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摘  要 

近年來，由於元件的微縮，使得奈米線和奈米結構變得相當的熱門。

奈米線主要被拿來應用於生物感測器或奈米電子元件，因和傳統元件相

比，其具有較快速的元件轉換速度和低功率消耗之優點。奈米線的側壁相

當的敏感，可用來偵測相當細微的變化。 

在這篇研究中，我們引入了矽鍺的應用，來製作出矽鍺奈米線，利用

鍺有比較高的遷移率，故將其以不同比例的鍺摻入矽中，而所成長出的矽

鍺層，會隨著鍺的濃度增加，使我們的元件具有較高的靈敏度。首先我們

將製作好的奈米線滴上 APTES 做表面處理，接著滴上我們要測量的 pH 液。

藉由分析 pH5、pH9、pH11 的改變量我們可以發現奈米線的靈敏度隨著鍺

濃度的增加而增加。但在更高濃度 40%鍺時，其靈敏度低於 30%鍺。我們

猜測可能的原因為太高濃度的鍺會造成更多的表面缺陷。 
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ABSTRACT 
 

Due to the scaling down of devices, nanowire and nanostructure attracts 

many interests recently. Nanowire is 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- 

ltriethoxysilane (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, III-V, II-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 
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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 important because they are totally compatible with 

Si-based microelectronics. Since the discovery of Si whiskers [26], silicon 

nanowires (SiNWs) 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 . 
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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 109 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. 
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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  under atmospheric ℃

pressure. This represents the mildest growth conditions for single-crystal 

nanowire synthesis. An efficient Ge feedstock from GeH4 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  under a 10 sccm ℃

(standard cubic centimeter) flow of GeH4 (10％ in He) in tandem with a 100 

sccm flow of H2 in a 2.5 cm furnace reactor (total gas pressure 1 atm) for 15 min. 

The SiO2 substrate used in this work contained preformed Au nano- crystals 

(approximately 20 nm in diameter) deposited uniformly on the surface from a 

colloidal solution. 
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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 single-crystal 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 hν 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 
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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 as promising elements for chemical and 

biological sensing, with proof-of-principle devices demonstrated for detection of 

various gases [37~39], pH in 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 (SiNWs) 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. 
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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 λ-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 H2O2 

successively to form polyaniline/DNA nanowires. 

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 µL 

drop of λ-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 µm. The array consists of 
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10 pairs of electrodes on a silicon substrate with a thermal oxide layer. When the 

wires were exposed to HCl vapor, a large current increase was observed [Fig. 

1-8(a)] , then No current increase was observed when NH3 gas was introduced 

since the water-cleaned polyaniline nanowires had been undoped before the 

measurements. Introducing NH3 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 NH3 gas was introduced into the chamber). The 

conductance drop can be attributed to the deprotonation of polyaniline by the 

NH3 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 metal nanowires 

For Hydrogen sensor, using a single electrodeposited Pd wire (Fig. 1-9) 

with 100 nm diameter and 4 µm length, sensing of different concentrations of 

hydrogen gas (between 0.02% and 10% in N2 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 
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the external field regulates the surface chemisorption activity [49]. Various 

gases have been used in the chemical sensing study,such as O2 , NO2 , NH3 , 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 O2 , NO2 and NH3 at room temperature show decreased conductance. 

As shown in Fig. 1-10(a), nanowire conductance decreased when it was exposed 

to different concentrations of NO2 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% NH3 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 NO2 causes 50% conductance decrease while 1% NH3 yields the 

same effect. This difference is due to the higher binding strength between NO2 

molecules and the nanowire surface. Interestingly, it was observed that NH3 

sensing at 500 K has the opposite effect compared to that at room temperature, 

i.e., the ZnO nanowire conductance increased upon exposure to NH3 at 500 K, 

as illustrated in Fig. 1-11, indicating that the chemisorbed NH3 molecules donate 

electrons to ZnO nanowire. Oxidizing and reducing sensing of NH3with In2O3 

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 NH3 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 O2 , NO2 and NH3 ,we have also investigated the response of 

ZnO nanowires to CO gas in the presence of O2 . 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 in 20% O2 at 500 K. It can be seen that nanowire conductance first decreases 

upon admittance of 20% O2 ; 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 CO2 [51]. 

 
 

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 (Kd ~10-15 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 SiNWs 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 SiNW 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 

(Ca2+), which are important for activating biological processes such as muscle 

contraction, protein secretion, cell death, and development [58]. We created a 

Ca2+ 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 µM Ca2+ solution and a subsequent increase when a 

Ca2+-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 Ca2+ 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 Ca2+, and the estimated dissociation constant, 10-5 to 10-6 M, 

is consistent with the reported Kd for calmodulin [58].For the sensitized SiNWs, 

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 MΩ, 

Nanopure, Barnstead, IA) 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 SiNWs: (a, b) a boron-doped, p-type wire with nominal doping 

density of 1019 cm-3, and (c) a phosphorus-doped, n-type sample with nominal 

doping density of 1018 cm-3. Control experiments with noncomplementary DNA 

with a single-base mismatch did not change the conductance of the SiNWs 

 13



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 SiNW 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 is defined as (IDNA-I0)/I0, 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 is 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 1~10Ω-cm. 

1. Zero layer formation – Zero mask dry etch to form the alignment mark.  

2. Standard RCA cleaning, 980℃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 5000Å. 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 2000~2300Å 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 Å. 

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 SiO2. The 

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

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

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℃. 

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

℃ for 30 min for the dopants activation. 

10. Thermal coating of the aluminum as contact electrode for the thickness of 

5000 Å at 30~40℃. This is shown in Fig. 2-7. 

11. Mask #04: Aluminum contact pad were then defined by wet etching 

(HNO3:CH3COOH:H3PO4:H2O=2:9:50:10) 

12. Sintering at T=420℃ for 25 min. The 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 VD = −10V to 10V in 0.2V step and VG = −15 

V, 0 V and 15 V respectively.  

3. The 3-aminopropy-ltriethoxysilane (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 Si0.93Ge0.07 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 Si0.93Ge0.07 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 nm2. 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. 
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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 ID-VD figure from –10V to 

10V, and change the VG step from –15, 0V and 15V. Fig. 3-6 show the ID-VD 

figure of the Si0.93Ge0.07 nanowire of P-type with the length L=5µm. 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 ID-VD curves of 

P-type Si0.93Ge0.07 nanowire with pH3, pH5, pH9 and pH11 solutions at VG 

= –15V and VD = –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 ID-VD curves of N-type Si0.93Ge0.07 nanowire with pH3, pH5, pH9 and pH11 

solutions at VG = –15V and VD = –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  

∆V = ∆I · R = ∆I · ρ (L/A)       →  (3.1) 

conductance :(1/R)=( ∆I / ∆V )   →  (3.2) 

ρ is the resistivity. The (1/R) is the conductance (S).We fix the voltage ∆V 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 Si0.93Ge0.07 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 the figures show the enhancement in higher pH 

solution. Contrasting the P-type nanowire, the trend of conductance with N-type 

Si0.93Ge0.07 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 is 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 σ is  

ρ= A · (∆V / ∆I) / L 
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σ = L / [ A · (∆V / ∆I) ]  →  (3.3) 

σ 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)/pH5 → (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 Si0.93Ge0.07 nanowire, 6.6% in P-type Si0.89Ge0.11 nanowire, 22.6% in 

P-type Si0.80Ge0.20 nanowire, 38.2% in P-type Si0.70Ge0.30 nanowire and 10.5% in 

P-type Si0.60Ge0.40 nanowire. Fig. 3-34 shows the percentage change of P-type 

nanowire between pH5 and pH11 similarly. The percentage change is 4.6% in 

Si0.93Ge0.07 nanowire, 8.4% in Si0.89Ge0.11 nanowire, 34.2% in Si0.80Ge0.20 

nanowire, 47.9% in Si0.70Ge0.30 nanowire and 49.6% in Si0.60Ge0.40 nanowire. 

 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 pH5 VS. pH9 but enhances in pH5 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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Si0.93Ge0.07 nanowire (Fig. 3-33), -4.27% in n-type Si0.89Ge0.11 nanowire, -4.44% 

in n-type Si0.80Ge0.20 nanowire and -10.6% in n-type Si0.70Ge0.30 nanowire. Fig. 

3-35 shows the percentage change of n-type nanowire between pH5 and pH11 

similarly. The percentage change is -3.1% in Si0.93Ge0.07 nanowire, -5.94% in 

Si0.89Ge0.11 nanowire, -10.5% in Si0.80Ge0.20 nanowire and -17.2% in Si0.70Ge0.30 

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- ltriethoxysilane (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 percentage change of conductivity among pH5, pH9 

and pH11 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 N2O 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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Fig. 1-1 Schema of Scanning Probe Lithography (SPL). 
 
 
 
 

 

 

Fig. 1-2 Schematic process flow of nanoimprint (a) After nanoimprint and removal of       
       residual PMMA by O2 plasma (b) Pt evaporation and lift-off. 
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                 (a) 
 
 
 
 
 
 
 
 
                  (b) 
Fig. 1-3 (a) Binary Phase Diagram for the Au:Ge. (b) An SEM image of Ge nanowires    
       synthesized by CVD at 275℃ on a SiO2/Si substrate. The inset shows an  
       AFM image of Au nanoclusters on the substrate recorded prior to CVD. 
 
 
 

 
 

Fig. 1-4 Schematic view of iterative spacer lithography (ISL). 
. 
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Fig. 1-5 The mechanisms of the laser ablation formation technique. 

 

 
 

Fig. 1-6 (a) VLS mechanism : the flux droplet is a metal such as Au, Ag, Pd, Pt, Ni, or Cu are 
elements of the crystal phase dissolved in the metallic flux droplet. (b) SLS 
mechanism : the flux droplet is In, and M and E are elements of the III-V 
semiconductor dissolved in the flux droplet. 
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Fig. 1-7 Fabrication of a polyaniline nanowire immobilized on a Si surface with   
       stretched double-stranded DNA as a guiding template. 
 
 
 
 

 
 

Fig. 1-8 Conductance responses of the polyaniline nanowire arrays to vapors of  
        (a) HCl and (b) HCl followed by NH3. 
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Fig. 1-9  (A) electrochemically grown single Pd nanowire with 100 nm diameter, (B)   
        hydrogen sensing circuit diagram using single Pd nanowire (100 nm), and   
        (C) 0.1%, 1.0%, 5.0 and 10% hydrogen concentration as a function of    
        output voltage variation and time to confirm reproducibility. 
 
 

 
 

Fig. 1-10 (a) ZnO nanowire sensing response to different concentrations of NO2 . 
        (b) Nanowire sensing response to 1% NH3 at 300 K, and the negative gate   
         field induces a surface refresh process. 
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Fig. 1-11 ZnO nanowire reducing sensing to NH3 at 500 K.  
 
 
 
 
 
 

 
 
 

Fig. 1-12 The response of nanowire conductance to 0.5% CO in 20% O2 at 500 K. 
        The drain–source voltage here is 0.5 V. 
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Fig. 1-13 NW nanosensor for pH detection. (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 SiNW 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 protein binding. (A) Schematic illustrating a biotin-modified 

SiNW (left) and subsequent binding of streptavidin to the SiNW surface (right). The 
SiNW 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 the addition of 250 nM streptavidin, and region 3 
corresponds to pure buffer solution. (C)Conductance versus time for an unmodified 
SiNW; regions 1 and 2 are the same as 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 reversible 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 µM m-antibiotin (460 µg/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 µg/ml), and region 3 
corresponds to addition of ~3 µM m-antibiotin (460 µg/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 Ca2+ ions. (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 µM Ca2+ solution, and region 3 
corresponds to pure buffer solution.(B) Conductance versus time for an 
unmodified SiNW; regions 1 and 2 are the same as in (A).Arrows mark the points 
when solutions were changed. Calmodulin-modified NWs were prepared by 
placing a drop (~20 µl) of calmodulin solution (250 µg/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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       (a)                                   (b) 
Fig. 2-4 The SiGe film is deposited with the ultra-high-vaccum chemical vapor deposition. 

The SiGe film is about 800 Å. (a) The side view, (b) The cross-section view. 
 
 
 
 

     
(a)                               (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

(a) 

 38



 

    
(b)                                   (c) 

 
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. 
         
 
 

 

 
Fig. 2-7 After thermal coating Al for 5000 Å. 
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Fig. 2-8 Defined the Al contact pad in the Mask #04. And then sintering at T=420℃ for 25 
min. 

 
 
 
 
 
 
 
Fig. 2-9 The schematics of the two SiGe 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. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-10 The test structure of each block was used to calculate the Al/SiGe contact resistance. 
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Fig. 3-1 The Cross-Section view of the SEM of Si0.93Ge0.07 nanowire, the Si0.93Ge0.07 nanowire 

is 77.7 nm in width and 192 nm in height. 
 
 

 

 
Fig. 3-2 The Cross-Section view of the SEM of Si0.89Ge0.11 nanowire, the Si0.89Ge0.11 nanowire 

is 45.4 nm in width and 184 nm in height. 
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Fig. 3-3 The Cross-Section view of the SEM of Si0.8Ge0.2 nanowire,the Si0.8Ge0.2 nanowire is 

65.9 nm in width and 159 nm in height. 
 
 

 

 
Fig. 3-4 The Cross-Section view of the SEM of Si0.7Ge0.3 nanowire,the Si0.7Ge0.3 nanowire is 

54.5 nm in width and 153 nm in height. 
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Fig. 3-5 The Cross-Section view of the SEM of Si0.6Ge0.4 nanowire,the Si0.6Ge0.4 nanowire is 
53.4 nm in width and 172 nm in height. 

 
 
 
 
 

  height width area 

Ge07 1.92E-07 7.77E-08 1.49E-14 

Ge11 1.84E-07 4.54E-08 8.35E-15 

Ge20 1.59E-07 6.59E-08 1.05E-14 

Ge30 1.53E-07 5.45E-08 8.34E-15 

Ge40 1.72E-07 5.34E-08 9.18E-15 

Table 1 
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VG= -15V 

 
Fig. 3-6 The ID-VD of the P-type Si0.93Ge0.07 nanowire of P-type with the length L=5μm. 

 
 

 

VG= -15V 

 
Fig. 3-7 The ID-VD of the P-type Si0.89Ge0.11 nanowire of P-type with the length L=8μm. 
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VG= -15V 

 
 

Fig. 3-8 The ID-VD of the P-type Si0.8Ge0.2 nanowire of P-type with the length L=9 
μm. 

 

 

VG= -15V 

 
Fig. 3-9 The ID-VD of the P-type Si0.7Ge0.3 nanowire of P-type with the length L=6 

μm. 
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VG= -15V 

 
Fig. 3-10 The ID-VD of the N-type Si0.93Ge0.07 nanowire of N-type with the length L=5μm. 
 

 

VG= -15V 

 
Fig. 3-11 The ID-VD of the N-type Si0.89Ge0.11 nanowire of N-type with the length L=8μm. 
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VG= -15V 

 
Fig. 3-12 The ID-VD of the N-type Si0.8Ge0.2 nanowire of N-type with the length L=9μm. 

 

 

VG= -15V 

 
Fig. 3-13 The ID-VD of the N-type Si0.7Ge0.3 nanowire of N-type with the length L=6μm. 
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VG= -15V 

 
Fig. 3-14 The ID-VD of the P-type Si0.93Ge0.07 nanowire of P-type with the length L=19μm. 

 
 

 

VG= -15V 

 
Fig. 3-15 The ID-VD of the P-type Si0.89Ge0.11 nanowire of P-type with the length L=5μm. 
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VG= -15V 

 
Fig. 3-16 The ID-VD of the P-type Si0.8Ge0.2 nanowire of P-type with the length L=10μm. 

 

 

VG= -15V 

 
Fig. 3-17 The ID-VD of the P-type Si0.7Ge0.3 nanowire of P-type with the length L=6 

μm. 
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VG= -15V 

 
 

Fig. 3-18 The ID-VD of the P-type Si0.6Ge0.4 nanowire of P-type with the length L=7 
μm. 

 

 

VG= -15V 

 
Fig. 3-19 The ID-VD of the N-type Si0.93Ge0.07 nanowire with the length L=11μm. 
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VG= -15V 

 
Fig. 3-20 The ID-VD of the N-type Si0.89Ge0.11 nanowire with the length L= 6μm 

 

 

VG= -15V 

 
Fig. 3-21 The ID-VD of the N-type Si0.8Ge0.2 nanowire with the length L= 50μm. 
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VG= -15V 

 
Fig. 3-22 The ID-VD of the N-type Si0.7Ge0.3 nanowire with the length L= 15μm. 

 

 

VG= -15V 

 
Fig. 3-23 The P-type conductance of the Si0.93Ge0.07 nanowire changes with the various pH 

solution. 
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VG= -15V 

 
Fig. 3-24 The P-type conductance of the Si0.89Ge0.11 nanowire changes with the various pH 

solution. 
 

 

VG= -15V 

Fig. 3-25 The P-type conductance of the Si0.8Ge0.2 nanowire changes with the various pH 
solution. 
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VG= -15V 

 
Fig. 3-26 The P-type conductance of the Si0.7Ge0.3 nanowire changes with the various pH 

solution. 
 

 

VG= -15V 

 
Fig. 3-27 The P-type conductance of the Si0.6Ge0.4 nanowire changes with the various pH 

solution. 
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VG= -15V 

 
Fig. 3-28 The N-type conductance of the Si0.93Ge0.07 nanowire changes with the various pH 

solution. 
 

 

VG= -15V 

 
Fig. 3-29 The N-type conductance of the Si0.89Ge0.11 nanowire changes with the various pH 

solution. 
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Fig. 3-30 The N-type conductance of the Si0.8Ge0.2 nanowire changes with the various pH 

solution. 
 

 

VG= -15V 

 
Fig. 3-31 The N-type conductance of the Si0.7Ge0.3 nanowire changes with the various pH 

solution. 
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單位 ( S) pH=3 pH=5 pH=9 pH=11 
P-type Conductance of Ge 7% 6.05E-06 6.24E-06 6.52E-06 6.83E-06 
P-type Conductance of Ge 11% 9.76E-06 1.02E-05 1.09E-05 1.14E-05 
P-type Conductance of Ge 20% 4.31E-06 4.52E-06 5.55E-06 6.07E-06 
P-type Conductance of Ge 30% 2.40E-06 2.93E-06 4.05E-06 4.33E-06 
P-type Conductance of Ge 40% 1.19E-06 1.30E-06 1.44E-06 1.95E-06 

單位 ( 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 1.63E-05 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  

Table 2 
 

 

 

VG= -15V 

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

concentration of Ge. [percentage % = (pH9-pH5)/pH5] 
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VG= -15V 

 
Fig. 3-33 The N-type sensitivity is improves with the increase concentration of Ge. 

 [percentage % = (pH9-pH5)/pH5] 
 

 

VG= -15V 

 
Fig. 3-34 The P-type sensitivity is improves with the increase concentration of Ge. 

 [percentage % = (pH11-pH5)/pH5] 
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VG= -15V 

 
Fig. 3-35 The N-type sensitivity is improves with the increase concentration of Ge. 

 [percentage % = (pH11-pH5)/pH5] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 59



Reference: 
 

[1] Jiangtao Hu, Teri- Wang Odom and Charles M. Lieber, “Chemistry and Physics in One 

Dimension: Synthesis and Properties of Nanowires and Nanotubes”, Acc. Chem. Res., 

Vol. 32, (1999), 435 

[2] Samuelson L 2003 Mater. Today 10 22 

[3] M. T. Bjo¨ rk, B. J. Ohlsson, C. Thelander, A. I. Persson, K. Deppert, L. R. Wallenberg 

and L. Samuelson, Appl. Phys. Lett., Vol. 81, (2002), 4458 

[4] Jianfang Wang, Mark S. Gudiksen, Xiangfeng Duan, Yi Cui and Charles M. Lieber, 

“Highly Polarized Photoluminescence and Photodetection from Single Indium Phosphide 

Nanowires”, Science, Vol. 293, (2001), 1455  

[5] Fang Qian, Yat Li, Silvija Gradecak, Deli Wang, Carl J. Barrelet and Charles M. Lieber, 

“Gallium Nitride-Based Nanowire Radial Heterostructures for Nanophotonics”, Nano 

Letters, Vol. 4, (2004), 1975 

[6] Xiangfeng Duan, Yu Huang, Ritesh Agarwal and Charles M. Lieber, “Single-nanowire 

electrically driven lasers”, Nature Publishing Group , Vol. 421, (2003), 241  

[7] A. Alec Talin, Luke L. Hunter, François Léonard and Bhavin Rokad, “Large area, dense 

silicon nanowire array chemical sensors”, Appl. Phys. Lett., Vol. 89, (2006), 153102 

[8] Jing Kong, Nathan R. Franklin, Chongwu Zhou, Michael G. Chapline, Shu Peng, 

Kyeongjae Cho and Hongjie Dai, “Nanotube molecular wires as chemical sensors,” 

Science, Vol. 287, (2000), 622 

[9] Andrei Kolmakov, Youxiang Zhang, Guosheng Cheng and Martin Moskovits, “Detection 

of CO and oxygen using tin oxide nanowire sensors”, Adv. Mater., Vol. 15, (2003), 997 

[10] Q.Wan, Q. H. Li, Y. J. Chen, T. H. Wang, X. L. He, J. P. Li and C. L.Lin,     

“Fabrication and ethanol sensing characteristics of ZnO nanowire gas sensors,”     

Appl. Phys. Lett., Vol. 84, (2004), 3654 

 60



[11] Sumio Iijima, “Helical microtubules of graphitic carbon”, Nature, Vol. 354, (1991), 56 

[12] P. M. Chem., “Nanotubes from Carbon”, Chem. Rev., Vol. 99, (1999), 1787 

[13] Suck-Hyun Lee, Zhongzhe Yuan and Chan-Woo Lee, “Enhanced Electrical Conductivity 

of Self-Assembled, Layered Molecular Composites of Metallo-Backbone Polymer and 

Polyaniline”, AdV. Mater., Vol. 15, (2003), 251 

[14] Yu Huang, Xiangfeng Duan, Qingqiao Wei and Charles M. Lieber, “Directed Assembly 

of One-Dimensional Nanostructures into Functional Networks”, Science Magazine, Vol. 

291, (2001), 630 

[15] Yiying Wu, Rong Fan and Peidong Yang, “Block-by-Block Growth of Single-Crystalline 

Si/SiGe Superlattice Nanowires”, Nano Letters, Vol. 2, (2002), 83 

[16] Yiying Wu and Peidong Yang, “Germanium Nanowire Growth via Simple Vapor 

Transport ”, Chem. Mater., Vol. 12, (2000), 605 

[17] Krishnan Rajeshwar, Norma R. de Tacconi and C. R. Chenthamarakshan, 

“Semiconductor-Based Composite Materials: Preparation,Properties, and Performance”, 

Chem.Mater., Vol. 13, (2001), 2765 

[18] Fang, C.; Foca, E.; Xu, S.-F.; Carstensen, J.; Foell, H. J. Electrochem.Soc.,     

submitted for publication, 2006. 

[19] T. I. Kamins, X. Li and R. Stanley Williams, “Growth and Structure of Chemically 

Vapor Deposited Ge Nanowires on Si Substrates”, Nano Letters, Vol. 4, (2004), 503 

[20] Dunwei Wang and Hongjie Dai, “Low-Temperature Synthesis of Single-Crystal 

Germanium Nanowires by Chemical Vapor Deposition”, Angew. Chem., Int. Ed., Vol. 

41, (2002), 4783 

[21] Heath, J. R., Le Goues and F. K., ”A liquid solution synthesis of single crystal 

germanium quantum wires”, Chemical Physics Letters, Vol. 208,(1993), 263 

[22] Alfredo M. Morales and Charles M. Lieber, “A Laser Ablation Method for the Synthesis 

of Crystalline Semiconductor Nanowires”, Science, Vol. 279, (1998), 208 

 61



[23] Kamins, T. I. Williams, R. S. Basile, D. P. Hesjedal and T. Harris, J. S. J. Appl.     

Phys., Vol. 89, (2001), 1008 

[24] G. Barillaro, P. Bruschi, A. Diligenti and A. Nannini, “Fabrication of regular silicon 

microstructures by photo-electrochemical etching of silicon”, Phys. Status Solidi C, Vol. 

2, (2005), 3198 

[25] J. E. A. M. van den Meerakker, R. J. G. Elfrink, W. M. Weeda and F. Roozeboom, 

“Anodic silicon etching;the formation of uniform arrays of macropores or nanowires”, 

Phys. Status Solidi A, Vol. 197, (2003), 57 

[26] Sanjay Mathur, Hao Shen, Vladimir Sivakov and Ulf Werner, “Germanium Nanowires 

and Core-Shell Nanostructures by Chemical Vapor Deposition of [Ge(C5H5)2]”, Chem. 

Mater., Vol. 16, (2004), 2449 

[27] H. H. Solak, D. He, W. Li, S. Singh-Gasson and F. Cerrina, “Exposure of 38 nm period 

grating patterns with extreme ultraviolet interferometric lithography”, Appl. Phys. Lett., 

Vol. 75, (1999), 2328  

[28] R. Nemutudi , N.J. Curson, N.J. Appleyard, D.A. Ritchie and G.A.C. Jones, 

“Modification of a shallow 2DEG by AFM lithography”, Microelectronic     

Engineering 57-58, (2001), 967 

[29] Eung-Sang Lee, Peter Vetter, Tetsuya Matsuo Uchida, Mitsuru Kano, Munemitsu Abe 

and Kiyomi Sugawara, “Control of Liquid Crystal Alignment Using tamped-Morphology 

Method”, Jpn. J. Appl. Phys. Part 2, Vol. 32, (1993), L1436 

[30] Stephen Y. Chou, Peter R. Krauss and Preston J. Renstrom, “Imprint Lithography with 

25-Nanometer Resolution”, Science, Vol. 272, (1996), 85 

[31] Ecron Thompson, Peter Rhyins, Ron Voisin, S.V. Sreenivasan and Patrick Martin, 

“Fabrication of Step and Flash Imprint Lithography Templates Using Commercial Mask 

Processes”, SPIE Microlithography Conference, (2003) 

[32] Brian A. Korgel and Donald Fitzmaurice, “Condensation of Ordered Nanocrystal Thin 

 62



Films”, Physical Review Letters, Vol. 80, (1998), 3531 

[33] K.Wang, S. Y. Chung and D. Kim, “Morphology of Si nanowires fabricated by laser 

ablation using gold catalysts”, Applied Physics A: Materials Science & Processing, Vol. 

79, (2004), 895  

[34] Timothy J. Trentler,  Kathleen M. Hickman,  Subhash C. Goel,  Ann M. 

Viano,  Patrick C. Gibbons and William E. Buhro , “Solution-Liquid-Solid Growth of 

Crystalline III-V Semiconductors: An Analogy to Vapor-Liquid-Solid Growth”, Science, 

Vol. 270, (1995), 1791  

[35] T. J. Trentler, S. C. Goel, K. M. Hickman, A. M. Viano, M. Y. Chiang, A. M. Beatty, P. C. 

Gibbons and W. E. Buhro, J. Am. Chem. Soc., Vol.119, (1997), 2171  

[36] Sean D. Dingman, Nigam P. Rath, Paul D. Markowitz, Patrick C. Gibbons and William E. 

Buhro, “Low-Temperature, Catalyzed Growth of Indium Nitride Fibers from 

Azido-Indium Precursors ”, Angewandte Chemie International Edition , Vol. 39, (2000), 

1470  

[37] Younan Xia, Peidong Yang, Yugang Sun, Yiying Wu, Brian Mayers, Byron Gates, 

Yadong Yin, Franklin Kim and Haoquan Yan, “One-Dimensional Nanostructures: 

Synthesis, Characterization, and Applications”, Adv. Mater., Vol. 15, (2003), 353 

[38] Zhiyong Fan and Jia G. Lu, “Gate-refreshable nanowire chemical sensors”, Appl. Phys. 

Lett., Vol. 86, (2005), 123510  

[39] E. Comini, G. Faglia, G. Sberveglieri, Zhengwei Pan and Zhong L. Wang, “Stable and 

highly sensitive gas sensors based on semiconducting oxide nanobelts ”, Appl. Phys. 

Lett., Vol. 81, (2003), 1869  

[40] Yi Cui, Qingqiao Wei, Hongkun Park and Charles M. Lieber, “Nanowire Nanosensors for 

Highly Sensitive and Selective Detection of Biological and 

Chemical Species”, Science, Vol. 293, (2001), 1289  

[41] Z. Li, Y. Chen, X. Li, T. I. Kamins, K. Nauka and R. S. Williams, “Sequence-Specific 

 63



Label-Free DNA Sensors Based on Silicon Nanowires ”, Nano Lett., Vol. 4, (2004), 245  

[42] Kyun-Tae Kim, Sang-Jun Sim, and Sung-Min Cho, “Hydrogen Gas Sensor Using Pd 

Nanowires Electro-Deposited Into Anodized Alumina Template”, IEEE SENSORS 

JOURNAL, Vol. 6, (2006), 3  

[43] Zhihua Cai, Junting Lei, Wenbin Liang, Vinod Menon and Charles R. Martin, “Molecular 

and Supermolecular Origins of Enhanced Electronic Conductivity in Template 

-Synthesized Polyheterocyclic Fibrils. 1. Supermolecular Effects”, Chem. Mater., Vol. 3, 

(1991), 960 

[44] Chun-Guey Wu and Thomas Bein, “Conducting Polyaniline Filaments in a Mesoporous 

Channel Host ”, Science, Vol. 264, (1994), 1757 

[45] A Bensimon, A Simon, A Chiffaudel, V Croquette, F Heslot and D Bensimon, 

“Alignment and sensitive detection of DNA by a moving interface”, Science, Vol. 265, 

(1994), 2096 

[46] Hidenobu Nakao, Hideki Hayashi, Tomoyuki Yoshino, Shigeru Sugiyama, Kazunori 

Otobe and Toshio Ohtani, “Development of Novel Polymer-Coated Substrates for 

Straightening and Fixing DNA”, Nano Lett., Vol. 2, (2002), 475 

[47] Manoj K. Chaudhury and Michael J. Owen, “Correlation between Adhesion Hysteresis 

and Phase State of Monolayer Films”, J. Phys. Chem., Vol. 97, (1993), 5722 

[48] Yeonho Im, Richard P. Vasquez, Choonsup Lee, Nosang Myung, Reginald Penner and 

Minhee Yun, “Single metal and conducting polymer nanowire sensors for chemical and 

DNA detections”, Journal of Physics: Conference Series, Vol. 38, (2006), 61 

[49] H. Geistlinger, “Electron theory of thin-film gas sensors”, Sensors and Actuators B: 

Chemical , Vol. 17, (1993), 47 

[50] Daihua Zhang, Chao Li, Xiaolei Liu, Song Han, Tao Tang and Chongwu Zhou, “Doping 

dependent NH3 sensing of indium oxide nanowires”, Appl. Phys. Lett., Vol. 83, (2003), 

1845 

 64



[51] Andrei Kolmakov, Youxiang Zhang, Guosheng Cheng and Martin Moskovits, 

“Detection of CO and O2 using tin oxide nanowire sensors”, Adv. Mater., Vol. 15, 

(2003), 997 

[52] Yi Cui and Charles M. Lieber, “Functional Nanoscale Electronic Devices Assembled 

Using Silicon Nanowire Building Blocks”, Science, Vol. 291, (2001), 851  

[53] David C. Duffy, J. Cooper McDonald, Olivier J. A. Schueller and George M. Whitesides, 

“Rapid Prototyping of Microfluidic Systems in Poly(dimethylsiloxane)”, Anal. Chem., 

Vol. 70, (1998), 4974 

[54] G. H. BOLT, “Determination Of The Charge Density Of Silica Sols”, J. Phys. Chem., 

Vol. 61, (1957), 1166 

[55] M. Wilchek, E. A. Bayer and Methods Enzymol., Vol. 184, (1990), 49 

[56] L. Movileanu, S. Howorka, O. Braha and H. Bayley, Nature Biotechnol., Vol. 18, (2000), 

109   

[57] Robert C. Blake II, Andrey R. Pavlov and Diane A. Blake, ”Automated Kinetic 

Exclusion Assays to Quantify Protein Binding Interactions in Homogeneous solution”, 

Anal. Biochem., Vol. 272, (1999), 123  

[58] C. B. Klee and T. C. Vanaman, Adv. Protein Chem., Vol. 35, (1982), 213 

 

 

 
 
 

 65


