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摘     要 

 

矽基材之奈米線在近年來已被廣範的研究。然而，就敏感度而

言，矽鍺奈米線比矽基材之奈米線更有潛力，這是因為當同樣數量的

待測物質鍵結於表面時，矽鍺奈米線有較大的電流變化。此外，我們

發現敏感度會隨著鍺濃度增加而增加 (7%~30%)。 

但是，製作高濃度之矽鍺奈米線有其困難度。因此，我們利用氧

化的過程，使鍺由氧化層中析出，並獲得高濃度的矽鍺奈米線。經過

900°C、2 分鐘氧化後，我們可以發現低濃度( 7%、11%、20% )的矽

鍺奈米線，其靈敏度均有提升。經過 950°C、2 分鐘氧化後，我們發

現鍺濃度 7%的奈米線的靈敏度繼續提昇，但鍺濃度 11%的奈米線的

靈敏度並沒有繼續增加，這可能是在氧化的過程中產生過多的缺陷所

造成。 
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ABSTRACT 

 

Si nanowires (SiNWs) have been studied for Bio-sensor in recent 

years. However, as far as sensitivity is concerned, SiGe nanowires are 

more promising than Si nanowires because of SiGe nanowires have 

higher change in drive current when the same chemical species bonding 

to surface of nanowire. In addition, we have reported the sensitivity 

increase with Ge concentration (7%~30%). 

But it is difficult to fabricate higher Ge concentration nanowire. 

Therefore, we utilize oxidation process to enhance Ge concentration in 

SiGe nanowire because Ge is rejected from the oxide during oxidation 

process. We found that the sensitivity of lower Ge concentration 

(7%~20%) nanowires were enhanced by oxidation process after the 

oxidation of 2min at 900°C. After the oxidation of 2min at 950°C, we 

observed that the sensitivity of Si0.93Ge0.07 nanowires were improved but 

the sensitivity of Si0.89Ge0.11 nanowires not increased. The reason maybe 

higher defect was formed during this oxidation process. 
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Chapter 1 

Introduction 

1.1  The application of nanowire sensors 
Nanowires (NWs) have been attracting considerable attention in 

recent years. The application of nanowires has been the topic of 

significant recent research [1~5]. 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. 

Semiconductor nanowires are particularly appealing for sensing 

applications because of large surface -to-volume ratio [6~9]. 

Nanowire sensors were fabricated by various material, such as 

silicon nanowire sensors [10~11], metal oxide nanowire sensor [12~15], 

polymer nanowire sensesors [16~17], and metal nanowire sensors 

[18~19]. As far as detected source are concerned, nanowire sensors have 

been demonstrated for detection of various gases, pH inaqueous media, 

antibody binding, virus, single cancer markers, and DNA hybridization, 

and so forth. All application of nanowire sensors are listed in table 1-1. 

 

1.1.1 The application of silicon nanowire sensors 

Silicon nanowires (SiNWs) are particularly appealing for sensing 

applications, since the silicon 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, 

therefore, selectivity for particular analytes. 

pH sensors.  In previous report [1], silicon nanowire solid state 

FET, whose conductance is modulated by an applied gate, is transformed 
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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 surface charge 

can chemically gate the silicon nanowire ,as shown in Figure 1-1. The 

conductance versus pH show that this pH dependence is linear over the 

pH 2 to 9 range and thus suggest that modified silicon nanowires could 

function as nanoscale pH sensors, as shown in figure 1-2. 

Biomolecular sensors.  Biotin-modified Silicon  nanowires were 

used to detect streptavidin, as shown in Figure 1-3. The conductance of 

biotin-modified silicon nanowires increase rapidly to a constant value 

upon addition of a 250nM and that this conductance value is maintained 

after the addition of pure buffer solution, as shown in Figure 1-4. 

Monoclonal antibiotin sensors.  Binding of biotin-monoclonal 

antibiotin (m-antibiotin) is reversible interaction. Plot of conductance 

versus time for a biotin-modified silicon nanowires  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, as shown in Figure 1-5. 

DNA sensors.  Silicon nanowires have been demonstrated to detect 

DNA molecules [10]. Nanowires were exposed to the vapor of 

3-mercaptopropyltrimethoxysilane (MPTMS) in argon for 4 h, followed 

by rinsing with absolute ethyl alcohol, and blown-dry with nitrogen. The 

immobilization of ss-DNA probes was achieved by exposing the 

MPTMS-covered samples to a 5 µM solution of the oligonucletides 

modified with acrylic phosphoramidite funcyional groups at the 5′ 

position for 12 h. The hybridization of the DNA probes on the surface 
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with the complimentary DNA target further reduced the surface 

photovoltage signal by an additional ~3mV, as shown in Figure 1-6. 

When the target DNA attached to its complementary DNA on the SiNW 

surface, the increase of negative charges introduced by the DNA 

enhanced the carrier concentrations in p-type SiNWs, resulting in the 

observed changes of the conductance, as shown in Figure 1-7. 

Virus sensors.  A two-step procedure was used to covalently link 

antibody receptors to the surface of the silicon nanowire devices [11]. 

First, the devices were reacted with a 1% ethanol solution of 

3-(trimethoxysilyl)propyl aldehyde for 30 min, washed with ethanol, and 

heat at 120°C for 15min. Second, mAb receptors, anti-hemagglutinin for 

influenza A and anti-adenovirus group Ⅲ, were coupled to the 

aldehyde-terminated nanowire surface by reaction of 10-100 µg/ml 

antibody in a pH 8, 10-mM phosphate buffer solution containing 4mM 

sodium cyanoborohydride. Figure 1-8 show that as a virus particle 

diffuses near a nanowire device the conductance remains at the baseline 

value, and only after binding at the nanowire surface dose the 

conductance drop, where the conductance change, ~18 nS. When the 

virus unbinds and diffuses from the nanowire surface the conductance 

returns to the baseline value. 

 

1.1.2 The application of metal oxide nanowire sensors 

The fundamental sensing mechanism of metal oxide base gas 

sensors relie on a change in electrical conductivity due to the interaction 

process between the surface complexes and the gas molecules to be 
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detected. Metal oxide nanowire were synthesized by thermal evaporation 

of oxide powders under controlled conditions without the presence of a 

catalyst. Ultralong nanowires have been successfully synthesized for ZnO, 

SnO2, In2O3 and WO3 by simply evaporating the desired commercial 

metal oxide powders at high temperature [12~15]. 

Gas sensors have been fabricated using the SnO2 nanowires [13]. 

The esponses of the sensors have been characterized for gaseous polluting 

species like CO and NO2 for environmental applications, as well as for 

ethanol for breath analyzers and food control applications. The response 

of the current flowing through the SnO2 nanowires when two square 

concentration pulses of CO (250 and 500 ppm) are fed into the test 

chamber, at a working temperature of 400°C and 30% RH. The electric 

current increases for about 60% and 100% with the introduction of 250 

and 500 ppm CO, respectively, as shown in Figure 1-9. 

 

1.1.3 The application of polymeric nanowire sensors 

Conducting polymers have attractive features such as mechanical 

flexibility, ease of processing, and modifiable electrical conductivity. 

Polymeric nanowire sensors were been studied in some literature 

[16~17]. 

 Polyaniline/poly-(ethylene oxide) (PANI/PEO) nanowire sensors 

that can detect NH3 gas at concentrations as low as 0.5 ppm with rapid 

response and recovery time [16]. The measured current versus time 

curves, which reflect the gas-concentration dependence of the temporal 

conductance behavior, as shown in Figure 1-10. 
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1.1.4 The application of metal nanowire sensors 

Pd nanowires have been studied to detect hydrogen gas due to safety 

reasons [18]. The sensor based on resistance change of Pd nanowires 

upon hydrogen incorporation. The change of resistance was attributed to 

swell of volume of Pd nanowire in the presence of hydrogen gas [19]. 

The measured electrical resistance versus time curves exhibited sharp 

decreases upon hydrogen injections. The electrical resistance change is 

dependent on hydrogen concentration, as shown in Figure 1-11. 

 

1.2 Fabrication of nanowire 

Nanowires are essentially 1D structures with unique optical and 

electrical properties. Therefore, nanowires have attracted increasing 

interest for device use in logic gates [20], address decoders [21], memory 

components [22], light emitting diodes [23], photodetectors[24], 

lasers[25], and chemical sensors[1]. Various approaches for growing 

nanowires, including (1) lithography with photons in UV, DUV, EUV 

and X-ray spectrum; (2) machining using AFM, STM, NSOM; (3) 

nanoimprint lithography; (4) spacer formation; (5) vapor state synthesis; 

(6) vapor-liquid-solid growth approach; (7) electrochemical deposition. 

 

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 
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height. Height is often limited by the lift-off process. Extreme ultraviolet 

light (EUV) lithography has generated 38nm patterns [26]. 

 

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) to define nano- 

patterns on the semiconductor surface, as shown in Figure 1-12. AFM, 

STM and 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 under- neath 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. [27] 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 Nanoimprint lithography (NIL) 

Nanoimprint lithography is a novel method of fabrication nanometer 

scale patterns. In previous report [28], the single crystalline Si nanowire 

structures are fabricated as a mold for producing high surface area Pt wire. 

PMMA are spined on substrate and are used as imprint resist. The process 

flow for nanoimprint patterning is shown in Figure 1-13 

 

1.2.4 Spacer formation 

Controlled deposition and size reduction, which involves deposition 

on cleaved edges, or oxidation, followed by anisotropic etching forming 

spacers, as shown in Figure 1-14. This process provides a density 

increase as well as size reduction. It can be used to pattern silicon fins for 

double-gate MOSFETs.[29] 

 

1.2.5 Vapor state synthesis 

    Vapor state synthesis of single-crystalline freestanding Ag nanowire 

have been repoted [30]. Their synthetic method is unique in that it uses 

only a single reactant, Ag2O, without using any templates or catalysts. In 

a typical synthesis, Ag2O powder was placed in an alumina boat in the 

middle of horizontal quartz tube furnace. The NWs were grown at a few 

centimeters downstream from the precursor on a Si substrate. At high 

temperature (T = 900 °C-1000 °C), the precursor vapor was carried 

downstream by the flow of Ar to a lower temperature zone (T = 500°C), 

where Ag NWs were grown. 
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1.2.6 Vapor-liquid-solid (VLS) growth approach 

Vapor state synthesis grown nanowires lack a diameter-control 

mechanism. Diameter of nanowires can be controlled by the catalyst 

nanoparticle size. Zhou′s group reported an efficient route for the 

synthesis of single-crystalline In2O3 nanowires via the VLS mechanism, 

where the In vapor was generated by laser ablation of an 

indium-containing target. Excellent diameter control was achieved by 

using monodispersed gold clusters as the catalyst [31]. 

 

1.2.7 Electrochemical deposition 

Anodized aluminum oxide (AAO) is a poriferous material. The 

advantages of AAO film including the possibility to fabricate larger areas, 

the ability to produce a greater range of pore sizes, and the ability to grow 

into the pores at higher temperature [32]. The ordered nanowires and 

nanoparticles were electrodeposition into the nanopores of AAO film. 

After removing AAO template, the free-standing nanowires were formed. 

 

1.3 Ge enhance the sensitivity of SiGe nanowire 

SiGe-channel transistor have larger drain current at the same 

VGS-VTH, as show in Figure 1-15 [33]. This result point out SiGe 

nanowires may be have higher change in electrical property at the same 

chemical species bonding to surface of nanowires. 

Sensitivity is a important parameter of nanowire sensors. To achieve 

higher sensitivity of nanowire sensors, we have proposed SiGe nanowire 

sensors. In our previous report, we have successfully fabricated the 
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nanowire with different Ge concentration respectively and demonstrated 

that the sensitivity was improved by using higher Ge concentration (7% ~ 

30%) 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 higher Ge concentration [34], as show in 

Figure 1-16. 

 

1.4 Ge condensation process in SiGe film 

The oxidation of SiGe thin films has been demonstrated at several 

laboratories [35~38]. In all cases reported so far, it is shown that Si is 

preferentially oxidized and only one Ge-rich layer is formed at the 

oxide/substrate interface for SiGe with a Ge concentration below 50%. 

On the other hand, there are two oxide layers formed after oxidation for 

SiGe with Ge concentration above 50%. 

 

1.4.1 Oxidation mechanism of SiGe 

According to the theory binary alloy oxidation [39~40], the oxide 

growth will depend on the alloy composition. For the case of the SiGe 

alloy, Si is more reactive than Ge. The reason is the large difference 

between the heat of formation of SiO2 (-204 kcal/mol) and GeO2 (-119 

kcal/mol). For SiGe with low Ge concentration (< 50%), only silicon is 

oxidized initially. Ge is completed rejected from the oxide and piles up at 

the oxide/substrate interface. On the other hand, oxygen concentration at 

the oxidation front decreases with the oxide thickness increases. Then, the 

decreasing oxygen concentration at the oxidation front counteracts the 
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effect of increasing Ge concentration in the Ge-rich SiGe layer so that Ge 

is not oxidized during the entire oxidation process. 

For SiGe with high Ge concentration (> 50%), Si and Ge will be 

oxidized during the oxidation process. During the oxidation process, the 

oxygen concentration decrease with increasing oxide thickness, leading to 

a decrease of the oxidation rate. Therefore, the Si is enough to react with 

oxygen to form a pure SiO2 layer. During the formation of the mixed 

oxide, no pileup of Ge at the interface is expected, since Ge is being 

oxidized. When a pure SiO2 layer is being formed though, Ge will pile up 

at SiO2/substrate interface. 

 

1.4.2 Oxidation behavior of SiGe 

The oxidation behavior of SiGe films has been studied to a great 

extent [41~43]. Ge is completed rejected from the oxide and piles up at 

the oxide/substrate interface after oxidation process. The total amount of 

Ge atoms in the SiGe layer is conserved. This is because Ge atoms is 

blocked by the BOX layer and thermal oxide layer due to the much lower 

diffusion coefficient in SiO2. A Ge-on-insulator (GOI) was fabricated by 

Ge condensation technique in previous literature [44]. In addition, as the 

thickness of SiGe layer is smaller than diffusion length of the Ge atoms, 

the SiGe layer will become uniform, as show in Figure 1-17. During the 

oxidation process, defects will generate in SiGe layer. If Ge fraction in 

the SiGe layer exceed critical enrichment value, defect will increase 

rapidly [45~46]. 

In order to improve the hole mobility of CMOS, the 

SiGe-on-Insulator pMOSFET has been reported [47]. They utilized Ge 
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condensation technique to fabricate SiGe channel with various Ge 

concentration. The mobility enhancement factor at Eeff of o.5MV/cm as a 

function of Ge concentration, as shown in Figure 1-18. 

 

1.5  Motivation 

We have been demonstrated the enhancement of sensitivity of SiGe 

nanowire with Ge concentration. But, it is difficult to obtain SiGe layer 

with high Ge concentration because the large lattice mismatch between 

the SOI and SiGe layer. Ge-condensation technique is a method to 

enhance Ge concentration in SiGe layer without generating defect. 

Therefore, we utilize oxidation process to ehance Ge concentration in 

SiGe nanowire and the surface-to-volume ratio of SiGe nanowires will 

become higher. 
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Chapter 2 

Experiment 

The spacer formation [31] is an easy process for 

nanowire-fabrication with the advantages of high-yield and low-cost. The 

method only using the combination of the conventional lithography and 

process technology was demonstrated without complex processes such as 

EBL, SPL and VLS etc. We have successfully fabricated the SiGe 

nanowires by this method. To enhance sensitivity of SiGe-nanowire with 

low Ge concentration, Ge-condensation technique was utilized to obtain 

higher Ge concentration in SiGe nanowire after oxidation. And SiGe 

nanowire has higher surface-to-volume ratio, less defect and higher 

conductance which will discuss later. 

 

2.1 Detail fabrication process of SiGe nanowire 

A p-type (Boron doped) Si substrate (100) was used in this study. 

The resistivity of the silicon substrate is about 1~10 Ω-cm. Samples were 

prepared by follow process: 

1. After Standard RCA clean, wet oxidation for 6 hours at 980°C to grow 

the bottom oxide by ASM/LB45 furnance system. The thickness of 

oxide is 5000Ǻ which was shown in Figure 2-1. 

2. Mask #1: Define the active area. We utilize TEL CLEAN TRACK MK-8 

and G-line lithography system to transfer pattern on bottom oxide. 

Then, we etch a height step to form a SiGe spacer by TEL5000 R.I.E. 

system. The height of step is about 3000 Ǻ. The structure was shown in 

Figure 2-2. 
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3. Following Standard RCA clean, we deposited 150Å α-Si layer on 

bottom oxide by ASM/LB45 furnance system. The growth condition of 

150Å α-Si layer was 650°C for ~2 hours. The process increases 

adhesion between SiGe film and SiO2 layer shown in Figure 2-3. 

4. After Standard RCA clean, we deposited SiGe film by ultra-high 

-vaccum chemical vapor deposition − ANELAVA SiGe UHV-CVD. The 

condition of the SiGe film was epitaxially grown at 665°C. The 

structure was shown in Figure 2-4. 

5. Mask #2: Defined the S/D region and nanwires. We etched the α-Si 

and SiGe film by TCP poly etcher − TCP9400 SE. Only the S/D and 

SiGe nanowires will be stayed. The structure was shown in Figure 2-5. 

6. Mask #3: To avoid parallel SiGe nanowires short-circuit each other, we 

used TCP poly etcher to etch over two side spacer. The structure was 

shown in Figure 2-6. 

7. Oxidation in various conditions such as different temperature and time. 

8. The condition of ion implantation was E =15keV in energy and D =5×

1015 P+ ions/cm2 in dose. 

9. After ion implantation, the surface oxide layer was removed by DHF 

(H2O:HF=50:1). 

10. Aluminum layer with 5000 Ǻ thick was coated on the wafer by 

Thermal Coater.  

11. Mask #4: Defined aluminum contact. Aluminum contact pad were 

defined by wet etching (HNO3:CH3COOH:H3PO4:H2O=2:9:50:10). 

The structure was shown in Figure 2-7. 

12. Al sintering at 400℃ in N2 ambient for 30 minutes. 
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2.2 The process of measurement 

HP4156A is an electronic instrument for measuring and analyzing 

characteristics of semiconductor devices. ID-VD characteristics of our 

experiment were measure by HP4156A. 

 

2.2.1 The measurement of Bio-sensor 

1. The measure conditions were set VD= -10V to 10V in 0.2 step and VG= 

-15V, 0V, 15V respectively. 

2. The SiGe nanowire was modified by 3-aminopropyltrimethoxysilane 

(APTMS) which could connect to the bio-linker BS3. 

3. Drip bis(sulfosuccinimidyl) suberate sodium (BS3) solution as linker 

which could connect to the antibody IgG molecules. 

4. The antibody IgG molecules were applied to link after BS3. 

5. ID-VD curve was measured by HP4156A. 

 

 

 

 

 

 

 

 

 

 

 



 15

Chapter 3 

Results & Discussion 

To obtain the dimension of SiGe nanowire, the cross-section view of 

SiGe nanowire was observed by Scanning Electron Microscopy (SEM). 

In addition, we utilized HP4156A to measure the ID-VD characteristics in 

our experiment when different molecular was adhered. All result will be 

discussed in this chapter. 

 

3.1 Dimension of SiGe nanowires 

The dimension of SiGe nanowire was controlled by the deposition 

for the width and the step of oxide for the height. In order to etch the 

SiGe film clearly, we added the 20% over-etching at the step of dry 

etching. The Scanning Electron Microscopy (SEM) was utilized to 

observe the cross-section view of SiGe nanowire. The JOEL JSM 

6500-F-TFSEM was the equipment which we used to measure the 

diameters of the nanowires. Figure 3-1~3-5 show the cross-section view 

SEM image of different Ge concentration nanowires before oxidation 

process. The area and surface-to-volume ratio were summarized in the 

Table 3-1. 

After the oxidation of 2 min at 900℃, the cross-section view SEM 

image of different Ge concentration nanowires were shown in Figure 

3-6~3-10. The area and surface-to-volume ratio were also summarized in 

the Table 3-2. The increment of the surface-to-volume ratio of nanowires 

was observed after oxidation. 
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After the oxidation of 2min at 950℃, the cross-section view SEM 

image of Si0.93Ge0.07 and Si0.89Ge0.11 nanowires were shown in Figure 3-11 

and 3-12. The area and surface-to-volume ratio were also summarized in 

the Table 3-3. After this oxidation process, the surface-to-volume ratio of 

nanowires also increased. 

Due to the surface-to-volume ratio increase, the change of electric 

property will increase. This is a reason that enhancement of the 

sensitivity. 

 

3.2 The sensitivity of SiGe nanowire sensor with various oxidation 

temperatures 

In this section, we reported the electric property and the sensitivity 

of SiGe nanowire sensor with various oxidation temperatures. And, we 

discussed the result respectively. 

 

3.2.1 Mechanism of detecting IgG antibody 

First, we used amino-propyl-trimethoxy-silane (APTMS) to modify 

the surface of native oxide layer around the SiGe nanowires. Due to 

hydroxyl molecules of the surface of native oxide layer were replaced by 

the methoxy side of the APTMS molecules, the surface potential of SiGe 

nanowire will increase. Therefore, the conductance of SiGe nanowires 

will increase. Next, we used bis-sulfo-succinimidyl suberate (BS3) as 

linker. When BS3 molecules bond to APTM molecules, the BS3 

molecules was easier to release the sodium ion and break the single bond 

between the carbon atom and the oxygen atom. The reasons caused the 
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negative charge absorbing on the surface. Hence, the conductance of 

SiGe nanowires will decrease. Finally, the IgG antibody will bond to BS3 

molecules. The conductance of SiGe nanowires will increase. The schema 

of mechanism was shown in Figure 3-13. 

 

3.2.2 The sensitivity of SiGe nanowires without oxidation 

In order to obtain the base data, we measured unoxidized-SiGe 

nanowires with different concentration. When different chemical 

molecules were dropped on the surface of SiGe nanowires, the ID-VD 

curve was recorded by HP4156A, as shown in Figures 3-14~3-17. In 

order to compare the sensitivity SiGe nanowire with/without oxidation, 

the value ∆S/S is considered. ∆S is the variation of conductance and S is 

the normal conductance of SiGe nanowire. The value shows the 

percentage change of conductance in the same change of surface potential 

after the APTMS and BS3 modified. We utilized equation 3.1 to obtain 

the average conductance of SiGe nanowires between VD= 4V to VD= 8V. 

                Conductance = 
L

W
V

σ=
∆
∆Ι                   (3.1) 

σ is the conductivity (S/m), W is the area of the nanowire, L is the 

length of the nanowire. We fixed the voltage ∆V at 0.2V to be constant. 

Figure 3-18 shows the result after APTMS, BS3 and IgG modified. The 

normal symbol is the conductance in the beginning and the APTMS 

symbol shows the conductance after APTMS modified. It is observed that 

higher conductance obtain after APTMS modified, the amounts of the 

APTMS molecules binding on the oxide surface performed like a 

constant voltage applied on the Si0.93Ge0.07 nanowire. The conductance of 
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BS3 became lower after BS3 linked. Finally, the antibody 

immunoglobulin IgG (protein) molecules were applied to link after the 

BS3 molecules, which also provided a positive gate voltage of the N-type 

Si0.93Ge0.07 nanowire. Figures 3-19~3-21 shows the conductance of the 

Si0.89Ge0.11, Si0.8Ge0.2, Si0.7Ge0.3 and Si0.6Ge0.4 respectively. The same 

phenomenon was also observed in other the SiGe nanowire with different 

Ge concentration. Finally, we utilized equation 3.2 to calculate change in 

conductivity after dropping different chemical molecules. 

Percentage of change of conductivity (%) = 
i

if

S
SS −

%100×   (3.2) 

Si is the conductance of SiGe nanowire before dipping chemical 

molecules, Sf is the conductance of SiGe nanowire after dipping chemical 

molecules. The value shows the percentage change of conductance in the 

same change of surface potential after the APTMS and BS3 modified. 

Figure 3-22 shows the percentage change of SiGe nanowire after APTMS 

modified. It is easily found that higher percentage change in conductance 

for the SiGe nanowire with higher Ge concentration. The higher variation 

appears in the same APTMS modified. The Ge enhances the sensitivity 

within the concentration from 7% to 30%. Figure 3-23 and 3-24 show the 

percentage change after BS3 and IgG modified. The same phenomenon 

that Ge enhances the sensitivity is also observed. The result is the same as 

our previous study for pH sensor. 

 

3.2.3 The sensitivity of SiGe nanowires after the oxidation of 2 min at 

900℃ 

To improve the sensitivity of SiGe nanowires with lower Ge 
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concentration, we utilized Ge condensation technology to enhance the Ge 

concentration in SiGe nanowire. The oxidation for the condition of 2 min. 

900 ℃ was employed before the ion implantation, the ID-VD curve of 

SiGe nanowires were shown in figures 3-25~3-27 for the SiGe with 

different concentration. Similarly, we used formula 3.1 to calculate the 

average conductance of SiGe nanowires between VD= 4V to VD= 8V, as 

shown in Figures 3-28~3-30. Finally, we utilized formula 3.2 to calculate 

sensitivity of nanowires with different Ge concentration, as shown in 

Figures 3-31~3-32. 

It is observed that the sensitivity of SiGe nanowires was enhanced 

by oxidation process. There are two reasons lead to the result. One is 

enhancement of surface-to-volume ratio after oxidation. The other one is 

Ge atom is rejected from the oxide and condensed in the remaining SiGe 

nanowire. In addition, Si0.6Ge0.4 nanowire was over oxidized because 

oxidation rate of SiGe layer increases with Ge concentration [48]. 

 

3.2.4 The sensitivity of SiGe nanowires after the oxidation of 2 min at 

950℃ 

We expected the sensitivity of SiGe nanowires were further 

enhanced by oxidation. Therefore, we change temperature of oxidation 

process (T=950℃). Unfortunately, some of nanowires were failure 

(Si0.8Ge0.2, Si0.7Ge0.3 and Si0.6Ge0.4), the reason may be nanowires were 

over oxidized. 

After the oxidation of 2min at 950℃, the ID-VD curve of SiGe 

nanowires were shown in Figures 3-33~3-34. The average conductance of 
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SiGe nanowires between VD= 4V to VD= 8V, was shown in Figure 

3-35~3-36. Finally, the sensitivity of SiGe nanowires were shown in 

Figures 3-37~3-38. 

We observed that the sensitivity of SiGe nanowire was enhanced by 

oxidation condition. After the oxidation of 2min at 950℃, the sensitivity 

of Si0.93Ge0.07 nanowire was enhancement as compared with the oxidation 

of 2min at 900℃. The result was shown in Figures 3-39~3-41. But, the 

sensitivity of Si0.89Ge0.11 nanowire was reduction as compared with the 

oxidation of 2min at 900℃. The result was shown in Figures 3-42~3-43. 

The reason may be higher defect was formed during this oxidation 

process [46]. In addition, we also oxidized SiGe nanowires by higher 

temperature (T=1000℃). But, oxidation rate was too fast so that 

nanowires were over oxidized. 
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Chapter 4 

Conclusions 

We have successfully fabrication the SiGe nanowire with different 

Ge concentration respectively. In addition, we used the SiGe nanowires as 

bio-sensor. The 3-amino-propyl-trimethoxy-silane (APTMS) was used to 

modify the surface, which could connect the bio-linker. The conductance 

of SiGe nanowire increases owing to APTMS with positive charge. The 

bis (sulfosuccinimidyl) suberate sodium (BS3) as the bio-linker 

connected to APTMS and the conductance decreased because of negative 

charge. Finally, the protein immunoglobulin G (IgG) is linked to BS3, 

and the conductance reduces for negative charge. In order to compare the 

sensitivity with/without oxidation, the ∆S/S is considered. ∆S is the 

variation of conductance and S is the normal conductance of SiGe 

nanowire. We have demonstrated that the sensitivity was improved by 

using higher Ge concentration (7% ~ 30%) nanowire. 

After the oxidation of 2 min at 900℃, the sensitivity of SiGe 

nanowires were enhanced. There are two reasons lead to the result. One is 

enhancement of surface-to-volume ratio after oxidation. The other one is 

Ge atom is rejected from the oxide and condensed in the remaining SiGe 

nanowire. In addition, we observed that oxidation rate of SiGe nanowire 

increase with Ge concentration. Therefore, Si0.6Ge0.4 nanowire was 

oxidized over. 

After the oxidation of 2 min at 950℃, the sensitivity of Si0.93Ge0.07 

nanowires were enhanced. The percentage change of the conductance is 



 22

9.6% for the normal state, 13.9% for the 900 ℃ oxidation and 34.76% 

for 950 ℃ oxidation after APTMS modified. It is clearly observed that 

the sensitivity is improved by oxidation. After the oxidation of 2min at 

950℃, the sensitivity (22.27%) of Si0.89Ge0.11 nanowire was reduction as 

compared with the oxidation (36.36%) of 2min at 900℃. The reason may 

be that higher defect was formed during this oxidation process. In 

addition, we also oxidized SiGe nanowires by higher temperature 

(T=1000℃). But, oxidation rate was too fast so that nanowires were over 

oxidized. 
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Chapter 5 

Future Work 

Due to oxygen concentration will affect whether GeO2 formed 

during oxidation process. We will change nitrogen/oxygen ratio to avoid 

GeO2 formed. In addition, we can change time of oxidation to control Ge 

concentration in SiGe nanowires. By changing nitrogen/oxygen ratio and 

time of oxidation, we will obtain optimum condition of oxidation. 
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Material of nanowire sensor Application 

Silicon pH sensor,bio-sensor,DNA sensor and virus sensor  

Metal oxide gas sensor 

Polymer gas sensor 

Metal gas sensor 

Table 1-1 

 

 

 

 

 

 

 

 

Figure 1-1. Conversion of a NW FET into NW nanosensor for pH sensing 

[1]. 
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Figure 1-2. Plot of the conductance Versus pH [1]. 

 

 

 
Figure 1-3. A biotion-modified SiNW and subsequent binding of 

streptavidin to the SiNW surface [1]. 

 

 

 

Figure 1-4. Plot of conductance versus time for a biotin-modified 

SiNW,where region 1 correspond to buffer solution,region 2 corresponds 

to the addition of 250nM streptavidin [1]. 
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Figure 1-5. Conductance versus time for a biotin-modified SiNW,where 

region 1 corresponds to buffer solution, region 2 corresponds to the 

addition of ~3μM m-antibiotin,and region 3 corresponds to pure buffer 

solution [1]. 

 
Figure 1-6. Modification scheme of the SiNW surface for the DNA 
detector: (1) self-assembly of 3-mercaptopropyltrimethoxysilane 
(MPTMS) by gas-phase reaction in Ar for 4 h; (2) covalent 
immobilization of DNA probes by exposing the previous surface to 5 íM 
solution of oligonucleotide CCT AAT AAC AAT modified with acrylic 
phosphoramidite at the 5¢-end for 12 h; (3) DNA detection based on 
hybridization between label-free complementary DNA target GGA TTA 
TTG TTA and the immobilized DNA probes on the SiNW surfaces. The 
inset is the SPV signal on a p-type Si surface at different stages of the 
modification; A, B, and C correspond to the schematic diagrams, D is 
with 25 pM solution of complementary DNA target exposed to the 
surface C, and E is with 25 pM solution of noncomplementary DNA 
(GGA TCA TTG TTA) exposed to the surface C [10]. 
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Figure 1-7. Conductance of the same p-type SiNW, where the arrow 
indicates the addition of 25 pM complementary DNA (GGA TTA TTG 
TTA) solution [10]. 
 
 

 
Figure 1-8. Conductance (Upper) and optical (Lower) data recorded 
simultaneously vs. time for a single silicon nanowire device after 
introduction of influenza A solution. Combined bright-field and 
fluorescence images correspond to time points 1–6 indicated in the 
conductance data; virus appears as a red dot in the images [11]. 
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Figure 1-9. Response of the SnO2 nanobelts to CO at a working 
temperature of 400 °C and 30% RH [13]. 
 

 

 

 
Figure 1-10. Measured time-dependent current through an individual 
CPNW sensor upon exposure to NH3 gas. The nanowire device being 
tested was about 335 nm in diameter [16]. 
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Figure 1-11. Sensor resistance responses for hydrogen concentration 
varied in a range from 0.2 to 1% by pulses [18]. 
 
 
 
 

 

Figure 1-12. Schema of Scanning Probe Lithography (SPL). 
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Figure 1-13. Schema of imprint process [28]. 

 

 

 

 

 
Figure 1-14. Schematic view of iterative spacer lithography (ISL) [29]. 
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Figure 1-15. Drain current of N- and P-MOSFETs are improved with the 

use of SiGe-channel [33]. 

 

 

 

 

Figure 1-16. The N-type sensitivity is improved with the increase 

concentration of Ge. [percentage % = (pH11-pH5)/pH5] 
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Figure 1-17. Scanning TEM image and Ge profile across the layers  
obtained by EDS measurement [41]. 
 
 
 

 

Figure 1-18. Mobility enhancement factor for the SGOI-MOSFETs as a 

function of the Ge fraction [47]. 
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Si substrate

5000Å SiO2

  

Figure 2-1. SiO2 layer is grown on Si substrate. The thickness of SiO2 

layer is 5000Å. 
 
 

  
 

Figure 2-2. Defined active area. The height of oxide step is 3000Å. 
 
 

 
 

Figure 2-3. Amorphous Si layer is deposited on SiO2 layer. The thickness 

ofα-Si layer is 150Å. 
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Figure 2-4. SiGe layer is deposited on α-Si layer. 
 
 
 
 
 
 

    
 

Figure 2-5. Defined S/D region and nanowire. 
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SiGe nanowire

 
 

Figure 2-6. Remove one side of the parallel SiGe spacer. 
 
 
 
 
 

   

SiGe nanowire

Al contact  
 

Figure 2-7. Defined Al contact pad. 
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Figure 3-1. The Cross-Section view of the SEM of Si0.93Ge0.07 nanowire. 

The height and width of Si0.93Ge0.07 nanowire are 192nm and 77nm 

respectively. 

 

 

 

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

The height and width of Si0.89Ge0.11 nanowire are 184nm and 45.5nm 

respectively. 
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Figure 3-3. The Cross-Section view of the SEM of Si0.8Ge0.2 nanowire. 

The height and width of Si0.8Ge0.2 nanowire are 159nm and 65.9nm 

respectively. 

 

 

 
Figure 3-4. The Cross-Section view of the SEM of Si0.7Ge0.3 nanowire. 

The height and width of Si0.7Ge0.3 nanowire are 153nm and 54.5nm 

respectively. 
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Figure 3-5. The Cross-Section view of the SEM of Si0.6Ge0.4 nanowire. 

The height and width of Si0.6Ge0.4 nanowire are 153nm and 54.5nm 

respectively. 

 

 

 

Figure 3-6. The Cross-Section view of the SEM of Si0.93Ge0.07 nanowire  

after the oxidation of 2 min at 900℃. The height and width of nanowire 

are 168nm and 55.9nm respectively. 
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Figure 3-7. The Cross-Section view of the SEM of Si0.89Ge0.11 nanowire  

after the oxidation of 2 min at 900℃. The height and width of nanowire 

are 166nm and 42.8nm respectively. 

 

 

 

Figure 3-8. The Cross-Section view of the SEM of Si0.8Ge0.2 nanowire  

after the oxidation of 2 min at 900℃. The height and width of nanowire 

are 137nm and 47.1nm respectively. 
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Figure 3-9. The Cross-Section view of the SEM of Si0.7Ge0.3 nanowire  

after the oxidation of 2 min at 900℃. The height and width of nanowire 

are 121nm and 43.5nm respectively. 

 

 

 
Figure 3-10. The Cross-Section view of the SEM of Si0.6Ge0.4 nanowire  

after the oxidation of 2 min at 900℃. The nanowire was oxidized over. 

 



 41

 

 

Figure 3-11. The Cross-Section view of the SEM of Si0.93Ge0.07 nanowire  

after the oxidation of 2 min at 950℃. The height and width of nanowire 

are 155nm and 42.9nm respectively. 

 

 

 
Figure 3-12. The Cross-Section view of the SEM of Si0.89Ge0.11 nanowire  

after the oxidation of 2 min at 950℃. The height and width of nanowire 

are 118nm and 38nm respectively. 
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Unoxidation 

Si1-xGeX height width area surface/volume 

Si0.93Ge0.07 1.92E-07 7.77E-08 1.49E-14 1.81E+07 

Si0.89Ge0.11 2.23E-07 7.07E-08 1.58E-14 1.86E+07 

Si0.8Ge0.2 1.59E-07 6.59E-08 1.05E-14 2.14E+07 

Si0.7Ge0.3 1.53E-07 5.45E-08 8.34E-15 2.49E+07 

Si0.6Ge0.4 1.72E-07 5.34E-08 9.18E-15 2.46E+07 

Table 3-1 

 

 
Dry Oxidation of 2min at 900℃ 

  height width area surface/volume 

Si0.93Ge0.07 1.68E-07 5.59E-08 9.39E-15 2.38E+07 

Si0.89Ge0.11 1.66E-07 4.28E-08 7.10E-15 2.94E+07 

Si0.8Ge0.2 1.37E-07 4.71E-08 6.45E-15 2.85E+07 

Si0.7Ge0.3 1.21E-07 4.35E-08 5.26E-15 3.13E+07 

Si0.6Ge0.4 - - - - 

Table 3-2 

 

 
Dry Oxidation of 2min at 950℃ 

  height width area surface/volume 

Si0.93Ge0.07 1.55E-07 4.29E-08 6.65E-15 2.98E+07 

Si0.89Ge0.11 1.18E-07 3.80E-08 4.48E-15 3.48E+07 

Si0.8Ge0.2 - - - - 

Si0.7Ge0.3 - - - - 

Si0.6Ge0.4 - - - - 

Table 3-3 
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Figure 3-13. Schema of mechanism of detecting IgG antibody. 

 

 

 

Figure 3-14. The ID-VD curve of N-type Si0.93Ge0.07 nanowire. The length 

of nanowire is 30μm. 

 

APTMS 

BS3 
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Figure 3-15. The ID-VD curve of N-type Si0.89Ge0.11 nanowire. The length 

of nanowire is 17μm. 

 

 
Figure 3-16. The ID-VD curve of N-type Si0.8Ge0.2 nanowire. The length of 

nanowire is 13μm. 
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Figure 3-17. The ID-VD curve of N-type Si0.7Ge0.3 nanowire. The length of 

nanowire is 19μm. 

 

 
Figure 3-18. The conductance of N-type Si0.93Ge0.07 nanowire changes 

with different chemical molecules. The length of nanowire is 30μm. 
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Figure 3-19. The conductance of N-type Si0.89Ge0.11 nanowire changes 

with different chemical molecules. The length of nanowire is 17μm. 

 

 
Figure 3-20. The conductance of N-type Si0.8Ge0.2 nanowire changes 

with different chemical molecules. The length of nanowire is 13μm. 
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Figure 3-21. The conductance of N-type Si0.7Ge0.3 nanowire changes 

with different chemical molecules. The length of nanowire is 19μm. 

 

 
Figure 3-22. The sensitivity improves with the increment of Ge 

concentration. 
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Figure 3-23. The sensitivity improves with the increment of Ge 

concentration. 

 

 
Figure 3-24. The sensitivity improves with the increment of Ge 

concentration. 
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Figure 3-25. After the oxidation of 2min at 900℃, ID-VD curve of N-type 

Si0.93Ge0.07 nanowire. The length of nanowire is 50μm. 

 

 

Figure 3-26. After the oxidation of 2min at 900℃, ID-VD curve of N-type 

Si0.89Ge0.11 nanowire. The length of nanowire is 9μm. 
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Figure 3-27. After the oxidation of 2min at 900℃, ID-VD curve of N-type 

Si0.8Ge0.2 nanowire. The length of nanowire is 15μm. 

 

 

 

Figure 3-28. After the oxidation of 2min at 900℃, the conductance of 

N-type Si0.93Ge0.07 nanowire changes with different chemical molecules. 

The length of nanowire is 50μm. 
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Figure 3-29. After the oxidation of 2min at 900℃, the conductance of 

N-type Si0.89Ge0.11 nanowire changes with different chemical molecules. 

The length of nanowire is 7μm. 

 

 

Figure 3-30. After the oxidation of 2min at 900℃, the conductance of 

N-type Si0.8Ge0.2 nanowire changes with different chemical molecules. 

The length of nanowire is 15μm. 
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Figure 3-31. After the oxidation of 2min at 900℃, the sensitivity of SiGe 

nanowires were enhanced. 

 

 

Figure 3-32. After the oxidation of 2min at 900℃, the sensitivity of SiGe 

nanowires were enhanced. 
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Figure 3-33. After the oxidation of 2min at 950℃, ID-VD curve of N-type 

Si0.93Ge0.07 nanowire. The length of nanowire is 20μm. 

 

 

Figure 3-34. After the oxidation of 2min at 950℃, ID-VD curve of N-type 

Si0.89Ge0.11 nanowire. The length of nanowire is 13μm. 
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Figure 3-35. After the oxidation of 2min at 950℃, the conductance of 

N-type Si0.93Ge0.07 nanowire changes with different chemical molecules. 

The length of nanowire is 20μm. 

 
Figure 3-36. After the oxidation of 2min at 950℃, the conductance of 

N-type Si0.89Ge0.11 nanowire changes with different chemical molecules. 

The length of nanowire is 13μm. 
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Figure 3-37. After the oxidation of 2min at 950℃, the sensitivity of SiGe 

nanowires were enhanced. 

 

 
Figure 3-38. After the oxidation of 2min at 950℃, the sensitivity of SiGe 

nanowires were enhanced. 
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Figure 3-39. The sensitivity of Si0.93Ge0.07 nanowires were enhanced with 

different oxidation temperature. 

 

 

Figure 3-40. The sensitivity of Si0.93Ge0.07 nanowires were enhanced with 

different oxidation temperature. 
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Figure 3-41. The sensitivity of Si0.93Ge0.07 nanowires were enhanced with 

different oxidation temperature. 

 

 

Figure 3-42. The sensitivity of Si0.89Ge0.11 nanowires changed with 

different temperature. 
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Figure 3-43. The sensitivity of Si0.89Ge0.11 nanowires changed with 

different temperature. 
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