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Abstract:

One-dimensiona (1D) nanomaterials;such ‘as nanotubes and nanowires, recently
have drawn a great deal of attention due to their extraordinary optical, mechanical,
and electrical properties -

In thisthesis, we fabricate and integrate high sensitivity nanowires field effect
transistor and Microfluidic system successfully. The microfluidic channel provides
control over reagent flow and different sample. We hope that the advantages of
different fields can breakthrough in biochemical sensing area.

The electrical characteristic of different channel doping, multiple channels

devices were also investigated. They charged molecul es adsorbed onto the nanowire



channel and modified the electronic property. The novel combination provide away

for future lab-on-a-chip applications.
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Chapter 1: Introduction

1.1 Background

Metal-oxide-semiconductor field effect transistors (MOSFET) have been
investigated as sensors since 1975 by Lundstrom et a, who reported a
hydrogen-sensitive MOSFET with palladium as the gate metal (GASFET) [1]. To this
date for bio-sensing application, the most common detection method is fluorescent
labeling which is complicated and.costly in sample preparation, and not available for
real-time detection. In addition,-tagged moleculesproblems like non-uniform labeling
and signa quenching are observed. Since then .a-number of label-free approaches,
such as nano cantilevers [2], surface plasmon resonance (SPR) [3] and ion sensitive
field effect transistors (ISFET) [4], have also been proposed and developed with the
intention to overcome the issues stated above.

Micro-electro-mechanical systems (MEMS) built with nano-fabrication
technology are used in avariety of sensor applications. One example is the nano
cantilevers, as shown in Fig.1-1, which can be used as biological sensors. In this
scheme, the adsorption of target species causes a change in mass or surface tension of

the cantilever. This leads to the variation in the oscillation amplitude of the cantilever



which can be then measured and recorded. The bending can be detected by the
deflection of an optical beam or by a change of electrical resistance in a piezoelectric
thin film on the cantilever. The smaller the device, the more sensitive to mass change
since the resonance frequency is dependant on the total mass .But mass measurement
works best in avacuum. When the sensing is performed in an agueous solution, the
liquid surrounding the oscillator tends to resist the oscillation which in turn may
reduce the sensitivity of the measurement.

Figurel-2 shows the configuration of SPR method, in which biomolecules are
immobilized on gold-coated glass slide. When'light is shined through the glass slide
onto the gold surface at angles and wavelengths near the surface plasmon resonance
condition, the refractive index and optical reflectivity change very sensitively with the
presence of biomolecul es attached on the gold surface. The binding is easily observed
and quantified by monitoring the change in reflectivity. However, such scheme needs
complicated optical system to accomplish and does not have sufficient multiplexing
capabilitiesin its current configuration.

The ISFET is an MOSFET with the gate in the form of a reference electrode
inserted in an agueous solution which is in contact with the gate oxide, as shown in
Fig.1-3. lon groups change the interfacia potential at the solution/oxide interface.

This scheme is relatively easy as compared with other approaches, but suffers from



low sensitivity due to the bulk leakage conducted in the substrate. To address this

issue, semi-conducting nanotubes or nanowires are good candidate channel materials

for the construction of such bio-sensing devices.

Using silicon nanowires as a biosensor were first demonstrated by Lieber and

co-workersin 2001 [5]. In addition to sensors, many related studies have been carried

out to explore possible applications to nanoel ectronics like functioning logic elements

and memories. In Lieber’s work, vapor-liquid-solid (VLS) was used to prepare

nanowires. They showed that the materials are capable of detecting single viruses [6]

and identification of cancer markers[7]. Theseinteresting and exciting results put the

nanowire bio-sensors in the Jdimelight. Owing" to- the inherent feature of high

surface-to-volume ratio, Si NW provides a much-higher sensitivity than conventional

planar MOS sensing structure.

However, most of the current experimental works on Si NW devices have been

conducted using the bottom-up approach, such as VLS(see appendix), which often

exhibits difficulties in controlling the doping level, the shape and critica dimensions

accurately. Additional metallic source/drain process is commonly used and a Schottky

barrier formed at the metal/semiconductor interface may affect the value and

uniformity of the contact resistance. Other disadvantages of bottom-up methods

include the difficulty of directly growing highly ordered density arrays and the need



of complicated fabrication flow to construct available device structures.

Top-down schemes represent an aternative approach to address those issues

associated with bottom-up approach. Many people applied direct writing e-beam

lithography (EBL) and plasma etching techniques to generate NW structures on SOI

wafers. The main drawback of EBL isitslow throughput.

1.2 Motivation

As mentioned above, to make:use of NWs.as a sensing element requires tight

control over a number of parameters, such as the dimensions of the NW structures,

relative positioning and alignment of different NWs, and formation of good contacts.

To meet these concerns, recently we have developed a novel method adopting

sidewall spacer method to form NWs TFT. The structure is shown in Fig.1-4 [8]. NH3

plasma passivation, RTA, and MILC method have been investigated and implemented

to improve the electrical performance of the fabricated devices. This scheme aso

represents a potential and promising route for sensing device fabrication. A

comparison with previously reported methodsis given in Table.1-1.

For practical chemical and biological sensing applications, the testing needsto be

proceeded in an aqueous solution. This usually needs a microfluid system to carry out.



In addition, the threshold voltage (Vth) of the devices should be adjustable and set to
avalue with good sensitivity. For these reasons, in this work we investigate the related
process to build the microfluid testing environment. In addition, ion implantation is
employed to adjust the Vth. Our intentions are to develop the necessary skills and to

utilize them for the construction of practical bio-sensing systems.

1.3 Thesis organization

This thesis is divided into four chapters. After introducing the background and
motivations of this study, in Chapter 2 the fabrication of microfluid channel and how
it is integrated with NWs devices are described.-1n Chapter 3, details for device
fabrication and the implant conditions for Vth adjustment are stated. Results of
electrical characterization are subsequently given and discussed. Specia attention is
paid to the Vth adjustment using ion implant technique. Finally, in Chapter 4 a

summary of important achievements of this study is given.



Chapter 2.
Microfluid System: Fabrication and I ntegration

2.1 Microfluidics development and challenges

Microfluidics, which studies the motion of fluid and particles through
microchannels, is an emerging field that has given rise to a large number of scientific
and technological developments over the last few years. There are growing interests
to explore microfluidic circuits forschemical reactions and biological operations. In
contrast to conventional benchstop setups, microfluidics has been utilized to
manipulate processes at microliter (i) to nanoliter (nL) scale (Figure 2-1), such as
reduced consumption of reagents (molecular species can be detected on low cells
level in an early phase) and improved control over mass and heat transfer. Particularly,
miniature analytic systems, the so caled lab-on-a-chip systems, have become very
popular.

Construction and design of microfluidic devices differ from macro-scale devices.
It is not a simple matter to scale conventional devices down straightforwardly, since
the dominant physical quantities and properties change in the micro-world. For

examples, in the micro world, the liquid flow tends to be laminar, and surface forces



and surface tension start to dominate, while these effects are not significant in the

macro scale [9].

Microfabrication technologies have opened up a new research area. Apart from

the gain in cost terms, it has become more versatile by opening up to polymers, and

the process is aso becoming more flexible due to their thermoplastic properties.

Polymer molding techniques (e.g., casting of PDMS, PMMA...etc) have been

developed for manufacturing of simple fluidic network, but integration into a

complete microsystem is far from trivia. At the moment, there are still challenges

ahead as to how to couple these different structured microfluidic parts together, how

to integrate a sensor, and how-to transfer the fluidic part into a microsystem with

precision.

The miniaturized total chemical analysis system (LTAS) concept was first

proposed by A Manz and his co-workers [10].The popularity has been adriving force

for the development of new types of microsystems combining electrical and

mechanical functions with microfluidic functions, including sample preparation,

separation and detection on asmall chip.



2.2 Fabrication and integration of microfluidic channel

In this section, we will first describe the state-of-the-art technol ogies used for the
manufacturing of microfluidic channel, and then discuss its integration with nanowire
sensor device in the second part.

The microchannels were fabricated with replica molding technique which was
fabricated by using the Polydimethylsiloxane (PDMS) (Figure 2-2), a process devel oped
by McDonad and Whitesides [11]. PDMSis aclear silicone elastomer from which
thin relief fluid channel may be formed easily, and is known to be one of the most
attractive materials for microfluidicdevice today-because of its advantageous features
shown in Table 2-1.

Two strategies of molding. master fabrication have been developed. In one
approach, a thick negative photoresist dubbed SUS is patterned on 4” Si wafer by
photolithography. The speed and time of spin coating determine the thickness of the
microchannd (typically ~50 pum thick) (Figure 2-3). In the second approach, direct
wet etching of the desirable shape (channel region shadowed by chromium) with glass
mask by HF is implemented (Figure 2-4). Next, the two prepolymer components of
polydimethylsiloxane (Sylgard 184), part A and part B, are mixed together in a 10:1
ratio of part A / part B(this ratio may be modified to yield harder or softer PDMS) and

then degassed under vacuum, poured onto the mold and cured for 15min at 80°C in



the oven. After cooling, the cured PDMS is peeled from the mold carefully and rinsed

with ethanol because surface cleanness may also play a crucia role in bonding

process. Inlet and outlet tubes are inserted. A typical fabrication process of the PDMS

microfluid channel is illustrated in Figure 2-5. A finished product is exhibited in

Figure 2-6.

An assembly step between two substrates is usually necessary to close the

structures. Severa types of bonding techniques, such as therma bonding and anodic

bonding, have been developed for different applications. One of the main concerns is

the thermal stress, mainly in the case of heterogeneous assembly (i.e., materials with

different thermal expansion ccoefficients). Adhesive bonding is a low temperature

process but introduces the concern: of ‘contamination into the structure which may be

undesirable in microfluidic system.

The PDMS channel sealing does not need any elaborate bonding processes

except oxygen plasma treatment so that chemical linking will permanently bind the

binding surfaces of the two structures together. The clear PDM S channels are used to

seal NW devices after exposing to oxygen plasma (200mTorr, 17W, 30S) (Figure 2-7).

A critical issue in the process is that we must align and bond them together

immediately after exiting the plasma without unnecessary delay. This is because the

surface of oxidized PDMS is known to recover to its origina surface condition over



time. In Figs. 2-8~10 and Table 2-2, we show that surface contact angle before and
after plasma treatment of silicon, SiO, and PDMS. Si—O-Si bonds are created and this
assembly becomes irreversible after oxidation of the two parts. How the surface bonds
is described in Figure 2-11. A strong bond is important for pumping fluids on chip at

high pressure. The detail process sequence is described as follows:

Bio/nano microfluid System integration

Process Flow:

1) Mixing PDMS (20grams): cure agent=10:1with stirring rod for 5min

2) Use vacuum pump to degas-about 20min-tntil'most bubbles are gone

3) Pour it to mother mode (wafér or glass)

4) Cure PDMS at 80°C 18min

5) Carefully ped off the PDMS structure

6) Punch input and output holes

7) Surfaces may need to be cleaned with ethanol /I PA

8) Surface treatment: O, plasma treatment (Pressure=0.2Torr, RF power 17W,

time=60s) for both nanowire FET devices and PDMS

9) Bond PDM S microfluid system to nanowire devices

10) Bake with oven at 90°C for 30min

10



11) Align and press them together
12) Insert Teflon tubes to inject sample with string pump (Figure 2-12)

13) Test and measure completed samples (Fig. 2-13)

2.3: Physics of microfluidics and semiconductor liquid

interface

Fundamental understanding of liquid flow through microchannel is important for
the design and operation of lab-on-a-chip: devices. The classical method of
guantifying the turbulent naturetof a fluid flow +is through examination of the

Reynolds number, which gives theratio of Tnertial force to viscous force:

pVL

Re = U (Equation 2-1)

where p isthe density of fluid, u the viscosity of fluid, Lc the length of channel, and V

the velocity scale of channel

With our experimental conditions, the number can be calculated and the result is

_1g/cmx0.0%cmysecxTm_
Re= 0.01g/cneec 3

11



It is commonly accepted that the transition from laminar to turbulent flow occurs

a Re of around 2300. In small microfluid, it is usually lower than 2300, which is

representative of laminar flow and difficult for turbulent mixing. This means that the

detected sample is focused in low velocity region which maintains minimal impact to

nanowire surface which provides an efficient delivery and surface reaction for sensor

applications.

A biosensor is based on binding interactions between the immobilised

biomolecules and the analyte of interest. The interface between semiconductors and

the liquid environment will become increasingly important to understand. When a

semiconductor is brought into-contact with-a solution, electrons can be exchanged

between the semiconductor and'the ‘solution, and charge flows across the interface

until the thermodynamic equilibrium is established.

The applied potential is partitioned between the space charge layer in the

semiconductor and the Helmholtz layer on the solution side of the interface (Figure

2-14).

Thetotal potential drop across the interface /\ @4 1S given by

ADrora= AP+ /NPy [12]

where A\ ®g ispotentia drop across the semiconductor space charge layer and A\ ®y

is potential drop across the Helmholtz layer.

12



If no chargeistrapped in interface states, then

Qs+ QH=0

The total charge Qsc is proportional to the electric field at the surface (§), and can be

obtained from Gauss’ law and Poisson-Boltzmann equation

Qsc=tceot= (-+) (2kTeeo Np) Y*(exp (/A D« /KT)-(eA\ D /KT)-1)Y?  (Equation 2-2)

For n type semiconductor, the minus sign corresponds to accumulation condition,

and positive sign corresponds to depletion condition.

13



Chapter 3;
Fabrication and Electrical Characterization of

Nanowire Transistors

3.1: Device fabrication and measurement setup

Thetested devicesin this study were fabricated on 6-inch wafers. First, a
tetraethylorthosilicate (TEOS) dummiy gate was patterned on Si substrate capped with
awet oxide layer of 1000A in thickness, followed by the deposition of alow pressure
chemical vapor deposition (LPCVD) amorphous silicon film with a thickness of
100nm at 550°C in afurnace tube. Next, light channel implant (p+ for n type, BF, for
p type TFT) was performed. Subsequently, a solid phase crystallization (SPC)
annealing step at 600°C for 24hr in N, ambient to transform the o-Si to poly-Si, and
30min annealing at 900°C was performed to drive in the dopants. Source/drain(S/D)
photoresist patterns were formed by standard lithography step. A transformer coupled
plasma (TCP) etching using a gas mixture of Cl, and HBr plasma etch step was used
to form the sidewall spacer nanowire channel and S/D at the same time. Then,

source/drain heavy implant with a dose of 5E15 cm? was performed and the dopants

14



were activated by 30min anneal at 900°C .Finally, a 300nm thick plasma enhanced
chemical vapor deposition (PECVD) oxide passivation layer was deposited, the
contact and sensing area were opened. The nanowire device fabrication steps are
illustrated in Figure 3-1 and Figure 3-2. Figure 3-3 shows the device optical
microscope image. The SEM picture of atransistor with channel width=47nmis
shown in Figure 3-4. Electrical characteristics were measured with a HP4156 system.
All devices were measured with a bottom gate and on a hot chuck with temperature

fixed at 298 K.

In this study, the current- equations for- the linear and saturation regime are
expressed in Equations 3-1 and 3-2
Linear region:
Ips= (WWCox/L)) ((Vgs- Vth) Vds-Vds?) (Equation 3-1)
Saturation region:
lps = (WWCox/L)) ((Vgs- Vth)?) (Equation 3-2)
where Vgsisthe gate voltage (volt), Vth is the threshold voltage (volt) ,Vdsisthe
drain to source voltage (volts), p is the electron mobility (cm?/V's), Cox is the gate
capacitance (F/cm?), W is the width of the channel (cm), L  isthe length of the

channel (cm).

15



The threshold voltage (Vth) is calculated when

Io=(WI/L) 10nA, at Vds=0.1, 1V (Equation 3-3)

The field effect mobility is determined from transconductance gm by

we=L gm/WCoxVps (Equation 3-4)

Subthreshold swing (SS) could be cal culated from subthreshold current by

SS=0VG/o (log Ip) (Equation 3-5)

3.2: Measurement results and-discussion

The transfer characteristics of a device with L=5um and phosphorous (5E13cm’®)
light channel doping operated in the accumulation mode are shown in Fig. 3-5. Upon
application of positive Vgs, Ip increases as the mgjority carrier (electron) density
accumulates in the channel. While applying a negative V s depletes electrons in the
channel and turns the device off.

Family curves are shown when the gate voltage sweeps from -5V to 15V with
Vds=0.1/1V. The I1d-V ss curves correspond to three regimes: (1) electron depletion, (11)

intrinsic/off, (111) electron accumulation, and their corresponding band diagrams are

16



plotted in Figure.3-6. Extrapolation of the linear region resultsin aVy, | vg=1v Of
5.47V. The FET shows an on-current (lon) of 0.47uA, which is measured at V gs=15V
and Vds=1V. The curve shows that 1ps decreases exponentialy below V, and
loi=2.5pA when V ss=0V, Vps=1V. The transistor has an on-off current ratio of nearly
10°. Higher off-state |eakage current is observed in NW-TFTs because of the
amplification of gate induced drain leakage (GIDL) current by the large area gate to
drain overlap, which is deliberatel y designed for sensing measurement.

The scaling behavior of the NWs FET with respect to channel length L is shown
in Figure 3-7. We can see that the |eakage current becomes more severe when the
deviceis shorter than 1 pum, and-loh los ratiods also reduced. The rapid increase of
the SS and off-current is attributed to the rapid increase of the direct tunneling current
through the entire channel length in the off state as the silicon channel length becomes

shorter. The threshold voltage decrease with channel length islisted in Table 3-1.

3.3: Engineering of channel doping
In thiswork, doping Si-NW is done by ion implant method, and followed by a

furnace anneal at 900°C, 30 minutes for uniform distribution of the dopant over the

channel. Both phosphorous- and boron-doped Si-nanowire channels are created for N

17



and P type devices, respectively.

Figure 3-8 shows the Ip-V s transfer characteristics of a device with nanowire
channel length of Sum with various doping concentrations. The device with higher
channel doping depicts lower threshold voltage, higher on-current, albeit degraded SS.
The threshold voltages for devices with different doping concentration are listed in
Table 3-2. From Equation 3-6 : V1 =V + 2¥ 5 - ( Qom + gD, ) Cox, we derive that
AVr=-gD, Cox, D;: dose (cm™).

In the accumul ation-mode device with n+n—n+ doping profile, the
source-to-drain direct tunneling current is expected to be increased, asthere are
sufficient carriersin the channel-for conduction even at OV gate bias. Increasing the
doping concentration degrades subthreshold swing, while SSisimproved in the
inversion-mode transistors. This is due to the reduced shielding of the channel region
from the drain electric field, resulting in field-enhanced tunneling. The subthreshold
current is significantly larger in the accumul ation-mode device with higher doping
concentration. It appears that devices need to be fully depleted in the off-modein
order to avoid leakage.

In order to improve performance, channel doping is necessary. In TFT device,
the height of the barrier is dependent on the defect or trap density at the grain

boundary, with alarge number of defects resulting in a higher potential barrier. In the
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low gate voltage region, the barrier increases with gate voltage because the
gate-induced electrons are trapped by the trapping states at the grain boundaries. The
barrier height reaches a maximum when the device isin strong inversion. After the
trapping levels are fully filled, the barrier height decreases with gate voltage due to
the increase of carriers. Potentia barrier resulting from grain boundary in the channel
acts to suppress current flowing through the channel when the barrier height is greater
than the thermal voltage. However, in the device with higher doping channel, as the
voltage increases, the dopant ions will fill the grain boundaries, causing a reduction of
the potential barrier.

From Seto’s Depletion Approximation Model'[13]: While the doping density Np
< N1l/Lg, the potential barrier height increases asafunction of Np, qVB=gNp
(L&%)/8¢, and when Np > N+/Lg the potential barrier height decreases qVe=q
(N7%)/8eNp where Ny, is the doping density, N is the trap density, Lg isthe grain size,
and ¢ is the dielectric constant of silicon.

We have a so investigated the on-current for the accumul ation-mode devices
with channel length ranging from 1um to10um, and with different channel doping.
The results are shown in Figure 3-9. It can be seen that as the channel doping is higher,

the on-current increases, especially when L is shorter than 1 ¢ m.
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3.4: Thin-film-transistor with multiple NW-channels

We present a simple approach based on dummy gate array to create dense and
highly ordered poly-silicon nanowire channels. The nanowire space is 1um.

As shown in Figure 3-10 of a SEM profile, it can be seen that a device consisting of
20 channelsis successfully fabricated.

Figure.3-11 shows the improvement in the current driving capability of the
multiple-channel FET with 2, 4, 10,7and 20 channels. We find improvement of current
driving capability for multiple-channel FET with L =5um.The drain current (I1d) of the
multiple-channel FET is found to.be mualtiplied dueto the multiple channelsin the
multiple-channel FET. Assuming that the effective channel width equals the NW
diameter (d) multiplied by the number (N) of NWs, W =Nd.

Multi-nanowire structure would be is a good choice for delivering a strong drive
current. The device’s key electrical characteristics, such as threshold voltage (Vi,),
and subthreshold swing (SS), are aso improved by increasing the number of channel.

In nanoscal e devices, features such as interfaces, boundaries will play an
important role. The density of grain boundary trap states existing in the channel near

the pattern edge is much lower than elsewhere. As the channel width is scaled down,
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the effect of the poly-Si pattern edge becomes dominant. [14]. The crowding of the
gate fringing field at the corner edgesis higher than that at other region of the channel.
The larger electrical field and better gate control across the corner increase the carrier
density. These phenomena are demonstrated by simulation tool-ISE TACD, as shown
in Figure 3-12.

Nanowire device will dissipate lower power consumption, so the operation for
arrays becomes possible, and multi-functional nanowire sensor could lead to powerful

Sensor systems.

3.5 Effect of O, plasmatreatment and water environment on
device performance

In the process of integrating PDM S channel into NW-FET, oxygen plasmais
used to bind them together. This may adversely affect the device performance. In this
section, we report the performance difference for devices with and without oxygen
plasma treatment.

Some wafers were subjected to an O, plasma treatment system with a pressure of
0.2Torr, RF power of 17W. The duration was 60 sec. Figure 3-13 compares 1d-V cs

characteristics, measured at Vd=0.1 and 1V, for Si-NWs TFTs with and without O,
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plasma treatment. The devices with O, plasma treatment show better performance
than those without plasma treatment, depicting higher on-current and slightly smaller
leakage current and subthreshold swing. It iswell known that the subthreshold swing
(SS) depends on the ratio of the gate capacitance to other capacitances which are
related to the interface trap states, and small SSindicates that the devices have lower
interface state after oxygen plasma treatment.

The Si-nanowire channel surfaceisinitially covered by a native oxide, which is
known to lead to a high density of states at the silicon-oxide interface and shifts the
threshold voltage of atransistor. It isknown that O, plasma can remove organics, and
clean the nanowire surface. Besides; negative tharged atom (O and O%) will diffuse
through the polysilicon boundaries and‘passivate surface dangling bonds [15]. The
mobility and on-current will be enhanced because oxide and interface charges are
critical in alowing the perpendicular electric field to be effectively coupled to the

channel and thus affect the channel conductance.

3.6 Nanowire surface modification and biotin-streptavidin
sensing

Compared with planar device that binds only to a small region of the surface, the
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charged biological or chemical species under accumulation or depletion in the 1D

nanowire channel takes place in the “bulk”, thus giving rise to a large change in the

electrical properties. Asthe nanowire diameter decreases, the accumulation/depletion

region will occupy greater fraction that potentially enables the detection of what we

are most interested in, i.e., small amount molecules levdl.

Biochemical sensors usually work in the aqueous sample environment. Before

sensing protein, we must know their electrical characteristics. In Figure 3-14, we can

see that the device can depict different threshold voltage (Vth), steeper Swing, and

higher subthreshold gate leakage in the water. Because of charged ions, the electrical

measurements of nanowire deviceare complicated by-the high background current

which can affect the device performance. The high dielectric constant of water al'so

leads to large stray capacitance and better gate control and small SS. Besides, it

creates double layer capacitance and low resistance electrolyte. All these factors must

be taken into consideration.

We believe that a steeper subthreshold swing can be achieved by using a

core-shell structure or using a surrounding gated structure with high-k dielectric.

The surface is of extreme importance to the electrical transport and the device

performance of semiconductor nanowires. We have investigated how surface

maodifications of nanowires impact their electrical properties. Briefly, the surface of
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Si-NWs must be modified chemically in order to attach biologically active
compounds onto Si-NWs before sensing. The oxidized Si-NW surface was then
functionalized with a self assembled monolayer
aminopropyltriethoxysilane(APTES).The APTES layer changes the surface hydroxyl
OH, or silanol SiOH bonds, resulting in an —NH, surface termination (Figure 3-15)
[16].

After APTES surface was modified, the device was washed with ethanol and
baked at 120°C for 30min.Then, the device was hold in biotin solution for 6 hours to
ensure the biotin linking with APTES: Finally, the biotin was used to capture the

streptavidin (Figure 3-16). The key process steps are shown as follows:

Biotin-streptavidin link process flow:

O Ethanol

’

O APTES(40min)

O Ethanol wash

,

O Bake 120°C, 30min

'

O Biotin 6hr

0 DM SO(Dimethyl sulfoxide), DI water wash

O Streptavidin (10ul in 5ce PBYS) for 2hr
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Phosphate buffered saline (PBS)(10mM, pH7.4,140mM NaCl, 3mMKCI) was used in

our biological treatment experiment.

From Figure 3-17, measurements are performed on the transistor before

treatment, after receptor treatment, and after target treatment. To demonstrate

selective bioactivity sensing, devices were functionalized with biotin. The biotin will

capture the streptavidin which forms irreversible binds. We have observed that the

addition of protein caused a drop in lon (conductance) and shifted the threshold

voltage (V) to the right for the nanowire device. This indicates that the molecules

tend to carry negative charges.

Protein has many potential-applications due to the functional specificity and

broad utility. Proteins can passivate micro device surfaces. We have investigated the

binding behavior, structure, and activity of a protein “streptavidin” captured by the

biotin on nanowire FET surface. It serves two major purposes. passive coating to

reduce adverse foreign responses by the biological system and as functional elements

of the device, such that the specific function of the protein is exploited to perform

desired diagnostic tasks.
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Chapter 4: Conclusion and Future Work

4.1 Conclusion

This thesis presents a method for design, fabrication, and characterization of
Si-nanowire TFT integrated with microfluidic channel for nano sensor applications.
We use thin film transistor and sidewall spacer technology to fabricate nanowire TFT
without resorting to sophisticated lithography tools. The proposed approach enables
the development of multi-channel sensor with'well controlled dimension, position,
alignment, chemical composition. In addition; the PDM S-based microfluidic device
enables an easy and cost effective method to contral'samples for biomedical sensing.

The electrical properties of NW-TFT, including modified conductivity, adjusted
threshold voltage (either with or without phosphorus/boron channel doping),
multi-channel, and effects of oxygen plasma have been investigated. Finally, we have
described a means of sensing biotin-streptavidin in solution using a compact simple

technique that does not rely on tagging or marking instruments.
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4.2 Futurework

The nanowires used in our study were about 40 nm in thickness, which can be

made thinner in the future. Thiswill help reduce the tunneling leakage current and

sharpen the subthreshold swing for excellent sensitivity. As for the microfluidic

channel, the air bubble clogging remains a troublesome problem throughout this study,

and needs to be tackled in the future.

The development of nanowire biosensors for the detection of diseasesis till in

itsinfancy. However, if we can optimize the system, in alonger perspective, a

portable (e.g., in the palm of the hand), remote, flexible [31], implantable (long

operational lifetime and biocompatibility) sensor platform will be realized. Moving

diagnostics from the clinic to home will not'bea fancy dream anymore, and may very

well become the standard method of analysisin life sciences in the foreseeable future.
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Our approach

VLS

SOI

Small

Rapid real time response

Selectivity

Quantitative

Sensitive

OO0 |0 |]0]|O0

Reproducible(commercialize)

Multifunction

Robustness & Stability

O]lO | B> |]O|]O|0O0]|0]|O0

low cost

QO & | O | D> |]O |0 |0

X

Table.1-1: Comparisons of the advantage to other current researches
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1. Bio & chemical compatibility (its surface properties help

prevent cellular materials from adhering)

2. Easy to fabricate

3. Soft

4. pervious to light (within the visible spectrum, therefore easy
to monitor the fluid flow and determine the functional

integrity of fluidic circuits)

5. Cheaper

Table. 2-1: advantages of PDM S for.microfluid system

Si Si0; PDMS

0(s) 135.0 3033  [104.98

30(s) 3.72 7.74 4.27

|60(s) 2.17 2.19 2.89

Table.2-2: O vs. oxygen plasmatime
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L=1ym |L=Bum |L=10pm
N 2.17(v) |[5.06(v) |5.30(v)
P -3.39(v) | -3.74(v) | -4.2(v)

Table.3-1: threshold voltage for different channel length FET

1E14(cm™®)

BE13(cm?)

1E13(cm™)

0(cm™®)

Vth(V)

4.68

5.52

6.26

6.29

Table.3-2: threshold voltage for different.channgl ‘doping concentration
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Figure.1-1 Nano cantilevers: absorption of analijte molecules leads to a shift in

7 DA
. A AV

= ."q!:.

resonance frequency.

and A. Boisen|

Figure.1-2 Basic components of an instrument for SPR biosensing: a variation in

reflectivity of the incident light versus angle or wavelength is proportional to

the amount of biopolymer bound near the surface. [Charles T. Campbell]
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!nu rce p-Si Drain

ISFET

Figure.1-3 Sensing operation of ISFET: the amount of charge of the target species

Figure.1-4: FET with nanowires channels proposed by ADTL lab, NCTU
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Rised channel
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Figure.2-3: SU8 patterns on 4” wafer, Channel length: 3cm; width: 500, 800um; height

LRy,
of resist thickness is about S0um:’ .
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by chromium

Figure.2-4: different design patterns of microfluidics with glass mask
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Figure.2-10: surface state of water drop
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Figure.2-11: Combining process of PDM S and nanowire device
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Figure.2-13: NWs TFT integraded with microfluidic system
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NWs-FET fabrication process flow:
@ Deposition wet oxide (1000A) as gate oxide-(a)

@ Dummy gate pattern(TEOS 1000 A) formation-(b)

@ Amorphous-Si deposition and ion implant channel doping-(c)

@ SPC: 600°C 24hr

@ Nanowires etching by sidewall process and self aligned S/D formation-(d)
@ S/D implantation & activation

@ passivation and pad formation

Figure.3-1. Process flow of mamowirespoly-Si TETs.

51



dummy gate

/

T

a

Nanowire chann€

Figure.3-2: Schematic diagram of sidewall twin Nanowires FET process
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Figure.3-4: SEM graph of sidewall twin nanowires with 47 nm channel width
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accumulation (111) for N-type device
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Figure.3-7: transfer characteristics of N/Ptype NWs-TFT with different channel length
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Figure.3-8: 1p-V s transfer characteristics of 5 m channel length device with different
doping concentration

56



6e-5

——=e—— channel doping 1E14(cm™)
5e-5 - — - — channel doping 5E13(cm™)
....... e channel d0p|ng 1E13(Cm-2)
a sesF N nondoping
o 3e5F
C
o
5 2e5f
o
[
O itesf
0 | =)
0 2 4 ‘6‘ 8 10

Figure3-10: SEM top view picture of 20 multi parallel nanowires channel TFT width
W~40 nm; channel length L=5 um.
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Figure.3-11: Transfer characteristicsiof NWs-TET withdifferent channel number
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Figure.3-12: ISE-TCAD simulation with bottom gate 5V
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Figure.3-13: The Ip-V gs characteristics of different length NWs-TFT with/without
oxygen plasma treatment.
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Figure.3-14: Transfer characteristic of device working in the air and water.
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Figure.3-15: Surface bonds of APTES-modified nanowire channel.
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Figure.3-16: Reaction of NHS -Biotin with a primary amine.
(source: Avidin-Biotin Chemistry: A Handbook)
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Figure.3-17: Transfer characteristics of NWs-TFT before and after Biotin linking, and
sensing of Biotin-Streptavidin.
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APPENDIX

PDMS property:

60,000 cps
Shore A24

500 psi(Y oung's modulus 0.5 MPa)
1251b/in

10~1,000%
-55~200°C

0.002 Wiem* K

550 V/mil

1.6*E15 Q*cm

after solidified, canresist : DHF ~ acohol > short time oxygen plasma erosion

Not sustain long time in ace, base solution

Penetrable by chemical vapor

source : Instrument Technology Research Center
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Nanowire:

1500’s: 1-D crystal growth
(whisker) found in ore.
1970’s: 1-D “microwire” synthesized.
1990’s: 1-D “nanowire” made possible by nanoscale

fabrication and characterization techniques.

VLS:

The vapor — liquid — solid (VLS) method, involves the use of liquid —metal solvents
with low solubility for Si and other élemental semiconductor materials. This method has
been very successful in producing SINWs in large quantities and at |ow temperatures.
The vapor — liquid — solid (VLS) method is the most successful in generating large
guantities of nanowires with single crystalline structures. Originally developed in 1964
for single crystals growth the VLS method has since been used to synthesize various
inorganic nanowires and nanorods. In this VLS process, a metal, such as gold, that forms
alow temperature eutectic phase with silicon is used as the catal yst for nanowire growth.
A Si gas source (silane or silicon tetrachloride) is passed over the metal catalyst, which is
heated to atemperature greater than the eutectic temperature. The Si gas source
decomposes on the surface of the catalyst, and Si diffuses into the metal, forming an alloy.

Upon reaching super saturation, SINWSs are precipitated and the liquid aloy drop remains
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on the nanowire as it grows in length. The diameter of the SINWsis controlled by the
initial size of the metal catalyst and, to some extent, the growth conditions. Porous
alumina membranes have recently been used as an alternative to control nanowire
diameter in the VLS process. Defect-free SINWs with diameters in the range of several
microns were synthesized using a supercritical fluid solution-phase approach wherein
alkanethiol-coated Au nanocrystals (2.5 nm in diameter) were used as seeds to direct the
one-dimensional crystallization of Si in a solvent heated and pressurized above its critical

point.
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Figure 1, Schematic of VIS growth of 51 nanowires (SINWs) i(a)
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[Wel Lu and Charles M Lieber]

64



Vita

4

¥ ¢ 0 3 34 Tzu Ming Wang

2P @ ~1982&67 15P

Study of Nanowires Thin-Film-Transistor for

Biochemical Sensor applications

65



