system (TEL TE5000) were used to define the silicon

nitride (Si3N4)/TEOS-oxide as the active region. In Step 3, after the photo-resistor (PR)

was removed, a silicon oxide (SiO;) was grown thermally to oxidize the exposed

silicon, while the patterned silicon nitride prevented the underlying silicon from

oxidizing. The active region, including the nanobelt, source, and drain, was therefore

defined as a result of the silicon nitride capped on top of the regions. Moreover, the
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width of nanobelt was shrunk due to oxidant diffusion laterally during the oxidation
process, as revealed in Figs. 4.10 (a) and (b). This phenomenon, the well-known
“bird’s beak” effect, can self-reduce the width of a nanobelt to less than the expected
width of the exposure system. The dimensions of the nanobelt were strongly
dependent on the oxidation time (thickness). Figs. 4.11(a) and (b) present
cross-sectional TEM images of the nanobelt after performing 150 and 240 nm—thick
oxidation steps, respectively. The dimensions of the nanobelt in Fig. 4.11(b) are much
smaller than those in Fig. 4.11(a) because the greater oxidation time of the former led
to greater to shrinking of the Si nanobelt. The thickness of the silicon oxide must be
considered and verified to ensure not only that the underlying silicon had been
oxidized completely but also that it maintained the nanobelt thickness. Through the
improvement of LOCOS process, the nanowire can also be fabricated by this
shrinking method, as shown in Fig. 4.11(c).

Prior to Step 4, wafers were immersed into a phosphoric acid solution at 165°C
to remove the residual silicon nitride. In Step 4, optical lithography and ion
implantation with a dosage of 5 x 10" cm ™ from an arsenic ion beam (As") were
performed on both the source and drain areas (acceleration energy: 20 keV), followed
by rapid thermal annealing (RTA) at 1050°C for 30 s in a nitrogen ambient. In Step 5,
optical lithography and a lift-off Al-Si-Cu alloy metallization were performed to
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define the contact pad. In Step 6, the SiO, and SizN4 layers were deposited

sequentially through plasma-enhanced CVD (PECVD) to passivate the surface. In

Step 7, the detection region of the NB FET was sequentially etched back by plasma

etch (for SisNy) and diluted buffer oxide etching solution (BOE for SiO,, NH4F : HF :

de-ionized water = 42: 7 : 1) for the purpose of biomolecule detection. The PR was

then removed by H,SO4 and H,O, mixture (H,SO4 : H,O, = 3:1). Then, only the

backside surface was dipped and etched by BOE solution in a pipette. Finally, a

500-nm-thick Al-Si-Cu pad was deposited by sputter system (Step 8). Prior to

biomolecule binding, all the devices were preserved in clean room for at least one

week to ensure the thickness saturation of native oxide.

4.3.2 Surface modification of the NB FET

A schematic representation of the surface modification process is given in Fig.

4.12. Prior to surface modification, the NB FET sensor was cleaned for 30 min using

acetone/ethanol (1:1). These organic solvents were of analytical grade (Merck,

Darmstadt, Germany). After cleaning, the detection region of the NB FET was

modified using (3-aminopropyl)triethoxysilane (APTES; 98%; Sigma—Aldrich).

Initially, the samples were immersed into a 1.5% APTES aqueous solution for 30 min,

and then rinsed with de-ionized (DI) water, followed by drying on a hot plate (120°C
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for 30 min). Because of the formation of the native oxide on the silicon nanobelt
surface, silanol groups, which are good proton donors (H") and acceptors (SiO"), were
present on the detection region of NB FET. APTES was then self-assembled onto the
surface for the Si and H' reaction. At this stage, amino groups were presented as
terminal units on the surface. Next, glutaraldehyde (25%; MP Biomedicals Inc.) was
linked to the amino groups to present aldehyde groups on the surface; the
glutaraldehyde solution was first diluted with DI water to 2.5% and then the sample
was immersed in the linker solution for 30 min at room temperature, followed by

rinsed with DI water and drying under ambient No.

4.3.3 AFP antibody and antigen modification

A schematic representation of the AFP antibody and antigen modification steps
is illustrated in Fig. 4.13. The antibody and antigen (Blossom Biotechnologies, Taipei,
Taiwan) were stored at an —20°C ambient. Prior to modification, the antibody and
antigen were thawed naturally at room temperature. The antibody was diluted with 1X
phosphate-buffered saline (PBS; 120 mM NaCl, 2.7 mM KCIl, 10 mM phosphate
buffer; Sigma—Aldrich) to provide a 500 ng/mL solution of antibody. The 1X PBS
solution was diluted with DI water and adjusted to pH 7.4. After then sensor had been
functionalized with APTES and glutaraldehyde, a portion (100 puL) of the antibody
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solution was placed onto the detection region, left for 10 min to ensure effective

binding, and then rinsed with PBS to wash away the excess antibody. Next, the

sample was immersed into bovine serum albumin (BSA) solution to block any

unreacted parts for specific detection. BSA was used here because it is stable, inert

toward the tested biomolecules, and cheap.

After attaching the antibody, the cancer marker AFP antigen (Blossom

Biotechnologies, Taipei, Taiwan) was applied to bind to the antibody on the NB FET

surface. To examine the sensitivity, the AFP antigen was diluted with 0.1X PBS

buffer to various concentrations. Prior to selective binding of the AFP antigen to the

receptor-modified NB FET device, PBS solution was injected into the microfluidic

channel and run through the NB FET detection region to determine the influence of

the buffer solution on the sensor. A typical electrical response after PBS had been

injected into the detection region of the NB FET sensor is presented in Fig. 4.14. The

real-time electrical response of the NB FET sensor was measured for the microfluidic

system using an Agilent 4156C instrument.

4.3.4 Preparation and detection of mice serum
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The infant and adult mice used to detect AFP were male BALB/c mice,

purchased from the Laboratory Animal Center of Taipei Medical University. The

infant mouse was 4 weeks old; the adult was 1 year old.

Initially, the antibody was immobilized on the sensor and then the remaining

exposed areas were blocked with BSA. Blood was then drawn through cardiac

puncture. Prior to using the NB FET sensor to detect the AFP concentration, the

mouse serum was extracted in a centrifugal extractor to eliminate hemocyte from the

blood. The mouse serum was then injected into the microchannel and run through the

detection region of the sensor. The electrical measurements of the NB FET sensors

were performed to obtain the device properties.

4.3.5 Modification of HBV DNA probe

The selective immobilization technique was used to bind the terminal 3 -amino

group of the oligonucleotide to the aldehyde groups on the sensor’s surface. A

schematic representation of the DNA modification steps is provided in Fig. 4.15. The

15-mer capture DNA strand having the sequence

5'-NH,-ACGTCCCGCGCAGGA-3" was purchased from MDBio, Inc. (Taipei,

Taiwan). A solution of synthetic 1 uM capture DNA was diluted with PBS buffer to

provide a 10 nM solution of capture DNA. A portion (100 pL) of this capture DNA
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solution was placed onto the detection region of the NB FET and left for 10 min to

ensure effective immobilization. The unreacted aldehyde groups were blocked

through reactions with ethanolamine (Sigma—Aldrich) and then the surface was

washed with PBS buffer and dried under ambient N,.

After capture DNA immobilization, a strand of synthetic target DNA (MDBio,

Inc., Taipei, Taiwan) having the sequence 5'-TCCTGCGCGGGACGT-3", which is

the fragment of the HBV X gene at position 1403—-1417, was applied to hybridize with

the capture DNA probe on the NB FET surface. The 15-mer target DNA was diluted

to various concentrations with 1X PBS buffer solution (pH 7.4). To ensure successful

hybridization, a fluorescence-labeled capture DNA (MDBio, Inc., Taipei, Taiwan)

was also prepared. The fluorescent label, fluorescein isothiocyanate (FITC), was

specifically positioned at the 5" end of the target DNA. A fluorescence image of the

FITC-labeled target DNA hybridized onto the detection region of the sensor is

presented in Fig. 4.15.

Prior to injecting the target DNA, PBS solution was injected into the

microfluidic channel and run through the NB FET detection region to determine the

influence of the buffer solution on the sensor. The real-time electrical response of the

NB FET sensor was recorded for the microfluidic system using an Agilent 4156C

instrument.
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4.3.6 Preparation of the hydrogen ion solution

The hydrogen ion solution was formulated from sodium phosphate monobasic

monohydrate (NaH,PO4H,O, pH 4.3) and sodium phosphate dibasic (Na,HPO4, pH

9.0), both purchased from J. T. Baker (USA). Each powder was dissolved into DI

water to form a 1 mM solution. To measure the pH of the solution, a pH meter (Model

6173pH; Jenco Electronics, Ltd.) having the precision of £0.01 was employed.

Initially, the pH meter was calibrated using standard solutions (pH 7.00, 4.01, and

10.01; Jenco Electronics, Ltd.). In the next step, the NaH,PO4-H,O solution was used

as the base solution and the Na,HPO, solution was titrated to adjust the solution to

various values of pH.

4.3.7 Nanobelts images

Fig. 4.16(a) displays a cross-sectional transmission electron microscopy (TEM)

image of the silicon nanobelt. The width of the nanobelt decreased from 500 nm (for

the structure formed through relatively inexpensive optical I-line lithography) to 150

nm and the thickness decreased from 50 nm originally to ca. 5 nm after LOCOS

processing [inset of Fig.4.16(a)]. We attribute the improved sensitivity of the silicon

NB FET biosensor (see below) to this significant shrinkage of dimensions while
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retaining a large detection region at the surface. Prior to characterizing the electrical

response of this NB FET sensor in a liquid phase, we used PDMS to fabricate a 50

pum—wide microfluidic channel that we sealed onto the chip using a microfludic holder

(Fig. 4.17); the fluid flowing through the active region was delivered by an automatic

syringe pump (Model 780270, Kd Scientific, USA). The complete NB FET sensor

incorporated with the microfluidic channel is shown in Fig. 4.18.

4.3.8 Electrical properties of the NB FET

Fig. 4.19 presents the electrical characteristics of the fabricated NB FET sensor:

the dependence of the drain current (Ip) with respect to gate voltage (V) at drain

voltages (Vp) of 0.5 and 1 V [Fig. 4.19(a)] and plots of I versus Vp at various values

of Vi [Fig. 4.19(b)]. The electron carriers passing through the NB from the source to

the drain were effectively modulated by means of biasing the back-gate voltage. For

example, a negative voltage applied to the gate enhanced the channel electron barrier

and reduced the obtained current (Ip), whereas a positive voltage applied to the gate

reduced the electron barrier and, hence, increased the observed current. Similarly, the

attachment of positively or negatively charged molecules resulted in the biosensing

devices turning “on” or “off” [47]. The selection of a suitable applied gate voltage

would ensure the operation of the proposed NB device under the optimal conditions to
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sense biomolecules, due to a resultant change in the surface charge. Fig. 4.19(a)

reveals that the ratio of the turn-on and turn-off currents of this sensor was nearly six

orders of magnitude, suggesting the improved performance of the fabricated NB FET

biosensors. The sub-threshold swing, estimated from the inset to Fig. 4.19(a), was ca.

268 mV/decade, as a result of the thicker dielectric film (150 nm—thick buried oxide).

The superior electrical properties of the gate-modulated drain current hints at the

successful application of this NB FET for biosensing, because a charged molecule

bound to the NB surface would exert an electric field in a manner similar to an

applied gate voltage [48]. For example, if the surface receptor coordinates a

macromolecule bearing a negative charge, specific binding interactions will result in

an increase in negative charge for the NB FET and, hence, a decrease in the value of

Ip for the biosensor.

We applied our NB FET as an ultrahigh-sensitivity biosensor for the detection of

hepatocellular carcinoma (HCC), which is the most common primary cancer of the

liver worldwide. Several diagnosis and treatment methods have been developed for

HCC over the years. The five-year survival rate of this disease is less than 5% because

of recurrence; the mortality rate of HCC remains high [49]. This vital disease is

prevalent in Asia and sub-Saharan Africa. The incidence of HCC in Taiwan is steadily

rising, resulting in an increase in the mortality rate from 22.7 per 100,000 population
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in 1986 to 28.1 in 2007; it is now the first most common cancer for men and second

most common cancer for women [50]. Clinical studies have shown that HCC can be

cured through early-stage surgical resection [51]. Because very few neurons spread in

the liver, however, patients with HCC in the early state are asymptomatic. Most

patients are, therefore, diagnosed in the late-stage or metastasis state, during which

time surgical resection is not appropriate [52]. Moreover, erroneous diagnosis, as a

result of the false positive identification, is another problem to be overcome [53].

Therefore, reliable characterization of HCC for early tumor identification, as well as

multiplex detection of diverse cancer markers to increase the accuracy, would have a

significant impact on the possibility of providing aggressive and specific therapies to

save human lives.

4.3.9 AFP detection response by the NB FET

To screen HCC, we tested the capability of NB FET to determine

alpha-fetoprotein (AFP) as a cancer marker. AFP is a glycoprotein, having the

electrophoretic mobility of 1-globulin, that is produced in the fetal yolk sac, liver, and

intestine. The expression of AFP antigen in serum is widely used as a tumor marker

when evaluating the prognosis and management of patients with HCC. The

concentration of AFP is high during fetal liver development, decreasing rapidly within
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a few weeks after birth [54]. Once a patient is infected with HCC, the serum AFP
concentration becomes markedly elevated [55]. Therefore, the AFP concentration is
an important reference index for the physical condition of the liver.

Prior to sensing the AFP biomarker, we functionalized the detection region of
the NB FET sensor with the AFP antibody receptor, and then immersed the device
into a bovine serum albumin (BSA) solution for 10 min to block the un-reacted parts
of the surface to ensure specific detection. Because the sensitivity of a biosensor

) ) al
device correlates with the transconductance (g, a_D

" ), the sensitivity is
G VD=constant

related to the applied gate voltage [56], with the most sensitive response occurring at
the maximum transconductance (gm max) [57].

Fig. 4.20(a) displays the Ip—Vg curve and transconductance (gn) of the NB FET
(Vp = 0.5 V). The value of g, varies with the back-gate voltage; gmmax 1S located at
the boundary of the linear and saturation regions in the Ip—Vg curve (in this case, at V,
= —0.4 V). The detection of AFP by the sensor biased at gmmax 1s presented in Fig.
4.20(b). The sensor exhibited a large current shift after 500 pg/mL AFP had been
injected. The Ip—Vg curves of the sensor before and after 500 pg/mL AFP had been
injected are presented in Fig. 4.20(c). The injection of AFP to the detection region
resulted in a rightward shift of the Ip—Vg curve, indicating that the drain current
decreased to a lower level. When the sensor was biased at gmmax [red arrow in Fig.
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8.20(c)], the current decreased to a level close to the noise level of the device,

implying that concentrations greater than 500 pg/mL would result in an unapparent

and non-linear current shift. Therefore, the detected concentration range when biasing

at Ommax €xtended from 50 fg/mL to ca. 500 pg/mL. Beyond a concentration of 500

pg/mL, the drain current signal dropped significantly to near the noise level. The

detection limit of the sensor, defined as the AFP concentration providing a signal

intensity three times the standard deviation of the blank, was estimated to be 100

fg/mL.

Although this biosensor was very sensitive when biased at gmmax, it Was not

suitable for AFP detection because the threshold limit value of the AFP concentration

in relation to liver injury is ca. 5-20 ng/mL [58]. A patient whose AFP concentration

is above the threshold limit value is likely to suffer from HCC. To detect AFP

concentrations in this critical range and, thereby, allow specific HCC diagnosis, we

tuned the applied gate voltage (V= 0.5 V) to a higher value so that the sensor would

operated with relatively worse sensitivity; in this case, the detection range extended

from 3 ng/mL (45 pM) to 600 ng/mL (9 nM) [59]. Fig.e 8.21(a) displays the detection

response with respect to various AFP concentrations; note that each concentration was

measured using a different device. Therefore, to provide a more definitive comparison,

we normalized the currents by dividing by the value of Ip of the AFP pre-injected (i.e.,
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blank) sample to observe the minute variations in each run. Because the isoelectric

point (pI) of AFP antigen is ca. 4.57 [60], AFP in PBS buffer solution (pH 7.4)

exhibits net negative charge. The observed concentration-dependent decreases in Ip

are consistent with the amounts of negatively charged AFP antigen bound to the

antibody receptor in the n-channel FET devices. The normalized current shift

exhibited good linearity with respect to the logarithm of AFP concentrations ranging

from 3 to 100 ng/mL [Fig. 4.21(b)]. Beyond a concentration of 100 ng/mL, the

currents remained almost fixed, possibly because of saturation of the binding sites in

the detection region. The linear fitting for the calibration curve had the form:

y=0.331 x log (x) —0.095

with a correlation coefficient of 0.972. The detection limit of the biosensor in this

state was estimated to be 2 ng/mL. Note that this detection limit for AFP is not the

optimal value because the sensor was not operated under its most sensitive conditions.

4.3.10 AFP detection from mice serum

In addition to the detection of synthetic AFP, we also used our biosensor to study

real mice serum samples. The mice serums were bled and extracted using a

centrifugal extractor; they were then delivered to the detection region of the sensors.

Fig. 4.22 presents the detection responses of both infant and adult mice. The AFP
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concentration is higher in an infant mouse than in an adult mouse—as is also the case

for humans—and, therefore, we observed a greater current decrease when analyzing

the infant mouse serum. Using the calibration curve in Fig. 4.21(b), we estimated the

mouse AFP concentrations, as measured with our NB FET biosensor, to be 26.6 + 2.1

and 6.8 + 1.7 ng/mL for the infant and adult mice, respectively. To verify the

accuracy of these AFP concentrations obtained from the NB FET biosensor, we used

an ELISA kit (Alpha Diagnostic International, San Antonio, USA) to analyze the

mice serums through an alternative method (Fig. 4.23). In this case, we obtained the

AFP concentrations in the infant and adult mice serums, from the calibration curve of

the standard solution, of ca. 25.8 and 6.3 ng/mL, respectively [61]. Because the

concentration levels of serum AFP obtained using the NB FET and ELISA methods

are very close, our proposed real-time and label-free NB FET appears to be a reliable

biosensor.

4.3.11 HBV x gene detection by the NB FET

Although AFP is an important marker for detecting HCC, monitoring the AFP

concentration alone is insufficient because ca. 5—10% of HCC cases exhibit normal

AFP levels [62]. Therefore, to increase the accuracy of the early detection of HCC,

we employed a specific DNA fragment of hepatitis B virus (HBV) as an additional
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biomarker. HBV infection leads to fulminant or chronic hepatitis, which has great

potential for transformation into HCC. Hence, the incidence of HCC is highly

dependent on the prevalence of hepatitis B [63]. Schweinitz et al. proposed that

patients possessing low levels of AFP, but suffering from HBV, should be categorized

as having a high-risk of developing HCC [64]. The X gene, which is part of a

sequencing fragment of the HBV genomic, plays a critical role in HBV-associated

hepatocarcinogenesis [65]. The X protein, which derives from the X gene, complexes

with other proteins and inhibits the specific DNA binding, transactivating, and

apoptotic capacity, thereby inducing the cell to transform into an HCC [66].

To detect HBV using the NB FET sensor, we immobilized a 15-mer capture

DNA strand having the sequence 5 -NH,-ACGTCCCGCGCAGGA-3’, which is fully

complementary to the target DNA, to the sensor surface as the receptor. The synthetic

target DNA having a 5-TCCTGCGCGGGACGT-3" in sequence is a fragment of the

X gene [67]; it selectively hybridized to the capture DNA probe. Fig. 4.24(a) displays

the electrical response for the detection of the X gene DNA at concentrations ranging

from 1 fM (4.9 fg/mL) to 1 pM (4.9 pg/mL) [68]. Because DNA bears a negative

charge, the specific binding interaction enhanced the electron barrier and, hence, led

to a decrease in the value of Ip for the NB FET device. The concentration-dependent

current shift exhibited good linearity, providing a calibration curve featuring a
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detection limit of ca. 2.4 fM [Fig. 4.24(b)].

We also used out biosensor to detect mismatched target DNA to verify its

specific binding. The tested mismatched target DNA strands were the one-, five-, and

15-base-mismatched DNA sequence 5’-TCCTGCGAGGGACGT-3",

5’-TCCTGACACTGACGT-3", and 5'-GAACCACACTAGATG-3’, respectively. Fig.

4.25 reveals the detection responses of 100 fM of the mismatched target DNA strands

binding to the NB sensor. The current shifts in the presence of the five- and

15-base-mismatched target DNA sequences were almost indistinguishable, whereas

the one-base-mismatched sample and the complementary sample provided significant

decreases in current, implying that the one-base-mismatched target DNA bound to the

capture DNA probe through a nonspecific effect. Nevertheless, we could distinguish a

difference in current for the analyses of the one-base-mismatched and complementary

DNA strands, suggesting that our NB FET biosensor could effectively determine the

signal change for HBV after only one base mismatch. A similar result has been

reported for three-base-mismatched mutant genes interacting nonspecifically on a

nanowire sensor, although they could be quantified and distinguished from their

wild-type genes [69].

4.3.12 Solution pH analysis by the NB FET
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In addition to HVB DNA, the serum pH is another reference index for the early

screening of HCC. The variation in serum pH is attributed to the active metabolism of

the transformed cancer cells, resulting in different amounts of carbon dioxide (CO5)

diffusing into the blood plasma. The excess CO; is converted to bicarbonate (HCOs")

by the enzyme carbonic anhydrase. Because HCOs™ is the primary buffer of blood pH,

the presence of a higher HCO;  concentration induces more acidic blood—i.e., the

blood pH decreases [70]. Furthermore, the mutant cells release acidic poison proteins,

which also decrease the blood pH [71]. In general, the pH of normal blood is ca. 7.4;

therefore, patients who have a blood pH of less than 7.4 should be vigilant that they

may suffer from carcinoma [72].

To detect the effect of the pH on the NB FET sensor, we used sodium phosphate

monobasic monohydrate (NaH,PO4H,0O) solution as a base to titrate a sodium

phosphate dibasic (Na,HPO4) solution from pH 6.40 to 7.39. The sensor had been

modified with (3-aminopropyl)triethoxysilane (APTES) on the detection region so

that it would present terminal NH, and SiOH groups, which are sensitive to changes

in pH. Thus, the current of the sensor was related to the solution pH because of the

different dissociation constants (pK,) of the NH; and SiOH groups [73]. As a result,

the current decreased stepwise upon increasing the pH [Fig. 4.2(a)]. Fig. 4.26(b)

reveals that the current had a linear dependency on the pH over the range from pH
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6.40 to 7.39. This result suggests that our NB FET might also act as a pH sensor for

serum in the future.

4.4 Summary

In section 4.2, using a cleaning solution prepared from a mixture of acetone and
ethanol allowed us to develop an NWFET device that behaved as a biomolecular
sensor for an oncogene. We used the state-of-the-art semiconductor line to fabricate
label-free NWFET devices having line widths of 60 nm. Connecting the NWs to
source and drain electrodes fabricated on the SOI wafer provided functioning ohmic
contacts without the problem of contact resistance. The NWFET exhibited n-channel
depletion characteristics that allowed detection of the hybridization and
de-hybridization of a BRAF"***" mutation gene from a cancer cell, as well as the
ability to distinguish between complementary and mismatched target DNA. The
detection limit of the NWFET biosensor for the sensing of the mutation gene was in
the sub-femtomolar regime. Because this label-free NWFET sensor displayed the
ability to detect the oncogene, such devices are potentially useful tools for biological
research and genetic screening.

In section 4.3, we used the LOCOS isolation process and CMOS-compatible
technology to fabricate novel silicon NB FETs. The shrunken nanobelts, which had
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high surface-to-volume ratios, were used to detect HCC. We found that our NB FET

biosensor could detect AFP, a biomarker for HCC, at concentrations ranging from 3

to 100 ng/mL, the most critical range for screening HCC. The detection limit for a

15-mer fragment of DNA from HBV, a virus that commonly induces HCC, when

using our NB FET sensor reached as low as 3.2 fM. The solution pH could also be

distinguished within the range from pH 7.39 to 6.40, a critical blood pH range

differentiating healthy individuals from cancer patients. With multiplex detection of

AFP, HBV, and pH, it may be possible to perform the reliable, real-time

determination of HCC at an early stage, while avoiding the problems of false positive

identification. We anticipate that our NB FET sensor might operate as a real-time,

label-free, ultrasensitive detection system for screening diseases in the future.
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Nanowire

Back gate

Fig. 4.1 Schematic representation for the fabrication of the NWFET sensors. (a) A 6-in. SOI
wafer (50 nm intrinsic Si; 150 nm buried oxide) was employed as the device substrate. (b)
NWs were patterned using an e-beam direct writing and dry etching system. (¢) Source/drain
implantation and annealing. (d) Contact pad (500 nm Al-Si-Cu film) was deposited at the
source/drain region. (e) Passivation layer formed, followed by etching back the detection
region for DNA immobilization (red circle). (f) Cross-sectional representation of the

completed NWFET sensor and its electrical connection for the detection of DNA strands.
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Fig. 4.2 Self-assembly processes for the immobilization of capture DNA and

hybridization of target DNA. (1) The Si NW presenting a native oxide on its

surface was coated with APTES. (2) Glutaraldehyde was linked to the amino

groups. (3) Terminal 3 -amino groups of the capture DNA strands were reacted

with the aldehyde groups. (4) Complementary target DNA was hybridized to the

capture DNA on the Si NW surface.
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Figu. 4.3 Plots of drain current versus gate voltage for the NWFET sensor,
measured at values of Vp of 0.1 (black line) and 1 V (red dotted line). Inset:

Scanning electron microscopy image of the 60 nm-wide Si NW.
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Fig. 4.4 (a) Schematic representation of the SiO, line structure used to test the
immobilization efficiency. The underlying SizN, film was used to define the
selectivity, because of the higher DNA immobilization efficiency of SiO, relative
to that of the Si3Njy surface. (b) Fluorescence images of the (I) uncleaned (control)
sample and (II-V) the samples cleaned with (II) DI, (II) piranha, (IV) IPA, and

(V) ACE..
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Fig. 4.5 Electrical responses of the NWFET sensor with capture DNA immobilized
after using various cleaning methods. The Ip—Vg curves were recorded at a constant
drain voltage (Vp = 0.1 V). The base line curve was recorded for the sample prior to
cleaning but after treatment with PBS (black line). Curves were recorded for the
DNA-immobilized NWFET sensors after washing with DI (green dotted line), IPA
(gray dotted line), and ACE (blue dotted line). The curve recorded for the sample
after ACE cleaning but without DNA immobilization (red dotted line) was recorded

to confirm the influence of the cleaning process.
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Fig. 4.6 Concentration-dependent electrical response of the capture DNA-modified
NWFET sensor when detecting target DNA. The Ip—Vg curve of the base line was
obtained in PBS buffer (black line); PBS buffer solutions containing target DNA at
various concentrations (10 fM, 1 pM, 100 pM, 10 nM) were injected, respectively, and
the Ip—Vg curves recorded. The de-hybridized samples were obtained after treatment
of the dsDNA with hot DI water (90°C); the Ip—Vg curves were then measured (red
dotted line). Inset (I): Fluorescence image of 10 nM FITC-labeled target DNA bound
to the capture DNA. Inset (II): Fluorescence image of the FITC-labeled target DNA

after de-hybridization.
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Fig. 4.7 Voltage shift (from n=4) of the NWFET sensor plotted with respect to the
target DNA concentration. The voltage shift was extracted from Fig. 5(a) at a

constant drain current (Ip = 1 nA).
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Fig. 4.8 Electrical response of the capture DNA-modified NWFET sensor when
detecting mismatched target DNA. The Ip—Vg curve of the base line was
recorded in PBS buffer (black line); PBS buffer solution containing one- or
five-base—mismatched target DNA strands (10 nM) was injected and the Ip—Vg

curves were recorded.
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Figure 4.9 Schematic representation of the NB FET fabrication process.
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Si nanobelt

(b)

Fig. 4.10 Fabrication of the silicon nanobelt. (a, b) Schematic representations of

the structures (a) before and (b) after performing the LOCOS process.
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100 nm

Fig. 4.11 Cross-sectional TEM images of the nanobelt after performing (a) 150 and
(b) 240 nm—thick oxidation steps, respectively.
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Fig. 4.11(c) Cross-sectional SEM image of the nanowire after improved LOCOS

process.
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Fig. 4.12 Schematic representation of the NB surface modification process.
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Fig. 4.14 Electrical response of PBS injected into the detection region of the
NB FET sensor.
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Fig. 4.15 Schematic representation of the DNA modification process.
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Fig. 4.16 Cross-sectional TEM image of the nanobelt. Inset: enlarged TEM image

of the nanobelt to show its thickness.
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Fig. 4.17 Schematic representation of the microfludic holder.
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Fig. 4.18 Schematic representation of completed NB FET sensor with

microfludic channel.
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Fig. 4.20 Electrical properties of the NB FET sensors. (a) Ip—Vg curve and
transconductance of the NB FET sensor. (b) Detection responses of the NB FET,

biased at gm max, toward various AFP concentrations.

154



10°

@® Before AFP injection
@ After AFP injection

|_\
)
&

107

Drain current (A)
B
S Q

Gate voltage (V)

Fig. 4.20 (¢) Ip—Vg curves of the NB FET before and after injection of 500
pg/mL AFP.

155



30 ng/mL
50 ng/mL
100 ng/mL
300 ng/mL
600 ng/mL

Normalized current

0 50 100 150 200 250

Time (s)
< 0.8
s y = 0.331*l0g(x) - 0.095
o R?=0.972 <
-
© 04
©
~
= 0.2
©
=
o 0.0
Z 100 10?1 102 103

AFP concentration (ng/ml)

Fig. 4.21 (a) Detection response toward AFP concentrations ranging from 3 to
600 ng/mL. (b) Normalized current shift plotted as a function of AFP

concentration.

156



A Adult mouse
A |nfant mouse

Normalized current

0 100 200 300
Time (s)

Fig. 4.22 Detection response of AFP concentration from adult and infant mice.

157



1
log (v) = 0.8316 * log (x) - 2.1134 g
R%=0.9907 PR
- ,,
@® Standard solution ’
A Adult mouse Pid
0.1 V¥ Infant mouse ,:

’
.,/

Absorbance (@ 450 nm)

1 10 100
Concentration (IU/ml)

Fig. 4.23 Plot of light absorption with respect to AFP concentration,

determined using an ELISA kit.

158



Normalized current

0 100 200 300 400
Time (S)

0.8
y =0.211 *log(x) - 0.081

0.6 R? = 0.9892

0.4

0.2

0.0 ‘
101 10° 10t 107 10  10*

DNA concentration (fM)

Normalized current shift

Fig. 4.24 Electrical response of the NB FET sensor toward a 15-mer DNA
fragment from HBV. (a) Detection response toward DNA concentrations ranging
from 1 fM to 1 pM. (b) Normalized current shift plotted as a function of DNA

concentration; the linear range of calibration curve extended from 10 fM to 1 pM.

159



=
(b}
= 1.0
o
= 0.9
S
e 0.8 complementary
© 1-base mismatch
E 0.7 5-bases mismatch
= 15-bases mismatch
@)
< 0.6

0 50 100 150 200

Fig. 4.25 Detection responses toward complementary and one-, five-, and

15-base-mismatched target DNA samples.

160



Drain current (nA)

Drain current (nA)

N B~ OO 0

=
N b

BN
o

e el
o N b

N B~ O 0

62 64 66 68 7.0 72 74 7.6
pH value

Fig. 4.26 Electrical response of the NB FET sensor toward the solution pH.

(a) Detection response at values of pH ranging from 6.40 to 7.39. (b) Drain

current plotted as a function of the pH.

161



Chapter 5

Conclusions and future perspective

9.1 Conclusions

In this thesis, we have investigated the nickel silicide process, NC memory, and
NW/NB FET biosensor based on nanotechnology. In chapter 2, the effects of capping
layers on formation of Ni-silicided junction was studied. With a Ti-capped layer on
Ni-silicided sample, it is shown to exhibit inferior thermal stability than the uncapped
and TiN-capped samples. For the silicided junctions, samples with a Ti capping layer
are shown to have larger leakage current density. A high-resistivity NixTiySiz
compound layer formed on the NiSi surface for the Ti-capped sample, resulted in the
overall silicide thickness and the junction leakage current increased. We also
demonstrated the thermal stability and electrical behavior of nickel germano-silicide
structures. The insertion of a poly-Si film on poly-SiGe significantly enhances the
thermal and morphological stabilities of NiSi films. We have derived a stress-confined
grain growth and Ge blocking model to explain the beneficial effects of the poly-Si film
and confirm the predictions made after scrutiny of TEM images. The presence of

poly-Si films improved the properties of both the thin-film and fine-line NiSi structures.
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In chapter 3, we have discussed the NCs formation of the sol-gel spin-coating thin
film at different conditions. Together with the TEM images and interfacial energies, we
proposed a model to explain the transformation of thin film into NCs. The 900°C
annealed NC memory demonstrated the satisfactory retention characteristic than the
600°C annealed sample due to the NC formation. The large V shift of the 900°C
annealed sample is potential for future multi-bit application. We also investigated the
factor of solvent that affected the morphology of NCs. The coated film by ethanol
system led to the isolated NCs, while the interconnected NCs morphology was observed
in the thicker film by IPA system. The isolated NC memory in ethanol system exhibited
better charge trapping performance and larger memory window.

Moreover, we proposed a sol-gel derived NC memory by utilizing the hot hole
trapping to program. With the merits of high-density NCs and hot hole trapping, this
NC memory exhibited excellent electrical performance in terms of high data retention,
exceptional endurance, and high program speed.

In chapter 4, we used a cleaning solution prepared from a mixture of acetone and
ethanol to develop an NWFET device that behaved as a biomolecular sensor for an
oncogene. The NWFET exhibited n-channel depletion characteristics that allowed
detection of the hybridization and de-hybridization of a BRAF'>** mutation gene from

a cancer cell, as well as the ability to distinguish between complementary and
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mismatched target DNA. The detection limit of the NWFET biosensor for the sensing
of the mutation gene was in the sub-femtomolar regime. We also fabricated a novel
silicon NB FET by using the LOCOS isolation process and CMOS-compatible
technology. The shrunken nanobelts, which had high surface-to-volume ratios, were
used to detect HCC. We found that our NB FET biosensor could detect AFP, a
biomarker for HCC, at concentrations ranging from 3 to 100 ng/mL, the most critical
range for screening HCC. With multiplex detection of AFP, HBV x gene, and pH, it
may be possible to perform the reliable, real-time determination of HCC at an early

stage, while avoiding the problems of false positive identification.

9.2 Future perspective
There are some topics that are suggested for future perspective:
(1) Development a photo-detector b using NiSi-Si-NiSi multi-segments for biomolecule
detection.
(2) Development of the sol-gel derived NC memory on a flexible substrate.
(3) Study of RRAM by using sol-gel spin-coating method.
(4) Development of the NB FET sensor array and measurement technique.

(5) Development of the logic circuit by NB FET.
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