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ABSTRACT

Due to the scaling down.of devices, nanowire and nanostructure attracts
many interests recently. Nanowireis_mainly used in biological sensor or
nanoelectronics, because it has the advantages of faster switching speeds and
lower power consumption than conventional devices. The sidewall of nanowire
Is very sensitive and this could be used to detect the slight variation of the
condition.

In this thesis, we have successfully fabricated the N-SiGe and P-SiGe
nanowire with different Ge concentration respectively. The 3-aminopropy-
Itriethoxysilane (APTES) was used to modify the surface, which can detect the
charge with different pH solution. The percentage change of conductivity among
pH5, pH9 and pH11 is calculated to confirm the improvement of SiGe nanowire
with different Ge concentration. But our experiment found the higher Ge
concentration (40%) has not increased the sensitivity; the reason maybe the

higher defect appears at the surface as higher Ge concentration.
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Chapter 1
Introduction

1.1 The introduction of nanowires

Semiconductor nanowires (NWs) are nowadays intensively studied due to
their great potential for nanoscale electronic and photonic devices [1~2]. Single
NW resonant tunneling diodes [3], photodetectors [4], as well as light emitting
diodes [5] and lasers [6] have recently been demonstrated.

Semiconductor 1D nanostructures such as carbon nanotubes, I1I-V, 1I-VI,
Si-Ge, and metal-oxide have been synthesized and studied for their nanoscale
properties.Their reduced dimensionality leads to higher quality, defect-free
material with high surface-to-volume ratio[7].The latter is now utilized in the
construction of gas sensing devices when the surface properties are modified by
adsorption of chemical gas or liquid[39~43], which in turn affects the electronic
properties of the wire.When “the size-of the nanowire is smaller than the
exciton’s Bohr radius in the bulk, the electronic properties are defined by the
size due to quantum confinement effects.

In fact, the downscaling of material dimension does not only imply an
increase in device packing density and a decrease in power consumption, but
also it renders superior sensitivity to surface adsorption related chemical
processes. As it has been reported, chemical sensing with nanowires and
nanotubes is usually realized by monitoring their conductance change upon
exposure to the target chemicals [8~10]. Compared with their bulk and thin-film
counterparts,in addition to a larger surface-to-volume ratio, the 1D structure has
radius comparable to the Debye screening length, so that chemisorption induced
surface states effectively alter the electronic property of the nanowire, yielding

1



enhanced sensitivity.

1.2 The ways to fabricate nanowires

One-dimensional nanostructures, such as nanotubes, nanowires, nanorods,
and nanobelts, are receiving increasing attention because finite size effects result
in various unusual properties enabling novel electronic, optical, and mechanical
nanodevices[11~12]. Nanowires of different compositions have been prepared
by a variety of methods including laser ablation[13], template-assisted
electrochemistry[14~15], chemical transportation[16], chemical vapor
deposition[17~18] and solvothermal methods[19], and semiconductor-based
nanostructures are of increasing_interest. Although there are many reports
considering silicon nanowires [20~21];-only.a few publications concerning the
preparation of germanium nanowires existed until now [22~25].

Silicon nanowires are tmportant-because they are totally compatible with
Si-based microelectronics. Since’the 'discovery of Si whiskers [26], silicon
nanowires (SiINWs) have attracted much attention in mesoscopic research and
device applications as well as in fundamental research because of their highly
interesting optical and electrical properties. Several fabricate methods, including
are (1) lithography with photons in UV, DUV, EUV and X-ray spectrum; (2)
machining using AFM, STM, NSOM; (3) replication against masters (or molds)
via physical contact printing, molding and embossing; (4) self- assembly by
using surfactant systems, block copolymers, crystallization of proteins and

colloids; (5) spacer formation; (6)Vapor-Liquid-Solid; (7) Laser Ablation .



1.2.1 Lithography with photons

In photon and particle-based lithography, by using nonlinear resists,
near-field phase shifting or topographically directed technology, it has been
possible to achieve sub-50nm feature. For example, EBL has demonstrated the
ability to achieve 20nm width nanowires with 60nm height. Height is often
limited by the lift-off process. Extreme ultraviolet light (EUV) lithography has
generated 38nm patterns [27].
1.2.2 Machining using AFM, STM, NSOM

In 1990, J. A . Dagata et al. proposed the tip-induced anodic surface
oxidation by using scanning probe lithography (SPL) (Fig. 1-1) to define nano-
patterns on the semiconductor surface. AFM, STM, NSOM and the like are
called SPM. Its operation mechanism is in an environment humidity control
when approximately 50%, the sample surface attaches a water thin film, when
the probe contacts this water thin film, take the probe as negative electrode, the
sample surface is the positive electrode, gives a negative bias to probe, the water
molecule can start to ionization, and produces the partial region oxide compound
with the probe underneath sample surface. The probe produces the electric field
can along with the distance of sample surface to attenuation, the oxidation stops
immediately when the electric-field intensity is smaller than 10° V/m [28]. The
oxide compound growth speed with executes gives the probe bias to have the
enormous relations. In process by way of program configure, but fine holds
controls scans the probe the displacement, carries on oxide compound of the
specific line to grow, then achieves the micro region design forming the goal,
this is scanning probe lithography technique to apply to the lithography at the

beginning of shape.



1.2.3 nano imprinting

In microcontact printing, micromolding [29], embossing and
nano-imprinting techniques (Fig. 1-2) [30], issues limited by van der Waals
forces , speed of capillary filling and adhesion of mold and replica are overcome
by using low-viscosity solutions and surface modification. Step and flash
technology has demonstrated the ability to imprint sub-20nm features [31].
Although such methods may translate the serial method of EBL/EUV into a
parallel patterning process, the mold formation still depends on EBL/EUV and

it’s use restricted by the high cost of molds.

1.2.4 Self- assembly by using surfactant systems

Germanium is an important semiconducting electronic material with high
carrier mobility and a band gap. of approximately 0.6 eV. Those high quality Ge
nanowires are synthesized by a simple CVD process at 275°C under atmospheric
pressure. This represents the: mildest- growth conditions for single-crystal
nanowire synthesis. An efficient Ge feedstock from GeH, and the low eutectic
temperature of Ge-Au nanoclusters are the key factors that afford
vapor-liquid-solid (VLS) growth of Ge nanowires at low temperatures (Fig. 1-3).

Dunwei Wang et al. carried out CVD growth at 275°C under a 10 sccm
(standard cubic centimeter) flow of GeHy (109% in He) in tandem with a 100

sccm flow of H, in a 2.5 cm furnace reactor (total gas pressure 1 atm) for 15 min.
The Si02 substrate used in this work contained preformed Au nano- crystals
(approximately 20 nm in diameter) deposited uniformly on the surface from a

colloidal solution.



1.2.5 Spacer formation

Controlled deposition and size reduction, which involves deposition on
cleaved edges, or oxidation, followed by anisotropic etching forming spacers
(Fig. 1-4). This process provides a density increase as well as size reduction. It

can be used to pattern silicon fins for double-gate MOSFETs [32].

1.2.6 Laser Ablation

A method combining laser ablation cluster formation and VLS growth was
developed for the synthesis of semiconductor nanowires [33]. In this process,
laser ablation was used to prepare nanometer diameter catalyst clusters that
define the size of wires produced by VLS growth. This approach was used to
prepare bulk quantities of uniform singlescrystal Si and Ge nanowires with
diameters of 6 to 20 and 3 to 9. nm, respectively, and lengths ranging from 1 to

30 micrometers. The schematics are-shown in Fig. 1-5. In the Laser ablation

technique, (1) Laser ablation with-photons of energy hy of the SiFe target

creates a dense, hot vapor of Si and Fe species. (2) The hot vapor condenses into
small clusters as the Si and Fe species cool through collisions with the buffer gas.
The furnace temperature is controlled to maintain the Si-Fe nanocluster in a
liquid state. (3) Nanowire growth begins after the liquid becomes supersaturated
in Si and continues as long as the Si-Fe nanoclusters remain in a liquid state and
Si reactant is available. (d) Growth terminates when the nanowire passes out of

the hot reaction zone onto the cold finger and the Si-Fe nanoclusters solidify.

1.2.7 Solid-Liquid-Solid

The SLS growth process has been previously demonstrated for group III



element phosphides and arsenides, which are thermally stable at conventional
growth temperatures. However, indium nitride is not. The SSLS mechanism
operates at very low temperatures in comparison to conventional
materials-synthesis methods, presumably because it is catalytic and lowers
energy barriers for both precursor decomposition and the interfacial steps
required for nonmolecular crystal growth. The crystal lattice is assemble. SLS
synthesis of other thermally unstable compounds and crystal structures should
be possible [34~36]. The VLS and SLS grown mechanisms was explained in Fig.
1-6.

1.3 The application of nanowires

Nanowires have emerged asjspromising elements for chemical and
biological sensing, with proof-of-principle devices demonstrated for detection of
various gases [37~39], pH"inr~aqueous media [40], antibody binding [40],
calcium ions[40], DNA hybridization[41] and Hydrogen [42] .The high
surface-to-volume ratio of nanowires results in a strong dependence of carrier
concentration on charge transfer from the surface and changes in nanowire
conductance. Silicon nanowires (SINWSs) are particularly appealing for sensing
applications, since the Si oxide can effectively passivate surface dangling bonds,
and at the same time can be chemically modified through the well known silanol
chemistry to provide surface functionalization and selectivity for particular
analytes.

Nanowires, such as semiconductor, metal and conducting polymer and

metal-oxide nanowire have been the subject of intense interest as sensors.



1.3.1 The application of polymer nanowires

Conducting polymer nanowires were obtained primarily with porous
membrane as templates. In this approach,the dimension and the morphology of
the polymer structures are defined by the porous support. Polyaniline nanowires
with 3-nm diameter and polypyrrole nanowires of 30-nm diameter have been
successfully fabricated by this method [43~44]. The principle of the nanowire
fabrication method is sketched in Fig. 1-7. First, double-stranded A-DNA is
stretched, aligned, and immobilized on a thermally oxidized Si chip by the
molecular combing method [45~46]. Then the DNA templates are incubated in
protonated aniline monomer solution to emulsify and organize the aniline
monomers along the DNA chains, Finally, the aligned aniline monomers are
polymerized enzymatically by adding-horseradish peroxidase (HRP) and H,0,
successively to form polyaniline/DNA hanowites.

DNA Alignment. The thermally oxidized 'Si substrate was modified with
(aminopropyl)triethoxysilane (APTES)[47]; a vapor-phase method was used to
provide a good adhesion between DNA strands and the substrate surface. A 2 uLL
drop of A-DNA (48 500 bp, New England Biolabs Inc.) solution in TE buffer (10
mM Tris-HCl and 1 mM EDTA, pH = 8.0) was deposited onto the edge of a
clean glass coverslip, and carefully placed onto the top of the APTES-modified
Si surface. The weight of the glass forced the solution to spread into a thin layer.
When the cover glass was slid away, the capillary force of the moving interface
stretched and aligned the DNA in one direction.

Conductance of the Polymer Nanowires. To measure the conductivity of the
polyaniline nanowires, we first immobilized the DNA strands across an array of

interdigitated gold electrodes with gaps of about 1.5 um. The array consists of



10 pairs of electrodes on a silicon substrate with a thermal oxide layer. When the
wires were exposed to HCI vapor, a large current increase was observed [Fig.
1-8(a)] , then No current increase was observed when NH; gas was introduced
since the water-cleaned polyaniline nanowires had been undoped before the
measurements. Introducing NH; gas in previously HCl-doped polyaniline
nanowires caused a decrease of the conductance to almost zero [Fig. 1-8(b)] (the
initial increase and then decrease of the conductance was caused by mechanical
interference when the NH; gas was introduced into the chamber). The
conductance drop can be attributed to the deprotonation of polyaniline by the
NH; gas. This typical proton doping-undoping phenomenon further confirmed
the formation of polyaniline nanowire arrays and also demonstrated the potential

for sensitive gas-sensing applications of the:nanowires.

1.3.2 The application of metalmanowires

For Hydrogen sensor, using ‘a'single electrodeposited Pd wire (Fig. 1-9)
with 100 nm diameter and 4 um length, sensing of different concentrations of
hydrogen gas (between 0.02% and 10% in N, gas) has been demonstrated [48].
Additionally, that has simulated hydrogen sensor using nanowire for the depth

understanding of the H/Pd material system.

1.3.3 The application of metal-oxide nanowires

We report chemical sensing studies with zinc oxide (ZnO) nanowires
configured as FETs. It is noteworthy that this device configuration can not only
facilitate the monitoring of conductance change, but also utilize a transverse

electric field to modulate the chemical sensing behavior of the nanowires,since



the external field regulates the surface chemisorption activity [49]. Various
gases have been used in the chemical sensing study,such as O, , NO, , NH; , and
CO. The monitoring of these gases in the environment is of paramount
importance. As is known,chemisorbed gas molecules on a metal-oxide surface
withdraw or donate electrons to the conduction channel, giving rise to a
conductance change. Experiments have demonstrated that ZnO nanowire
exposure to O, , NO, and NHj at room temperature show decreased conductance.
As shown in Fig. 1-10(a), nanowire conductance decreased when it was exposed
to different concentrations of NO, varying from 1 to 20 ppm, and the sensing
response increases with under higher concentration. Fig. 1-10(b) plots the
time-domain response of the nanowire conductance to 1% NH; at room
temperature. In this case, a refresh process-is also demonstrated. As reported in
[38], a large negative gate field assists the surface desorption process, and thus
leads to a fast recovery of nanowire conductance. As shown in Fig. 1-10(a) and
(b), 2-ppm NO, causes 50% conductance decrease while 1% NH; yields the
same effect. This difference is due to the higher binding strength between NO,
molecules and the nanowire surface. Interestingly, it was observed that NH;
sensing at 500 K has the opposite effect compared to that at room temperature,
1.e., the ZnO nanowire conductance increased upon exposure to NH; at 500 K,
as illustrated in Fig. 1-11, indicating that the chemisorbed NH; molecules donate
electrons to ZnO nanowire. Oxidizing and reducing sensing of NH;with In,0;
nanowires at room temperature has been reported and attributed to a doping
dependent Fermi level shift [50].

As observed in our experiment, under the same concentration of NH; gas
(1%), the relative conductance change is considerably smaller at 500 K (Fig.

1-11) as compared to that at room temperature [Fig. 1-10(b)].In addition to the
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sensing response to O, , NO, and NH; ,we have also investigated the response of
ZnO nanowires to CO gas in the presence of O, . It is observed that the nanowire
conductance is increased at 500 K. Fig. 1-12 demonstrates the time-domain
measurement of nanowire conductance when the nanowire is exposed to 0.5%
CO 1n 20% O, at 500 K. It can be seen that nanowire conductance first decreases
upon admittance of 20% O, ; however, the subsequent admittance of CO
increases the nanowire conductance. It is known that CO is a combustible
gas;the sensing of CO is based on the reaction between CO and the preadsorbed

oxygen species to form CO, [51].

CO+0" — COz +e.

1.3.4 The application of semiconductor nanowires

To explore pH sensors. The underlying concept of our experiments is
illustrated first for the case of a pH nanosensor [Fig. 1-13(A)]. Here a silicon
NW (SiNW) solid state FET, whose conductance is modulated by an applied
gate, is transformed into a nanosensor by modifying the silicon oxide surface
with 3-aminopropyltriethoxysilane (APTES) to provide a surface that can
undergo protonation and deprotonation,where changes in the surface charge can
chemically gate the SINW.The response of the conductance of APTES-modified
SiNWs to changes in solution pH was evaluated by fabricating a cell consisting
of a micro fluidic channel formed between a poly(dimethylsiloxane)(PDMS)
mold [52~ 53] and the SiNW/substrate. We could carry out continuous flow or
static experiments and could readily change pH. Measurements of conductance
as a function of time and solution pH [Fig. 1-13(B)] demonstrate that the NW

conductance increases stepwise with discrete changes in pH from 2 to 9 and that
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the conductance is constant for a given pH; the changes in conductance are also
reversible for increasing and/or decreasing pH. A typical plot of the conductance
versus pH [Fig. 1-13(C)] shows that this pH dependence is linear over the pH 2
to 9 range and thus suggests that modified SINWs could function as nanoscale

pH sensors. In addition,It believe the uncertainty in slope of the conductance
versus pH obtained from the different SINW pH sensors studied to date; 100 20

nS/pH, is quite good and could be improved by placing further effort on
controlling reproducibility of the SINW surface modification. These conductance
measurements show a nonlinear pH dependence: The conductance change is
small at low pH (2 to 6) but large at high pH range (6 to 9). Notably, these pH
measurements on unmodified SINWs.are in excellent agreement with previous
measurements of the pH-dependent-surface charge density derived from silica
[54] [Fig. 1-13(D)].

To explore biomolecular sensors. “We functionalized SINWs with biotin and
studied the well-characterized ligand-receptor binding of biotin-streptavidin [Fig.
1-14(A)][55]. Measurements show that the conductance of biotin-modified
SiNWs increases rapidly to a constant value upon addition of a 250 nM
streptavidin solution and that this conductance value is maintained after the
addition of pure buffer solution [Fig. 1-14(B)].The increase in conductance upon
addition of streptavidin is consistent with binding of a negatively charged
species to the p-type SINW surface and the fact that streptavidin (pH= 5 to 6) is
negatively charged at the pH of our measurements. The absence of a
conductance decrease with addition of pure buffer is also consistent with the
small dissociation constant (K4 ~10"° M) and correspondingly small

dissociation rate for biotinstreptavidin. In addition, several control experiments
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were carried out to confirm that the observed conductance changes are due to
the specific binding of streptavidin to the biotin ligand.First, addition of a
streptavidin solution to an unmodified SINW did not produce a change in
conductance [Fig. 1-14(C)]. Second, addition of a streptavidin solution in which
the biotinbinding sites were blocked by reaction with 4 equivalents of d-biotin
produced essentially no change in the conductance of biotin-modified SINWs
[Fig. 1-14(D)]. These controls show that there is little nonspecific binding of the
protein to either bare or biotin-modified SINW surfaces. It also explored the
sensitivity limits of biotin-modified SiINWs nanosensors and find that it is
possible to detect streptavidin binding down to a concentration of at least 10 pM
[Fig. 1-14(E)] . This detection level is substantially lower than the nanomolar
range demonstrated recently by:stochastic sensing of single molecules [56].
Although the essentially irreversible biotin-streptavidin binding interaction
precludes real-time monitoring of ‘vary protein concentrations. To explore this
issue, we studied the reversible binding-of monoclonal antibiotin (m-antibiotin)
with biotin [57].Time-dependent conductance measurements made on
biotin-modified SiNWs [Fig. 1-15(A)]exhibit a well-defined drop after addition
of m-antibiotin solution followed by an increase in the conductance to about the
original value upon addition of pure buffer solution. Control experiments
demonstrate that the observed results are due to specific antibody binding to the
surface antigen. First, unmodified SINWs do not exhibit a conductance change
after adding m-antibiotin [Fig. 1-15(B)]. Second, addition of immunoglobulin G
(IgG), which is not specific for biotin, does not result in a change in
conductance,whereas subsequent addition of m-antibiotin solution produces a
conductance drop, as observed in Fig. 1-15(C).We extended these reversible,
real-time antibody detection experiments by monitoring the SiINW sensor
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conductance as a function of m-antibiotin concentration. We observed a linear
change in the conductance as a function of m-antibiotin concentration below ~10
nM and saturation at higher values [Fig. 1-15(D)].

To explore calcium ions sensors. We investigated sensing of calcium ions
(Ca™), which are important for activating biological processes such as muscle
contraction, protein secretion, cell death, and development [58]. We created a
Ca”" sensor by immobilizing calmodulin onto SINW surfaces. Data recorded
from modified SINW devices [Fig. 1-16(A)] showed a drop in the conductance
upon addition of a 25 uM Ca®" solution and a subsequent increase when a
Ca*’-free buffer was subsequently flowed through the device. Control
experiments carried out with unmodified SINWs [Fig. 1-16(B)] did not exhibit a
conductance change when Ga*" is added and thus demonstrate that the
calmodulin receptor is essential for..detection. In addition, the observed
conductance decrease in modified " SINWs is consistent with expected chemical
gating by positive Ca*, and the estimated dissociation constant, 10° to 10° M,
is consistent with the reported K, for calmodulin [58].For the sensitized SiINWs,
sequence-specific DNA detection was achieved by monitoring the conductance
of the SiNWs, while the target DNA solution was injected into a purpose-built
sensor chip testing apparatus. We used only high purity water (>18 MQQ,
Nanopure, Barnstead, [A) as the solvent in this study because the charge-based
detection is most sensitive when counterion screening of the negatively charged
DNA molecules is minimized. Fig. 1-17 shows the conductance traces of two
representative SINWSs: (a, b) a boron-doped, p-type wire with nominal doping
density of 10" cm™, and (c) a phosphorus-doped, n-type sample with nominal
doping density of 10'"® cm™. Control experiments with noncomplementary DNA

with a single-base mismatch did not change the conductance of the SiNWs
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above the noise level [as shown in Fig. 1-17(a)]. On the other hand, the real-time
increase of the conductance of the p-type SiINW upon the addition of
complementary ss-DNA was observed [as shown in Fig. 1-17(b)]. A similar
change of the magnitude of the conductance was observed in n-type samples,but
in the opposite direction [Fig. 1-17(c)]. When the target DNA attached to its
complementary DNA on the SINW surfaces, the increase of negative charges
introduced by the DNA enhanced (or reduced) the carrier concentrations in the
p-type (or n-type) SiNWs, resulting in the observed changes of the SiNW
conductance. The responses of the sensors for p-type and n-type nanowires were
12% and 46%, respectively, and signal/noise ratios were 8 and 6, respectively.
[Response 1s defined as (Ipna-Io)/Ig, and S/N ratio is calculated by dividing the

change of the conductance by the standard deviation of the baseline.]
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Chapter 2

Experiment

2.1 Device fabrication

An easy process to fabricate a nanostructure with high-yield and low-cost is
the main issue to be concerned. The fabrication only using the combination of
the conventional lithography and process technology was demonstrated without
using EBL, SPL, VLS, etc. in the thesis. Nanowire would be formed by dry
etching the film. Our process involves defining the active area (AA) by etching
an island by conventional G-line lithography, followed by deposition of SiGe
layer. Later, the conformal SiGe layer 15 etching back to the edge of the island
by dry etching. The thickness of the island determines the height and width of

the nanowires.

2.2 Detail fabrication process

A p-type (100)-oriented bare silicon wafer was prepared. The resistivity of
the silicon substrate is about 1~10(2-cm.
1. Zero layer formation — Zero mask dry etch to form the alignment mark.
2. Standard RCA cleaning, 980°C Wet Oxidation for ~6 hr to grow the bottom

oxide as a gate oxide by ASM/LB45 Furnace system. The thickness of the
oxide is 5000A. It was shown in Fig. 2-1

3. Mask #01: Define the AA region. The oxide film was etched to form each
step by TEL oxide etcher — TEL 5000. It was shown in Fig. 2-2. In mask #01,
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the residue thickness of the oxide is around 2000~2300A and this should be
precisely controlled (In Fig.2-2). If the oxide left too thick, the control ability
of the oxide would become weak. The Surface Profiler was used to check
whether if the step is the height we want or not. We controlled the height is
about 2000 A.

4. Standard RCA cleaning. Before the deposition of SiGe film, we deposited
amorphous Si film first by ASM/LB45 Furnace system. It was shown in Fig.
2-3. This purpose is due to the bad adhesion between SiGe and SiO,. The

growth condition of the amorphous Si was 650°C for 2 hours and the

pressure was controlled at 389 mTorr, and it’s thickness was 150 A.

5. We treated the wafers for standard RCA cleaning again after the amorphous
Si deposition because of:the better: uniformity compared to the without
cleaning one. The SiGe film deposited with the ultra-high-vaccum chemical

vapor deposition (ANELAVA:SIGe-UHV-CVD). The structure was shown in

Fig. 2-4. The condition of the¢ ‘SiGe film was epitaxially grown at 665°C.

After deposition, we measured the testing wafer by N&K Analyzer 1280 to
confirm the SiGe thickness and how much the thickness should we etch. The
SiGe thickness was varies with different concentration.

6. Mask #02: Defined the S/D region. Etching the whole height of the
amorphous Si and SiGe film by TCP poly etcher — TCP 9400 SE. Only the
S/D and SiGe deposited in the sidewall spacer will be stayed. And the residue
SiGe film is what we want — SiGe nanowire. The structure is shown in Fig.
2-5. The height of the oxide step was measured by Scanning Electron
Microscopy (SEM).

7. Mask #03: Etching each pair of the parallel SiGe nanowire to form only a
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parallel SiGe nanowire by TCP poly etcher — TCP 9400 SE. It prevents
parallel SiGe nanowire from shorting out each other. The structure is shown
in Fig. 2-6.

8. The condition of the ion implantation (p-type or n-type) in our experiments
was energy E=15keV and dose D=5E15.

9. After ion implant, we treated the device and then thermal annealing at T=950
‘C for 30 min for the dopants activation.
10.Thermal coating of the aluminum as contact electrode for the thickness of

5000 A at 30~40°C. This is shown in Fig. 2-7.

11.Mask #04: Aluminum contact pad were then defined by wet etching
(HNO3:CH3COOH:H3PO4IHzO:2§9:501 10)

12.Sintering at T=420°C for 25 min:Fhe schematic is shown in Fig. 2-8.

2.3 Test structure

The test structure we designed was used to make sure that the SiGe was
etched completely in the isolation area. The test structure is shown in Fig. 2-9. A
series test block was used to calculate the contact resistance between the Al
electrode and SiGe or Poly-Si film. Fig. 2-10 shows the contact resistance test
structure. The two test structure was experimented with the process flow. So the

all process condition was the same with the devices.

2.4 The process of measurement

1. Before the measurement, the B and P ion was implanted to form the N-type

and P-type SiGe nanowire.
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2. The measure condition was set Vp=—10V to 10V in 0.2V step and Vg=—15
V, 0V and 15V respectively.

3. The 3-aminopropy-Itriethoxysilane (APTES) was used to modify the surface,
which can detect the charge with different pH.

4. Drip pH 1 solution, and then the surface was dried by nitrogen purge.

5. D.I. Water was utilized to wash the surface after measurement.

6. Repeat 4 and 5 by pH 3, 5,9,11.
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Chapter 3

Results & Discussion

3.1 SiGe Nanowire Fabrication

We have successfully fabricated the SiGe nanowire structure on the Si
wafer by spacer technique and measured the electric characteristics. As we
known, the diameter of the nanowire would influence the current, so the control
of the nanowire would become a key issue. This was controlled by the Mask #02
when we etched the SiGe film by TCP poly etcher — TCP 9400 SE. The surface

of the nanowire is quite sensitive so that it’s easy influence by any variances.

3.2 Cross-Section View:-of SEM

We observed the cross-section view: of different concentration nanowire by
Scanning Electron Microscopy (SEM)." The area of the nanowire could be
calculated by the TFSEM. The JOEL JSM 6500-F — TFSEM was the equipment
we used to measure the diameter of the nanowires. Fig. 3-1 shows the
cross-section view SEM picture of Sij93;Geg o7 nanowire. There was fluctuation
in each width and height which was controlled by the TCP dry etcher. The
fluctuation must be decreased because the diameter of the nanowire is directly
related to the current. The average of the Siy93;Gego; nanowire is 192 nm in
height and 77.7 nm in width. We thought that the nanowire was a triangle
column shape, so the average area is about 14918.4 nm”. Similarly, Fig. 3-2~3-5
show the cross-section view SEM picture of SiGe nanowires with different Ge

concentration. All the data are summarized on the Table 1.

19



3.3 Make the nanowire Comparison of N-type and P-type

Electrical-transport measurements were conducted using an Agilent 4156C
semiconductor parametric analyzer. We sweep the Ip-Vp figure from —10V to
10V, and change the Vg step from —15, 0V and 15V. Fig. 3-6 show the Ip-Vp
figure of the Sip¢3Geyo; nanowire of P-type with the length L=5um. For
comparison, we fabricated the same nanowire of N-type (Fig. 3-10) and the
same way to measured. Similarly, we compared the electronic properties of Fig
3-7 to 3-9 and Fig.3-11 to 3-13. It seems that the current of the N-type nanowire

would be larger than that of P-type nanowire.

3.4 The same concentration of Ge with different pH solution

Before the measurement, the P and.B ions were implanted to form the
N-type and P-type SiGe nanowire, respectively. The
3-aminopropy-ltriethoxysilane (APTES) was used to modify the surface, which
can detect the charge with different pHs. Fig. 3-14 shows the Ip-Vp curves of
P-type Sip93Gego; nanowire with pH3, pHS5, pH9 and pH11 solutions at Vg
=—15V and Vp=-10V to 10V. The higher current is obtained for pH11 solution.
Similarly is shown in Fig. 3-15~3-18, current increase with the incensement of
pHs under the different concentration of Ge. On the other way, Fig. 3-19 shows
the Ip-Vp curves of N-type Sij93Ge o7 nanowire with pH3, pHS, pH9 and pH11
solutions at Vg=-15V and Vp=-10V to 10V. The higher current is obtained for
pH3 solution. Similarly is shown in Fig. 3-20~3-22, current decrease with the

incensement of pHs under the different concentration of Ge.
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3.5 The comparison of conductance and conductivity with

different pH solution

The equation about resistance R is

AV=Al-R=Al"p (L/A) —  (3.1)

conductance :(1/R)=(AI/AV) — (3.2)
p is the resistivity. The (1/R) is the conductance (S).We fix the voltage AV at
0.2V to be constant. Using the formula (3.2), conductance of nanowire can be
calculated. The average conductance between —4 V to —8 V was obtained. The
conductance of P-type Sij93Geg 7 nanowire increases as the enhancement of pH
solution (Fig. 3-23). Fig. 3-24~3-27 show the conductance versus pH in other
Ge concentrations, and all thesfigures ;show the enhancement in higher pH
solution. Contrasting the P-type nanowire;the: trend of conductance with N-type
Sig.93Ge 07 nanowire become lower as increase of pHs solution (Fig. 3-28). Fig.
3-29~3-31 show the conductance versus pH-in other Ge concentrations, and all
the figures show the conductance decrease as the pH increase. All the data were

summarized on the table 2.

3.6 The influence of Ge on the sensitivity of the nanowire

As we known, there 1s still some reason will affect the drive current
including the diameter of the nanowire, wire length, the dopant condition, heat
treatment, and the electrode contact, etc. According to the above reasons, we
should normalize the current by conductance or conductivity if we want to
compare the five structures. Rewrite the (3.1) equation, the c is

p=A-(AV/AD)/L
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c=L/[A-(AV/A)] — (3.3)
o is the conductivity (S/m). L is the device length. A is the area of the
nanowire. Using the formula (3.3) and the area, conductivity of nanowire can be
calculated. In order to decrease the error in measurement, the average

conductivity between -4V to -8V was obtained.

Percentage of conductivity increase (%) = (pH9-pH5)/pHS — (3.4)

The formula (3.4) is used to calculate the change in conductivity with the
same pH change (Fig. 3-32). The pH9 is the conductivity for pH=9 and the pH5
is the conductivity for pH=5. The percentage change of conductivity is 3.9% in
P-type Sip93Gego; nanowire,:6.6%=inP-type Sipg0Gey; nanowire, 22.6% in
P-type Sigg0Geo o0 nanowire, 38.2% in P-type Sij70Geg 30 nanowire and 10.5% in
P-type Sigp¢0Geoso nanowirer-Fig. 3-34-shows the percentage change of P-type
nanowire between pHS and pH11 similarly. The percentage change is 4.6% in
Sip93Geg g7 nanowire, 8.4% in Sipg0Gegi; nanowire, 34.2% in Sipg0Geoao
nanowire, 47.9% in Sij 70Geg 30 nanowire and 49.6% in Sig ¢0Ge€g .40 NAaNOWIre.

It is observed that the sensitivity improves with the increment of Ge
concentration from 7% to 30%. The sensitivity doesn’t increase at the higher
concentration of Ge (40%) in pHS VS. pH9 but enhances in pHS5 VS. pH11. The
reason for reduces of the sensitivity at 40%-Ge concentration may be higher
defects appears at the interface. It may cause the bad adhesion between APTES
and the surface of SiGe nanowire, which result in the nonlinear conductance
change within different pH solution.

On the other hand, the percentage change of conductivity is -2.5% in n-type
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Sig.93Ge o7 nanowire (Fig. 3-33), -4.27% in n-type Sipg9Gep.1; nanowire, -4.44%
in n-type Sipg0Gegoo nanowire and -10.6% in n-type Sijp70Geg 30 nanowire. Fig.
3-35 shows the percentage change of n-type nanowire between pH5 and pH11
similarly. The percentage change is -3.1% in Sig¢3Gep; nanowire, -5.94% in
Sip.30Geg 11 nanowire, -10.5% 1n SiggoGeg oo nanowire and -17.2% in Sig70Gep 30
nanowire.

Although the n-type of SiGe nanowire(40%) was failure. But it is clearly
observed that the sensitivity improves with the enhancement of Ge concentration

from 7% to 30%.
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Chapter 4

Conclusion

In this thesis, we have successfully fabricated the SiGe nanowire with
different Ge concentration by spacer technique on silicon wafer. P and B implant
is used to form the N-type and P-type SiGe nanowire. The electrical properties
were measured by HP 4156C and the structure of the SiGe nanowire on the
sidewall spacer was observed by SEM.

The sensitivity is the most important key issue for the nanowire as a sensor.
The major mechanism of nanosensor is measuring the change of current as the
material adsorbed on the surface: The 3<aminopropy- Itriethoxysilane (APTES)
was used to modify the surface, which can detect the charge with different pH
solution. The conductance and conductivity is;used to quantify the change with
different pH solution. The petcentage change of conductivity among pHS, pH9
and pHI11 is calculated to confirm the improvement of SiGe nanowire with
different Ge concentration. It is clearly observed that the sensitivity is improved
by using higher Ge concentration nanowire instead of lower Ge concentration
nanowire (7%~30%) in both N-type nanowire and P-type nanowire. But our
experiment found the higher Ge concentration (40%) has not increased the
sensitivity; the reason maybe the higher defect appears at the surface as

over-high Ge concentration.
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Chapter 5

Future Work

In future, we will oxidize the nanowire. The nanowire surface oxidizes
treatment utilizes N,O or a small amount of oxygen, improve the electric
characteristic which nanowire. The Ge segregation would happen when the SiGe
film by oxidized. This could lead to higher Ge concentration in the SiGe film.
Increase the Ge concentration by oxidation may be a feasible way. We can
improve the proportion in the silicon germanium alloy of germanium and mend

the defect easily, and then cause the higher sensitivity.
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The drain—source voltage here is 0.5 V.

31



A c
nanoFET nanosensor
gmoo = .
1200 E
backgate vl 1000
o 3 eo0f %
N NH, Hy 5 s
& 600 -
| [ " 1 1 1 la ED
H H K 2 zZ 4 6
Bobod  Bobol  odbuo o
(g “HY higididids SHY & "W
=
B D
1400 1000} gate _5“]\1’ pH 9 -
0 — =
- I )
) _‘Ltlvﬂ—r'_l 1200 <0 EE
< 1200 : 8 d06Z
i) c '
o =
c T 1000 - ¢ .04
B 1000 ! 5
= 'E 1025
- -
= g% ~ 005
8 800 | 1 | | 1 o]
=
2 4 6 & 10 [&]
pH
00 1 1
4] 1000 2000

Time (s)

Fig. 1-13 NW nanosensor for pH‘ detéction. (A) Schematic illustrating the conversion of a
NWFET into NW nanosensors for pH sensing. The NW is contacted with two
electrodes, a source (S) and drain (D), for measuring conductance. Zoom of the
APTES-modified SiNW surface illustrating changes in the surface charge state with
pH. (B) Real-time detection of the conductance for an APTESmodified SINW for
pHs from 2 to 9; the pH values are indicated on the conductance plot. (inset,top)
Plot of the time-dependent conductance of a SiINW FET as a function of the
back-gate voltage.(inset, bottom) Field-emission scanning electron microscopy
image of a typical SINW device. (C)Plot of the conductance versus pH; the red
points (error bars equal + 1 SD) are experimental data,and the dashed green line is
linear fit through this data. (D) The conductance of unmodified SINW(red) versus
pH. The dashed green curve is a plot of the surface charge density for silica as

afunction of pH.
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Fig. 1-14 Real-time detection of proteinsbinding. (A) Schematic illustrating a biotin-modified
SiNW (left) and subsequent binding of streptavidin to the SINW surface (right). The
SiINW and streptavidin-are drawn approximately to scale. (B) Plot of conductance
versus time for a biotin-modified SiNW, where region 1 corresponds to buffer
solution,region 2 corresponds to-theraddition of 250 nM streptavidin, and region 3
corresponds to pure buffér solution. (C)Conductance versus time for an unmodified
SiINW; regions 1 and 2 are the sameas in (B). (D) Conductance versus time for a
biotin-modified SINW, where region 1 corresponds to buffer solution and region 2
to the addition of a 250 nM streptavidin solution that was preincubated with 4
equivalents d-biotin.(E) Conductance versus time for a biotin-modified SiNW,
where region 1 corresponds to buffer solution, region 2 corresponds to the addition
of 25 pM streptavidin, and region 3 corresponds to pure buffer solution. Arrows

mark the points when solutions were changed.
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Fig. 1-15 Real-time detection of teversible protein binding. (A) Plot of conductance versus
time for a biotin-modified SiNW, where region 1 corresponds to buffer solution,
region 2 corresponds to the addition of ~3 uM m-antibiotin (460 pg/ml), and region
3 corresponds to flow of pure buffer solution. (B) Conductance versus time for an
unmodified SINW; regions 1 and 2 are the same as in (A). (C) Conductance versus
time for a biotin-modified SINW, where region 1 corresponds to buffer solution,
region 2 corresponds to the addition of bovine IgG (200 pg/ml), and region 3
corresponds to addition of ~3 pM m-antibiotin (460 pg/ml). Arrows mark the points
when the solutions were changed.(D) Plot of the conductance change of a
biotinmodified SINW versus m-antibiotin concentration;the dashed line is a linear

fit to the four low concentration data points. Error bars equal £+ 1SD.
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Fig. 1-16 Real-time detection of Ca’yions:,(A)Plot of conductance versus time for a
calmodulin-terminated .SiNW,_where region 1 corresponds to buffer solution,
region 2 corresponds to 'the addition of 25 uM Ca®" solution, and region 3
corresponds to pure buffer solution.(B) Conductance versus time for an
unmodified SINW; regions 1-and27are the same as in (A).Arrows mark the points
when solutions were ¢hanged. Calmodulin-modified NWs were prepared by
placing a drop (~20 pl) of calmodulin solution (250 pg/ml) on SiNW for 1 hour
and then rinsing with water for three times.
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Fig. 1-17 Real-time detection of DNA. (a) Conductance of a p-type SINW modified with
DNA probes (CCT AAT AAC AAT) versus time, where the arrow indicates the
addition of 25 pM noncomplementary DNA (GGA TCA TTG TTA) solution. (b)
Conductance of the same p-type SINW shown in (a), where the arrow indicates the
addition of 25 pM complementary DNA (GGA TTA TTG TTA)solution. (c)
Conductance of an n-type SiNW modified with the same DNA probes as in (a) and
(b), where the arrow indicates the addition of the 25 pM complementary DNA
solution.
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Fig. 2-1 The thickness of the oxide is 5000A.

Etch Oxide Step

AT

Fig. 2-2 Mask #01 dry etching 3000 A from oxide Step.

Fig. 2-3 Before we deposited the SiGe film, we deposited amorphous Si film first. This
purpose is due to SiGe and SiO, has a bad adhesion. The thickness of the
amorphous Si film is about 150A.
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(a) (b)
Fig. 2-4 The SiGe film is deposited with the ultra-high-vaccum chemical vapor deposition.
The SiGe film is about 800 A. (a) The side view, (b) The cross-section view.

[5=] [=F
[5=] [=¢

SiGe

(@) T b)

Fig. 2-5 After defining the SiGe pattern by the Mask #02, then etching the whole SiGe up by
TCP poly etcher. (a) The schematic shows the top view.(b) The schematics shows
the side view, after etching the SiGe film.

Remove one side

SiGe

(2)
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SiGe

(b) (©)

Fig. 2-6 Remove one side of the parallel SiGe spacer. The schematics of the Mask #03. (a)

Top view, (b) Side view, (c) The cross-section view.

SiGe
\

Fig. 2-7 After thermal coating Al for 5000 A.
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Drain Al pad formed

Fig. 2-8 Defined the Al contact pad in the Mask #04. And then sintering at T=420°C for 25

min.

. b '1
]

Fig. 2-9 The schematics of the two S_igie block ﬁlm There is no connection between the two
block. This was used to make sure ‘that the SiGe and Al film was etched completely

in the isolation area.

HOHOHOFD

Fig. 2-10 The test structure of each block was used to calculate the Al/SiGe contact resistance.
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0.192 um

100kx

Fig. 3-1 The Cross-Section view of the SEMrof Sij 93Gej g7 nanowire, the Sig93Geg 97 nanowire
is 77.7 nm in width and 192 nm in height.

0184 um

45.4 nm

180kx

Fig. 3-2 The Cross-Section view of the SEM of Sij 39Gey 11 nanowire, the Sip 30Geo 11 nanowire
is 45.4 nm in width and 184 nm in height.
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0.159 um

65.9 nm

180kx

Fig. 3-3 The Cross-Section view of the SEMrof Siy sGe» nanowire,the SipsGe, nanowire is
65.9 nm in width and 159:nam in height.

0.153 um

54.5 nm

150kx

Fig. 3-4 The Cross-Section view of the SEM of Sij ;Gey 3 nanowire,the Sij;Ge 3 nanowire is
54.5 nm in width and 153 nm in height.
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0.172 um

53.4 nm

180kx

Fig. 3-5 The Cross-Section view of'the SEM of SipsGe 4 nanowire,the SipsGep4 nanowire is
53.4 nm in width and 172 nm in height:

height width area
Ge(7 1.92E-07 7.77E-08 1.49E-14
Geqq 1.84E-07 4.54E-08 8.35E-15
Gey 1.59E-07 6.59E-08 1.05E-14
Ge3g 1.53E-07 5.45E-08 8.34E-15
Gey 1.72E-07 5.34E-08 9.18E-15
Table 1
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Fig. 3-7 The Ip-Vp of the P-type Sijg9Gep.11 nanowire of P-type with the length L=8 y m.

44



Fig. 3-8 The Ip-Vp of the P-type S108Ge
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Fig. 3-9 The Ip-Vp of the P-type Siy7Geo 3 nanowire of P-type with the length L=6

(L,
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Fig. 3-10 The Ip-Vp of the N-type Sio 93Genpznanowire of N-type with the length L=5 ¢ m.
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Fig. 3-11 The Ip-Vp of the N-type Sipg9Geo 11 nanowire of N-type with the length L=8 1 m.
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Fig. 3-12 The Ip-Vp of the N-type Siq.§G€0a z_nangwire of N-type with the length L=9 yz m.
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Fig. 3-13 The Ip-Vp of the N-type Sip7Geo 3 nanowire of N-type with the length L=6 ¢z m.
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Fig. 3-14 The Ip-Vp of the P-type Si029“3‘Geo,o7 nangire of P-type with the length L=19 1 m.
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Fig. 3-15 The Ip-Vp of the P-type Sip39Gep 11 nanowire of P-type with the length L=5 1 m.
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Fig. 3-16 The Ip-Vp of the P-type Siongeo_z nanqwire of P-type with the length L=10 ¢ m.

1o(HA)

Fig. 3-17 The Ip-Vp of the P-type Si7Geo 3 nanowire of P-type with the length L=6
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Fig. 3-19 The Ip-Vp of the N-type Sig.93Geo o7 nanowire with the length L=11 yz m.
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Fig. 3-21 The Ip-Vp of the N-type SipsGeo, nanowire with the length L= 50 ¢ m.
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Fig. 3-22 The Ip-Vp of the N—typen Si0.7Ge0,3‘ nanowire with the length L= 15 yz m.
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Fig. 3-23 The P-type conductance of the Sij93Geo o7 nanowire changes with the various pH

solution.
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Fig. 3-24 The P-type conductance of the SigigoGeo, 11 nanowire changes with the various pH

solution. ‘
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Fig. 3-25 The P-type conductance of the Sip sGeo, nanowire changes with the various pH

solution.
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Fig. 3-26 The P-type conductance of the SigriGep 3 nanowire changes with the various pH

solution.
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Fig. 3-27 The P-type conductance of the Sip ¢Geo 4 nanowire changes with the various pH

solution.
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Fig. 3-29 The N-type conductance of the Sipg9Gey 11 nanowire changes with the various pH

solution.

55



18 - n-type
Ge 20%
— = PH3
~ 17} e PH5
2 ] 4 PH9
3 . v PH11
5 16 |
‘g‘ A
=]
=
8 1sl
v
141
‘[3 " 1 1 | L 1 L 1 1 1 1 1 " 1 1 1 1 1

PH

Fig. 3-30 The N-type conductance of ”the" Sio,gGﬁo_z nanowire changes with the various pH

solution. . 1
iF|S
24|
n-type
Ge 30%

& ~=— PH3

22 =
2 e PH5
8 4+ PH9
= L]
S v PH11
B 20
=
=
c
o
o A

18}

v
16 | Vg=-15V
1 | 1 1 1 1 1 1 1

Fig. 3-31 The N-type conductance of the Sij7Gey 3 nanowire changes with the various pH

solution.
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pH=3

pH=5

pH=9

pH=11

P-type Conductance of Ge 7%

6.05E-06

6.24E-06

6.52E-06
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P-type Conductance of Ge 11%
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P-type Conductance of Ge 20%
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6.07E-06

P-type Conductance of Ge 30%
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P-type Conductance of Ge 40%

1.19E-06

1.30E-06

1.44E-06
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# (S)

pH=3

pH=5

pH=9

pH=11

N-type Conductance of Ge 7%

8.90E-06

8.50E-06

8.29E-06

8.24E-06

N-type Conductance of Ge 11%

1.69E-05

1.64E-05
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1.60E-05

N-type Conductance of Ge 20%

1.65E-06

1.64E-06

1.57E-06

1.47E-06

N-type Conductance of Ge 30%

2.20E-06

2.08E-06

1.86E-06

1.72E-06

N-type Conductance of Ge 40%

Failure

Failure

Failure

Failure
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Fig. 3-32 The P-type sensitivity is improves with the increase concentration of Ge at low
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