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Silica nanowires have been the subject of intense study owing to their unique 

properties of blue light emission and easy surface functionalization. Vapor-

liquid-solid (VLS), solid-liquid-solid, and solution-liquid-solid mechanisms 

have been used to explain the growth characteristics of these silica nanowires. 

However, these techniques require relatively high growth temperatures up to ~ 

1000 oC and long growth durations of several hours or even days to grow 

micrometer-long nanowires. Moreover, addition of metal catalysts, which is 

essential for initiating the synthesis of silica nanowires, could potentially pose 

a concern of metal contamination. The high growth temperature and metal 

contamination by the catalysts limits their applications to extended areas, such 

as display devices and bioelectronics. In this paper silica nanowires were 

synthesized by employing inherent directionality of chemical vapor reaction 

between bis(ethylmethylamino)silane (H2Si[N(C2H5)(CH3)]2) precursor and 

water without a metal catalyst at room temperature. The difference in the 
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oxidation reactivity between Si-H and Si-N bonds with water leads to the 

formation of silica nanowires. The mean diameter and length of the silica 

nanowires grown for 10 min were ~ 60-80 nm and ~ 1.9 μm, respectively. 

Transmission electron microscopy revealed that the obtained nanowires had the 

concave tip, differing from other silica nanowires produced by a conventional 

vapor-liquid-solid method, and were amorphous. The reverse cone shape at the 

distal tip of nanowire is due to initial growth starting around the perimeter of 

the nuclei. Energy dispersive X-ray spectroscopy, Fourier transform infrared, 

and X-ray photoelectron spectroscopy results indicated that the nanowires have 

a close composition to stoichiometric SiO2. But a comparison of normalized 

XPS peaks with thermal oxide indicates that the oxygen is deficient due to many 

disorders, in this case disorders are Si-H bonds and H2O molecules in the 

interior of silica nanowires. Unipolar resistive switching behavior in silica 

nanowires was firstly reported. The switching is stable extended cycling, the 

minimum ratios of HRS to LRS are maintained over 300 times of switching. 
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1. Introduction 

 

1.1 Overview 

 

Dimensional scaling of integrated circuits (ICs) has been a crucial issue now 

than before. Lithography technology is pushed to the limit for making more and 

more small devices. Then etch and deposition technologies are suffering for 

defining pattern and filling gap. In addition, 3D integration of chip is adopted 

to get through the dimensional scaling issues. Although these efforts will 

become driving force to sustain dimensional scaling for the next decade, 

technologies of the electronic industry will face critical restriction of the scale 

down at some future day. In this situation, nanometer-sized materials have 

received steadily growing interests as a result of their peculiar and fascinating 

properties, and applications superior to their bulk counterparts. Figure 1.2 

shows the number of published papers per year for nanostructures and various 

memory devices. The number of published papers for nanostructures has 

increased extremely than IC technologies. The emerging of nano-materials will 

bring fundamental changes to the future IC industry, but nanostructures are still 

at a research level and not yet mature for the IC industry. Whereas 

microelectronic devices and other structures of “micro” scale have been 
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understood for well over fifty years, the field of nanotechnology is young. 

There is no doubt that this new field will continue to develop and overcome the 

problems of the electronic industry, with contributions from researchers and 

engineers. It is hoped that researchers will find the inspiration to push this field 

a step further toward commercial importance. This will take time, and we are 

currently only at the beginning of a long journey. 
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Fig. 1.1 The number of published papers per year for nanostructures and various 

memory devices. [source: ISI Web of Knowledge] 
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1.2 Silica nanowires 

 

Silica nanowires have been the subject of intense study owing to their unique 

properties of blue light emission and easy surface functionalization [1,2]. Since 

Yu et al. [2] synthesized silica nanowires by laser ablation method, 

demonstrating intense blue light emission from the silica nanowires, several 

other methods, such as sol-gel, thermal evaporation, thermal annealing and 

chemical vapor deposition, have been applied to the synthesis of silica 

nanowires. Vapor-liquid-solid (VLS), solid-liquid-solid, and solution-liquid-

solid mechanisms have been used to explain the growth characteristics of these 

silica nanowires. However, these techniques require relatively high growth 

temperatures up to ~ 1000 oC and long growth durations of several hours or 

even days to grow micron-long nanowires. Moreover, addition of metal 

catalysts, which is essential for initiating the synthesis of silica nanowires, 

could potentially pose a concern of metal contamination. The high growth 

temperature and metal contamination by the catalysts limits their applications 

to extended areas, such as display devices and bio-electronics. 

 

 

1.2.1 Growth techniques and mechanisms of silica nanowires 
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Top-down and bottom-up technologies are main approaches to the 

production of 1D structures. Top down technology is the fabrication method of 

IC with deposition, photolithography, and etching. Although this is well 

developed technology of IC, extremely elevated costs and preparation times are 

disadvantages. Bottom-up technique is based on chemical synthesis in vapor 

phase, solution-based synthesis, template growth, and the assembly of 

molecular building blocks. The low costs and high purity of produced materials 

are its advantages. 

 

 

1.2.1.1 Vapor–liquid–solid mechanism 

 

The controlled catalytic growth of whiskers was discovered by Wagner and 

Ellis in 1964 [3], they found that Si whiskers could be grown by heating a Si 

substrate covered with Au particles in a mixture of SiCl4 and H2 and their 

diameters was determined by the size of Au particles. Wagner and Ellis named 

the VLS mechanism for the three phases involved: the vapor phase precursor, 

the liquid catalyst droplet, and the solid crystalline product. VLS mechanism is 

one of the most established processes for the growth of silica nanowires as 
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shown in Fig. 1.2. Oxide-assisted growth is another mechanism proposed for 

nanowire formation in vapor growth [4,5]. This mechanism emphasizes that it 

is essential to form a thermodynamically unstable oxide phase. At low 

temperature, decomposition of the unstable oxide provides the nucleus for 

nanowire formation and the temperature gradient provides the driving force for 

nanowire growth. 

 

 

1.2.1.2 Vapor–solid mechanism 

 

Vapor-solid (VS) process is an evaporation-based synthesis method [6,7]. In 

the VS process, the oxide vapor, formed at a higher temperature region, directly 

deposits on substrate at lower temperature region and grows into nanostructures. 

Yun et al. reported the direct synthesis of silica nanowires on organic polymer 

substrates by VS mechanism [8]. 

 

 

1.2.1.3 Solution phase growth 

 

Growth of 1D nanostructures in solution phase has been successfully 



 
 
 

7

achieved. The advantages of solution phase methods are possibilities to reduce 

complexity and cost of fabrication. Template-assisted and template-free 

methods are major approaches. 1D nanostructures are prepared with a periodic 

structured template such as anodic aluminum oxide (AAO). Solution process is 

based on hydrolysis and condensation. Zach et al. reported chemical vapor 

deposition of silica nanoribbons using step-edge localized water [9]. Another 

template-free synthesis process for silica nanowires is taper drawing method. 

Tong et al. reported subwavelength-diameter silica wires by taper drawing 

method [10]. 

 

 

1.2.2 Properties of silica nanowires 

 

1.2.2.1 Optical properties of silica nanowires 

 

SiO2 as a possible Si-based light-emitting material has been great interest for 

display. Photoluminescence (PL) bands with peak energies around 1.9-4.3 eV 

have reported for bulk SiO2 [11] and SiO2 film [12]. Recently, silica nanowires 

were fabricated by various techniques and high blue light emission was 

observed [2]. Table 1.1 lists the PL emission bands reported for silica materials. 
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Tong et al. [10] fabricated long freestanding silica nanowires using ‘Taper 

Drawing’ process with diameters down to 50 nm that show atomic-level surface 

smoothness and excellent diameter uniformity. The length of the wires was 

estimated to be in tens of millimeters, giving them an aspect ratio larger than 

50,000. It was shown that light can be launched along these wires by optical 

evanescent coupling. The wires enable single-mode operation and have very 

low optical losses within the visible to near-infrared spectral range. 

 

 

1.2.2.2 Electrical properties of silica nanowires 

 

  The SiO2 nanowire is also considered as a good field-emission (FE) emitter 

because of its good chemical stability, high-aspect ratio and good compatibility 

with the Si devices; however, there have been fewer reports in regard to the 

field-emission properties of the SiO2 nanowires [13,14]. Field-emission is 

based on the physical phenomenon of quantum tunneling, during which 

electrons are injected from a material surface into a vacuum under the influence 

of an applied electric field. Chiu et al. [14] reported that there is no emission 

density from SiO2 nanowires, but good FE properties from platinum coated 

SiO2 nanowires. FE measurements showed that the turn-on electric field of the 
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Pt coated SiO2 nanowires was 2.9Vμm−1. 

Hu et al. [15] presented the use of a microreactor approach to the fabrication 

of a self-organized photosensitive gold nanoparticle chain encapsulated in a 

silica nanowire. Such a hybrid nanowire shows pronounced surface-plasmon-

resonance (SPR) absorption. More remarkably, a strong wavelength-dependent 

and reversible photoresponse has been demonstrated in a two-terminal device 

using an ensemble of gold nanopeapodded silica nanowires under light 

illumination, whereas no photoresponse was observed for the plain silica 

nanowires (see figure 1.5). These results show the potential of using gold 

nanopeapodded silica nanowires as wavelength-controlled optical 

nanoswitches. 

 

 

1.2.2.3 Mechanical properties of silica nanowires 

 

Many reports besides about synthesis and optical properties are not published 

in comparison with a number of published papers. Mechanical property of silica 

nanowires were reported few researchers. Tong et al. [10] reported that the 

wires have tensile strength in excess of 5 GPa. The wires were also resilient and 

flexible, easily bending into microscopic loops. Ni et al. [16] reported that 
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elastic modulus of the amorphous SiO2 nanowires was measured to be 76.6±7.2 

GPa, which is close to the reported value of the bulk SiO2 and thermally grown 

SiO2 thin films, but lower than that of plasma-enhanced CVD SiO2 thin films. 

The amorphous SiO2 nanowires exhibit brittle fracture failure in bending. Dikin 

et al. [17] used the mechanical resonance method to determine the bending 

modulus of amorphous SiO2 nanowires and to study an electron charge trapping 

effect that occurs in these nanowires. For uniform amorphous nanowires having 

diameter ~100 nm and length over 10 mm, the fit modulus values cluster near 

47 GPa; this value is lower than the commonly accepted value of ~72 GPa for 

fused silicon oxide (glass) fibers. 

 

 

1.2.2.4 Simulations for silica nanowires 

 

Several recent theoretical studies have shown that silica nanowires possess 

large energy gaps between the highest occupied molecular orbitals (HOMOs) 

and the lowest unoccupied molecular orbitals (LUMOs) and thus were 

proposed to be good insulating materials [18,19]. Singh et al. [20] employed 

density functional theory (DFT) to study ground state structures and electronic 

properties of SiO and SiO2 nanotubes. They demonstrated that the pentagonal 
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SiO nanotubes are the most stable structures and possess semiconducting 

properties; however, the insulation qualities of SiO2 nanotubes are quite similar 

to bulk. Sun et al. [21] reported the breakdown behavior of silica nanowires in 

an applied electric field by performing DFT calculations. They modeled a silica 

nanowire using the thinnest silica molecular chain consisting of the side-shared 

two-membered rings. Lee et al. [22] reported mechanical properties and 

structural characteristics carried out by molecular dynamics simulation, 

specifically the temperature and diameter effect on the tensile strength, yielding 

strain, and Young’s modulus. Results show that diameter significantly affects 

Young’s modulus and yielding stress, whereas the temperature mainly 

influences yielding strain and yielding stress.  

The simulation results still lack a convincing physical meaning for silica 

nanowires, since the simulation techniques to investigate structural and 

electronic properties have focused on small nano clusters and chains of (SiO2)n 

(n = 4~100). 
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Fig. 1.2 The number of published papers per year for silica nanowires with 

various growth mechanisms. 
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Fig. 1.3 The processes that occur during catalytic growth. (a) In root growth, 

the particle stays at the bottom of the nanowire. (b) In float growth, the particle 

remains at the top of the nanowire. (c) In multiple prong growth, more than one 

nanowire grows from one particle and the nanowires must necessarily have a 

smaller radius than the particle. (d) In single-prong growth, one nanowire 

corresponds to one particle. One of the surest signs of this mode is that the 

particle and nanowire have very similar radii. Reprinted from Ref. [23]. 
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Table 1.1 The PL emission bands reported for silica materials. 

 
emission energy 

ref. 
eV nm 

oxygen excess defects 3.4-3.5 363-354 [24] 

neutral oxygen 

 vacancy (≡Si–Si≡) 
2.7 459 [2,25] 

=Si: 3.0 413 [2,26] 

defects in a-SiO2 4.4 282 [27] 

an ODC 4.4 282 [28] 

neutral oxygen 

 vacancy 
4.3 288 [11] 

the defect states 

 related to Si–O species 
3.3, 3.4-3.3 376, 370-380 [29,30] 
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Fig. 1.4 (a) FE (J –E) curves of as-produced SiO2 nanowires and Pt coated SiO2 

nanowires with different densities. SEM images of (b) low density and (c) high 

density Pt coated SiO2 nanowires synthesized by the Si@SiO2 core–shell 

particles of 0.1 g and 0.5 g, respectively. (d) FN plot of Pt coated SiO2 

nanowires. Reprinted from Ref. [14]. 
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Fig. 1.5 Photoresponse measurements. The room-temperature resistance 

response as a function of time to light illumination for plain silica nanowires 

(upper part) and gold nanopeapodded silica nanowires (lower part). Shaded 

(pink, excitation wavelength lex = 635 nm; green, lex = 532 nm; purple, lex = 405 

nm) and unshaded regions mark the light-on and light-off periods, respectively. 

Reprinted from Ref. [15]. 
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1.3 Resistive switching random access memory (ReRAM) 

 

1.3.1 Materials for ReRAM application 

 

Since the first demonstration of resistance switching phenomenon in 

chalcogenide glass material in 1960s [31], many resistance switching materials 

have been reported and the switching mechanisms have been discussed. The 

resistance switching have been observed not only in metal oxides but also in 

various types of materials, such as group IV and III-V semiconductors (in many 

cases, the switching is volatile) and organic compounds [32,33]. Among 

various materials, binary metal oxide (BMO) has been received great attention 

from electronic semiconductor industry due to their simple composition and 

simple metal/insulator/metal (MIM) structures using conventional deposition 

technique such as sputtering, evaporation, and chemical vapor deposition 

(CVD). Table 1.2 lists the binary metal oxides that have shown reported 

resistance switching materials and its properties in the last eight years.  

 

 

1.3.2 Classification of resistive switching phenomenon 
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Resistance switching behavior is a key point in the ReRAM operation. 

Resistance memories nominally include all types of memories using two or 

more distinctive resistance states as the ‘0’ and ‘1’. The ReRAM device is 

characterized by two distinctive resistance states: a high resistance state (HRS) 

and a low resistance state (LRS). By applying either a voltage or a current to 

the cell, reversible switching between the HRS and LRS can be achieved. Once 

switched, the cell retains the particular resistance level for a long time [34]. 
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Table 1.2 Various binary metal oxide materials utilized for ReRAM devices. 

(U; unipolar switching, B; bipolar switching) 

Material Operation mode Device size 
Operation 

current 
Ref. 

Al2O3 B 800 μm2 20 ~ 50mA [35] 

NiO U 30 × 30 μm2 ~ 20 mA [36] 

CoO U 20 × 20 μm2 ~10 mA [37] 

Cu2O B 100 × 100 μm2 ~ 10 mA [38] 

FeOx B - < 5 mA [39] 

HfO2 B 10-5 cm2 < 0.3 mA [40] 

MgO U 200 × 400 nm2 1 ~ 10 mA [41] 

Ta2O5-x B 0.5 × 0.5 μm2 < 200 μA [42] 

TiO2 U/B 700 μm2 
~ 1 mA(B),  

30~ 50 mA (U) 
[43] 

ZnO U 1500 μm2 ~ 20 mA [44] 

ZrO U 1000 μm2 ~ 10 mA [45] 
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On the basis of I–V characteristics, the switching behaviors can be classified 

into two types: unipolar (nonpolar) and bipolar, for which typical I–V curves 

are shown in Figs. 1.6 (a) and (b), respectively. In unipolar resistive switching 

(URS), the switching procedure does not depend on the polarity of the write 

voltage signal. The pristine memory cell is in a highly resistive state and is put 

into a low-resistance state (LRS) by applying a specific high voltage stress. This 

process called ‘electroforming process’. After the electroforming process, the 

cell in a LRS is switched to a high-resistance state (HRS) by applied voltage 

(reset process). Switching from a HRS to a LRS (set process) is achieved by 

applied voltage that is usually larger than the reset voltage. During set process, 

the current is typically limited by the current compliance of control circuit. The 

unipolar switching behavior has been widely observed in various BMOs. When 

the set to an LRS occurs at one bias polarity and the reset to HRS occurs at 

reversed bias polarity, this resistive switching behavior is called bipolar 

resistive switching (BRS). The BRS behavior occurs with many 

semiconducting oxides, such as complex perovskite oxides [46].  

 

 

1.3.3 Resistive switching mechanisms 
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Various studies have reported the origin and mechanisms for the resistance 

switching of ReRAM. There are usually two proposed models of resistive 

switching mechanism: the "filament model" and the "interface model". In this 

section, the filament model is firstly shown, then, interface model with the 

experimental evidence is described. 

 

 

1.3.3.1 Filament model 

 

A possible mechanism of resistance switching effect was reported in the 

study of NiO, which the switching was based on the formation and rupture of a 

nickel metallic filament in a NiO thin film held between two electrodes [47]. 

This is the first report to propose the mechanism called "filament model". In 

1967, there was discussing the possibility of using this resistance switching 

phenomena for a memory application [47,48]. Recently, Kwon et al. confirmed 

a formation and disruption of TinO2n-1 (or so-called Magneli phase) metallic 

filament during resistive switching in Pt/TiO2/Pt system [49]. Fig. 1.7 shows a 

schematic diagram of filament-type resistive switching mechanisms that shows 

unipolar switching behavior [46]. In the forming process (1), filamentary 

conducting path is generated as a soft breakdown in the dielectric material. 
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Rupture of the filaments occurs during the reset (2) process, and filament 

formation during the set process (3). Thermally assisted redox and/or 

anodization near the interface between the electrode and the metal oxide films 

are widely considered to be the mechanism of the formation and rupture of the 

filaments [50,51]. 

The other studies using MIM structures supported the filamentary nature of 

the nonvolatile resistance switching. The electrode area dependence and the 

oxide thickness dependence on the I-V characteristics were investigated [52]. 

The results showed that the current flowed uniformly in the off-state, while in 

the on-state the current was localized. In addition, the set and reset voltages did 

not depend on the thickness of the oxide. These facts evidenced that the set and 

reset switching was associated with the homogeneous/inhomogeneous 

transition of the current distribution. Namely, the "electric faucet" turns on and 

off at the high-resistance interface to regulate the current flow in the filament 

conduction path between two electrodes. 

Performing more physical observations, e.g., by conductive atomic force 

microscopy (C-AFM), the evidence of the formation and rupture of conducting 

channels was provided with a high spatial resolution [53-55]. By applying the 

external voltage to the C-AFM tip as the top electrode, the nonvolatile 

resistance switching operations of forming, reset, and set were triggered, the 
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conducting spots appeared in the forming and set processes, and the locally 

distributed conducting regions disappeared after the reset process, as shown in 

Fig. 1.8. The diameter of the conducting spots was typically approximately 3-

10 nm after the forming operation with a bias of 8.0 V. Reductions in the 

switching power and the switching speed for small memory element sizes were 

observed in the range of 102 ~ 1010 nm2 [53].  This is considered to be due to 

the reduction in the number of filaments and thinner filaments for a smaller 

electrode size. In the same report, a high resolution transmission electron 

microscopy (HR-TEM) image of the NiO layer showed the formation of nano-

filament nickel channels across two electrodes through the grain boundaries of 

the insulating NiO matrix. 

The contribution of the Joule heating to the filament rupture in Pt/NiO/Pt has 

been discussed in detail based on the self-accelerated thermal dissolution model 

for the reset process [56]. This model also proposes that the down-scaling of 

the cylindrically-shaped filament leads to the reduction of the reset current and 

the importance of the filament size control have been pointed out. Moreover, 

reliability predictions for the read disturb and data retention characteristics in 

NiO based ReRAM have been demonstrated by their analytical models [57]. It 

should be noted that the cross-sectional shape of the filament can affect the 

longitudinal position of the filament rupture [58]. 
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1.3.3.2 Interface model 

 

The other resistive switching mechanism is an interface-type model, in which 

the resistive switching takes place at the interface between the metal electrode 

and the oxide. Using multi-lead resistance measurements on perovskite oxide 

cells, Baikalov et al. have recently shown that the contact resistance between 

the metal electrode and the perovskite oxide changes upon the application of an 

electric field [59]. This switching model is usually related to the bipolar-type 

resistive switching behavior. One can easily understand the interface model that 

the change in the oxidation state by the analogy of anodic oxidation. The redox 

reaction was evidenced optically in the Fe-O-based ReRAM [39]. Raman 

microspectroscopy on the lateral device and four-electrode transport 

measurements revealed that the resistance switching could be explained as a 

redox reaction between Fe3O4 and Fe2O3 at the interface near the anode. 

Another evidence for the redox reaction at the electrode interface in a 

Pt/TaOx/Pt memory cell was confirmed by hard X-ray photoemission 

spectroscopy (HX-PES) [42]. Fig. 1.9 shows Ta 4d HX-PES spectra of a TaOx 

large-area test vehicle. The spectra clearly show the correspondence of the 
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reduced TaOx component to the change in the resistance state. Wei et al. claimed 

that the resistance switching occurred upon changing the barrier height between 

the anode and TaOx, caused by the redox reaction. The interface layer included 

Ta2O5-δ and TaO2-β. In the reset operation, by applying a positive voltage pulse 

to the anode electrode, O2- ions migrated and the oxidization reaction of the 

TaO2-β and O2- led to the formation of Ta2O5-δ. Increasing the Ta2O5-δ component 

enlarged the bandgap and increased the schottky barrier height (SBH) at the 

interface. For the set operation, the reduction reaction of the Ta2O5-δ by applying 

the negative voltage pulse on the anode electrode decreased the SBH. Therefore, 

the switching behavior of Ta2O5 can be classified as BRS. The interface 

switching mechanism from SBH was also confirmed by Sawa et al. [60]. The 

C–V curve for the Ti/PCMO interface shows hysteretic behavior, and C is larger 

in the LRS than in the HRS39. This suggests that Wd is narrower in the LRS 

than in the HRS (Fig. 1.10). Electrons possibly pass through the thin Schottky-

like barrier via a tunneling process in the LRS, whereas the thick barrier in the 

HRS prevents tunneling. Electrochemical migration of oxygen vacancies in the 

vicinity of the interface is considered to be the driving mechanism for the 

change in Wd.  
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1.3.4 Electronic conduction mechanism in metal-insulator-metal 

(MIM) structure 

 

It has been reported that the I-V behaviors in the LRS of ReRAM device can 

be well explained by the Ohmic conduction and that they are quite reproducible 

during repeated switching experiments. However, the conduction behavior in 

the HRS is much more complicated and less reproducible. Therefore, the 

studying about conduction mechanism in HRS offers direct clues to 

understanding the resistive switching process. 

 

 

1.3.4.1 The thermionic (Schottky) current [61] 

 

When the electrons of a metal/insulator/metal (MIM) structure travel through 

the insulating layer without scattering due to phonons or impurities, the current 

is limited only by the electrode injection phenomena. The thermionic current 

(also called Schottky current) is one of electrode-limited current, and it is due 

to the electrons which transit above the potential barrier, i.e. those of energy E 

>　　m, as illustrated in Fig. 1.11 (figure in which 　0 represents the metal-

insulator barrier height without image force effect). 
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From the electronic current equation in MIM, the electronic current density can 

be written as follows; 

 

J
4πqk m∗T

h
	exp

∅
k T

	exp
β E

	 

with 

β
q

4πε ε
			 

 

　s is called Schottky constant, which is defined as 　s = 3.8 * 10-4 (　i)-1/2. This 

equation is the Richardson-Schottky equation. 

Thus, the Schottky current flow is a thermally activated process. The activation 

energy is 　o - 　s E1/2, the difference between the metal-insulator barrier height 

　o and the barrier lowering due to the image force effect 　s E1/2.  

Schottky analysis followed the standard procedure; the various I-V curves were 

plotted on ln(I/T2) versus V1/2 and the Schottky V region was found. Then, 

ln(I/T2) was plotted with respect to 1/T in the Schottky V region, and the 

variation of activation energy obtained from the slopes was plotted as a function 

of V1/2. During the analysis, it was found that V and T region for Schottky fitting 

was quite narrow due to the interference with the Ohmic current and others. 
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1.3.4.2 The Poole-Frenkel current [61] 

 

In the case of an Ohmic contact between electrode and insulator, when the 

insulator-metal interface is injecting, the current is limited by a bulk effect, 

which means electronic conduction property is dependent on the characteristics 

of the insulator. In an insulator, there can be exist in deep donor levels. There 

also often exist shallow electron traps, such as oxygen vacancy or defects. In 

this case, when an electron travels in insulator, it easily gets trapped by electron 

traps. An electronic conduction can still proceed if the electron can transit from 

one trapping site to the next. The barrier height 　m of each trapping site 

depends on the various interactions, on the local electric field and on the 

distance separating the energy level of the trap and the lower edge of the 

insulator conduction band (　s in figure 1.12). An electron can overcome this 

barrier though a thermionic mechanism, when Ex, the energy of the electron 

along the x axis, is such that Ex > 　m (so called Poole-Frenkel effect). In this 

case, electrons have enough energy to transit over the energy barrier whose 

height is given by equation. For calculating Poole-Frenkel current, it has 

various cases: thick or thin insulator, presence or absence of trapping sites. 
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	ϕ 	ϕ 	Δϕ 	ϕ β E / 		

with							β
πϵ ϵ

																																							 

 

 

i) Thick insulator without traps 

 

N N / μ exp
ϕ
2k T

exp
β
2k T

E  

 

ii) Thick insulator without traps 

 

N N / μ exp
ϕ ϕ
2k T

exp
β
2k T

E 	 

 

iii) Thick insulator without traps 

 

	 N μ exp
ϕ
k T

exp
β
k T

E  

 

Here, NC and ND mean equivalent density of states in the insulator conduction 

band and donor atom concentration, respectively. In all cases, the quantity ln 

(J/E) varies linearly with E1/2. The slope is equal to 　PF/2kBT for a thick 
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insulator and to 　PF/kBT for a thin insulator. 

 

 

1.3.4.3 Space-Charge-Limited current (SCLC) [61] 

 

In Poole-Frenkel effect, it is supposed that the electric field was constant. When 

injection in strong, this hypothesis is no longer valid. 

 

i) weak injection 

In the case of weak injection of electron, the insulator charge density 

x can be ignored and the electric field, therefore, constant. This 　　　 　　

Ohmic conduction occurs as long as the insulator is electrically quasi-neutral. 

The current is as follows; 

	n x 	 	
V
s
	 

where, s is the insulator thickness,  is the electron mobility.　  

 

ii) strong injection 

For stronger injection, the insulator traps fill up and a space charge appears. 

The charge density is equal to x  = 　　　 　 -q nt
- = -q n(x)/ . From integrate 　　

Poisson’s equation, the current density is as follows; 
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9
8
	 	
ε ε
s

	θ	V  

  

  J varies with V (Child’s law). This behavior is typical of the space charge 

conduction behavior.  

iii) very strong injection 

When all traps are filled, the space charge is due to the conduction electrons 

with a charge density to x  = 　　　 　 -q n(x). The current expression is as 

follows; 

9
8
	 	
ε ε
s

	V  

 

By integrating Poisson’s equation with x  = 　　　 　 -q Nt, one can calculate 

trap-filled-limited voltage (VTFL) defined as the limit between the strong 

injection and the very strong injection. It is as follows; 

qN S
2ε ε

	 

  Figure 1.13 shows a rough diagram of the J(V) characteristics. When in the 

strong injection mode, the bias voltage reaches VTFL, the traps get gradually 

saturated which means that the Fermi-level gets closer to the bottom of the 

conduction band. This results in a strong increase of the number of free 

electrons, thus explaining the increase of the current for V = VTFL. 
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Fig. 1.6 I-V curves for (a) unipolar (nonpolar) switching in a Pt/NiO/Pt cell and 

(b) bipolar switching in a Ti/La2CuO4/La1.65Sr0.35CuO4 cell. Reprinted from Ref. 

[46]. 
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Fig. 1.7 Schematic diagram of unipolar resistive switching behavior. Reprinted 

from Ref. [45]. 
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Fig. 1.8 C-AFM on TiO2 films. (a) Schematic diagram of the C-AFM 

measurements. (b) I-V curves using the conducting AFM tip as a top electrode 

clearly show the forming, reset, and set operations. (c) Mapping of the current 

flow through the surface just after the forming operation with 8 V shows locally 

distributed conducting regions. (d) After the reset operation with 1 V, the TiO2 

surface in the HRS state shows that the locally distributed conducting regions 

disappear. Reprinted from Ref. [62]. 
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Fig. 1.9 Ta 4d HX-PES spectra of TaOx large-area test vehicle. The height of 

the reduced TaOx component corresponds to the change of the resistance state, 

the low resistance state (LRS), the high resistance state (HRS), and the initial 

state showing the highest resistance state. Reprinted from Ref. [42]. 
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Fig. 1.10 C–V curves under reverse bias for a Ti/PCMO/SRO cell show 

hysteretic behavior. This indicates that the depletion layer width (Wd) at the 

Ti/PCMO interface is altered by applying an electric field. Reprinted from Ref. 

[60]. 
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Fig. 1.11 Energy diagram for a symmetrical MIM structure. Reprinted from Ref. 

[62]. 
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Fig. 1.12 Schematic diagram of electronic potential energy in insulator 

containing a trap. Reprinted from Ref. [62]. 
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Fig. 1.13 Variation of ln(J) as a function of V in the case of SCLC. Reprinted 

from Ref. [62]. 
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1.3.5 Resistive switching behavior in silica 

 

Resistive switching behavior in silicon oxide was rarely reported [63-66], 

since reversible voltage memory effects and voltage-controlled negative 

resistance in SiOx were firstly reported by Simmons et al. in 1967 [67]. 

Although silicon oxides have great potential for resistive switching devices due 

to the compatibility with traditional CMOS techniques, SiOx were merely 

considered as a passive and supporting medium in nonvolatile memory fields 

[68-72]. To explain an electrical bistability and a nonvolatile memory 

phenomenon based on graphene break junctions on the thermal oxide substrate 

[73-76], SiOx began to grab a little attention of resistive switching memory 

devices. Yao et al. [77-82] have demonstrated the resistive switching properties 

of SiOx and a filamentary switching was revealed to be the intrinsic property of 

SiOx as it is electrode-independent. They had demonstrated the real-time 

imaging of formation and evolution of the filament in a silicon oxide resistive 

switch and the switching takes place through the voltage-driven formation and 

modification of semi-metallic silicon nanocrystals (SNs) embedded in the SiOx 

matrix. But the device operating is possible only under vacuum condition due 

to oxidation of conductive pathways (in this case, SNs) on the device surface 

under ambient air. Mehonic et al. [83] have demonstrated resistive switching at 
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internal grain boundaries in silicon-rich nanostructured silica films under 

ambient conditions. Our silica nanowires have a potential for resistive 

switching due to the intrinsic nonstoichiometric nature of silica nanowires. In 

this paper, we firstly demonstrate the resistive switching behavior of silica 

nanowire. The chemical nature and redox reaction in resistive switching region 

were investigated, providing further insight into the resistive switching 

mechanism of silica nanowires. 
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Fig. 1.14 (I) SEM image of the switching CNT-SiOx nanogap system. The 

dashed green line indicates the FIB-cut location. The device was in an OFF 

state before the FIB-cut. (II) The TEM image of the cross section corresponding 

to the dashed green line in (I). Note that an amorphous Si3Ny layer was grown 

on top of the CNT-SiOx system as a protecting means during the FIB cut. (III) 

A high-resolution TEM image of the region as indicated by red dashed rectangle 

in (II). Nanocrystalline structures are delineated by white dashed lines. The 

measured lattice spacing in each numbered region (from 1 to 8) is 0.30, 0.31, 

0.31, 0.19, 0.32, 0.31, 0.31, and 0.32 nm, respectively. Note that the lattice 

spacing of 0.19 nm corresponds to that in a Si(220) plane while the rest of the 

values are commonly attributed to that in a Si(111) plane. Reprinted from Ref. 

[79] 
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2. Experiments and analyses 

 

2.1 Apparatus of CVD system for the growth of silica 

nanowires 

 

Silica nanowires were synthesized by the conventional chemical vapor 

deposition (CVD) method using a heteroleptic bis(ethylmethylamino)silane 

(BEMAS, H2Si(N(C2H5)(CH3))2, DNF Co., Figure 2.2) as a precursor. 

Tetrakis(ethylmethylamino)silane (TEMAS, Si(N(C2H5)(CH3))4, DNF Co., 

Figure 2.3), which has a similar molecular structure to 

bis(ethylmethylamino)silane, has been used as a Si precursor for the formation 

of high-k dielectrics such as HfSiOx [84]. In this paper, TEMAS was used for a 

comparison with BEMAS as a Si precursor. The use of 

bis(ethylmethylamino)silane as a precursor, however, has not previously been 

reported. Bis(ethylmethylamino)silane consists of two ethylmethylamino and 

two hydrogen ligands bonded to Si. The nanowire growth experiments 

performed in the present study are based on the assumption that water 

preferentially attacks the ethylmethylamino group rather than the hydrogen 

group, because the Si-N bond has a smaller bond enthalpy than the Si-H bond. 

Condensation between neighboring Si-OH bonds would lead to the formation 
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of Si-O-Si bonds, while the Si-H bonds would remain relatively inactive. The 

retarded nucleation of the atomic-layer-deposited HfO2 thin films obtained 

using water as an oxidant on the H-terminated Si substrate compared to those 

on the OH-terminated Si substrate also supports this hypothesis [85,86]. The 

growth of the nanowires was performed in a conventional CVD chamber (TES 

Co., Figure 2.1). A 4 inch bare Si wafer was used as a substrate. No metal 

catalyst was deposited on the Si wafer. Unless stated otherwise, HF cleaning 

was not performed, in order to improve the nucleation of the nanowires. The 

bis(ethylmethylamino)silane precursor was vaporized and carried with Ar gas 

at a flow rate of 25 sccm (Standard Cubic Centimeter per Minute) from a 

thermostatic bubbler maintained at 25 °C. The vapor pressure at this 

temperature was about 7 Torr. The vaporization rate of deionized (DI) water 

used as an oxidant was 200 mg/min. Argon was used as a dilute gas carrying 

vaporized water at a flow rate of 100 sccm. The growth pressure was varied 

from 1 to 50 Torr. The optimized growth pressure to obtain straight nanowires 

was 7 Torr. The deposition temperature was fixed at 25 °C and increasing the 

growth temperature was found to eliminate the selectivity of the reaction, 

resulting in film formation. The growth duration was 10 min in all cases. When 

tetrakis(ethylmethylamino)silane was used as the precursor, the source canister 

was heated to 93 oC to maintain the vapor pressure at about 7 Torr. To 
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investigate random cross-linking by high reactive oxidant; an ozone. The 

products grown by injecting ozone (15, 20 g/Nm3) along with water and by 

using bis(ethylmethylamino)silane. 

 

 

2.2 Analysis methods 

 

The grown products were characterized by scanning electron microscopy 

(SEM, S4800, Hitachi). Before being loaded into the SEM chamber, the 

samples were coated with Pt for 100 s, because the grown nanowires are not 

conductive. Transmission electron microscopy (TEM, F20, FEI) was employed 

to investigate the grown nanowires. The operation voltage was 200 kV. For 

sample preparation, the grown silica nanowires were scratched off using clean 

tweezers and placed on a Cu grid. The grid was dried in a vacuum oven for 12 

hours before being loaded into the TEM apparatus. The chemical states of the 

grown nanowires were characterized by X-ray photoelectron spectroscopy 

(XPS, AXIS, KRATOS) and the binding energy calibration was done by setting 

the hydrocarbon (C-C) peak at 284.9 eV. The structure of the grown nanowires 

was also analyzed by FTIR (FT/IR-660 plus, Jasco) in absorption mode with a 

resolution of 4 cm-1. The surface wettability of the films was examined by 
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measuring the contact angle of water droplets on the surface using a Phoenix 

300 contact angle analyzer (Surface Electro Optics, Korea). 

 

 

2.3 Switching methods for electrical characterization 

 

Figure 2.4 shows the schematics of the fabrication process of silica nanowire 

resistive switching devices. A Pt layer was deposited onto thermal oxide/p-type 

bare Si substrate by e-gun evaporator. Then Pt pads (100 × 100 μm) made by 

lithography and lift-off process. Dispersion of grown silica nanowires between 

two adjacent Pt pads (a gap of two Pt pads: 3~5 μm) by scratch-off drop. Pt 

wires formed by Focused ion beam (FIB, AURIGA, Carl Zeiss) induced 

deposition to electrically connect between silica nanowire and Pt pads. Then 

resistive switching behaviors of these structures were measured at room 

temperature under vacuum condition using a Keithley 4200 semiconductor 

characterization system. 

Voltage sweep mode measurement is the most well-known method to 

analyze switching phenomena. Figure 2.5 shows typical resistive switching 

curves of silica nanowire using voltage sweep mode. At the first, an 

electroforming process is needed for soft breakdown of insulating layer as 
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shown curve 1. After electroforming process, the resistance value of device had 

high which is shown curve 1 and is called to high resistance state (HRS). In 

HRS, voltage sweep is started 0 V and a sudden current jump occurs which is 

similar with electroforming process at smaller voltage than forming voltage is 

observed. In this process, the resistance state is changed from HRS to low 

resistance state (LRS) and it is called “set” process. The current compliance 

(Icc) was not needed due to set voltage is less than reset voltage. In LRS, the 

resistance value of device had low which is shown curve 2. Then, voltage sweep 

is repeated again from LRS, a sudden current drop can be appeared at a certain 

voltage and this process is called “reset” process. The set and reset process can 

be repeated so that the resistance state can be controlled using voltage sweep. 

 

 

2.4 surface treatments 

 

  Surface treatments were adopted before silica nanowires were grown to 

verify what surface nature (chemical structure) is the nucleation site. Sulfuric 

acid (H2SO4) and hydrogen peroxide (H2O2) mixture (SPM) is used to make Si 

hydrophilic by hydroxylating the Si surface. SPM solution involves 

H2SO4:H2O2 mixture in 1: 4, and the mixing of components increases 



 
 
 

48

temperature of solution to over 100 oC. To make Si substrate hydrophobic by 

hydrogen terminating the Si surface, the HF dilute solution (DI water : HF = 

100 : 1 at 25 oC) was used. The trench structure patterned wafer was H-

terminated using a 1 min dip in a 100:1 HF solution, followed by rinsing in DI 

water and N2 blow drying. 

 

 

 

2.5. O3 and UV treatment effects on structural changes of 

silica nanowires  

 

To investigate the chemical structure changing of the nanowires, the post 

annealing was performed at 130, 210, 300 oC in ozone ambient for 30 min in 

the same deposition chamber. The flow rate of ozone molecules was 150 g/Nm3 

(O2 flow rate 400 sccm) and the pressure was maintained at 20 Torr by 

employing an auto-controlled throttle valve. UV treatment was performed to 

dissociate Si-H bonds at room temperature. UV lamp intensity is 28 mW/cm2 

and the UV lamp shows a maximum-intensity wavelength around 254 nm. 

Ozone generation rate under ambient condition is 800 ~ 1000 ppm/min. 
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Fig. 2.1 The schematic drawing of CVD system. 
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Fig. 2.2 The molecular structure of bis(ethylmethylamino)silane. 

 

 

 

 

Fig. 2.3 The molecular structure of tetrakis(ethylmethylamino)silane. 
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Fig. 2.4 The schematic diagram of fabrication of silica nanowire resistive 

switching devices. 
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Fig. 2.5 Typical I-V curves of URS of silica nanowire 
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3. Results and discussion 

 

3.1 Synthesis of silica nanowires & growth mechanism 

 

Fig. 3.1(c) shows a cross-sectional SEM image of the silica nanowires on a 

Si substrate using BEMAS as a precursor. The growth pressure, temperature, 

and reaction time were 7 Torr, 25 oC, and 10 min, respectively. As shown in Fig. 

2.2, the heteroleptic BEMAS precursor has four ligands: two amide and two 

hydrogen ligands. The resulting shape and the growth rate of the silica 

nanowires were largely affected by the growth pressure. Fig. 3.1 shows cross-

sectional SEM images of representative silica nanowires produced at various 

growth pressures. Here, the growth duration and temperature were 10 min and 

25 oC, respectively. When the growth pressure was 1 Torr (Fig. 3.1(a)), the early 

stage of nanowire growth was observed on limited nucleation sites, which may 

be due to limited precursor injection. The growth rate was estimated to be ~ 10 

nm/min. As the growth pressure increased to 2 Torr (Fig. 3.1(b)), the growth 

rate increased to ~ 43 nm/min. The nanowires grown under these conditions 

have thick tips tapering toward a toe near substrates, even though the vertical 

growth is still dominant. The uniformity of the diameter along one wire (~ 71±9 

nm) was remarkably improved when the pressure increased to 7 Torr (Fig. 
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3.1(c)). It also accompanied an enhanced growth rate of ~ 190 nm/min due to 

the increased supply of sources. When the pressure was further increased to 50 

Torr (Fig. 3.1(d)), long but highly curled and tangled silica nanowires were 

synthesized. The diameter decreased slightly to ~ 35±10 nm with a dramatic 

increase in growth rate, which indicates that lateral growth is somewhat 

suppressed compared to the case of 7 Torr (Fig. 3.1(c)). The increased supply 

of sources appears to be quickly consumed for the rapid growth in vertical 

direction. Fig. 3.2 shows the changes in the diameter near the distal tip region 

and the length of the nanowires grown for 10 min as a function of the growth 

pressure from 1 to 8 Torr. The length of the silica nanowires was largely affected 

by the growth pressure but the diameter near the tip region was less affected. 

This suggests that vertical (length) and lateral (diameter) growth occur through 

different mechanisms. Scheme 3.1 summarizes the proposed reaction path of 

the dominant one-directional growth by the difference in oxidation reactivity 

after surface nucleation. Vertical growth occurs with the condensation reaction 

of the water and amide ligand. First, the lone pair of electrons of the amide 

group induces a preferential reaction with water, becoming an intermediate with 

one hydroxyl group. The two intermediates may react with each other or one 

intermediate may react with another amide ligand to form a siloxane bridge (Si-

O-Si), resulting in water or amine condensation (Scheme 3.1a). Heterogeneous 
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nucleation on a hydroxylated substrate, in this case Si, occurs by the 

chemisorption of intermediates (Scheme 3.1b). The lateral growth of silica 

nanowires results from the crosslinking of chemisorbed intermediates. A 

dehydrogenation reaction of hydrogen bonds on the chemisorbed intermediates 

and water produces a hydroxyl group. Cross-linking is achieved by the 

elimination of hydrogen (H2) from a hydroxyl group and adjacent hydrogen 

bonding. The elimination of water between two adjacent newly formed 

hydroxyl groups also results in a siloxane bridge (Scheme 3.1c). The cross-

linking rate of chemisorbed intermediates does not depend on the rate at which 

source arrives at the surface of a growth region. It is believed that vertical and 

lateral growth proceeds on a concave tip of the nanowires because the 

hydrogen-terminated side surface of the nanowire is chemically less active than 

the hydroxylated tip surface. Scheme 3.1d shows the final shapes of the 

nanowires formed at different vertical growth rates. At low process pressure, 

relatively similar growth rates of lateral and vertical directions can result in 

cone-shaped nanowires (panels a and b of Fig. 3.1), whereas long and cylinder-

shape nanowires are achieved at relatively high pressure (panels c and d of Fig. 

3.1), where the growth in vertical direction exceeds the one in lateral direction. 
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Fig. 3.1 Cross-sectional SEM images of the silica nanowires grown on bare Si 

substrates under different growth pressures, i.e., (a) 1, (b) 2, (c) 7, and (d) 50 

Torr (all scale bar 500 nm). 

 

 

 

  

(c) (d) 

(a) (b) 



 
 
 

57

 

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2
 Length

L
e

n
g

th
 (
m

)

1 2 3 4 5 6 7 8
40

80

120

160

200

Growth pressure (Torr)
D

ia
m

e
te

r 
(n

m
)

 Diameter

 

Fig. 3.2 Vertical and lateral growth behaviors of the silica nanowires. The 

closed squares and open triangles represent the mean length and diameter of the 

nanowires, respectively. 
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Scheme 3.1 The proposed growth mechanism of silica nanowires: (a) vertical 

growth by hydrolysis and condensation; (b) nucleation on hydroxylated 

surfaces by chemisorption reaction; (c) cross-linking of adsorbed 

intermediates for lateral growth by hydrolysis and dehydrogenation; (d) brief 

growth schematics of the cone-shaped (at low pressure) and cylinder-shape 

nanowires (at high pressure). 

 

  

(a) 

(c) (d) 

(b) 



 
 
 

59

3.2 Experimental verification of a new mechanism 

 

3.2.1 The difference in the oxidation reactivities 

 

Fig 3.3(a) shows a cross-sectional SEM image of the silica nanowires on a 

Si substrate using BEMAS as a precursor. The growth pressure, temperature, 

and reaction time were 7 Torr, 25 oC, and 10 min, respectively. As shown in Fig 

3.3(b), the heteroleptic BEMAS precursor has four ligands: two amide and two 

hydrogen ligands. On the other hand, the homoleptic TEMAS precursor 

consists of four amide ligands without hydrogen ligands, as shown in Fig 3.3(c). 

The reaction of TEMAS with water resulted in the formation of a two-

dimensional film with sparse nucleation, as shown in Fig 3.3(d), while other 

growth conditions were maintained. This result clearly shows that the 

heteroleptic nature of the BEMAS precursor plays a key role in the formation 

of nanowires instead of forming thin films. It is believed that the different 

reactivities of the amide and hydrogen ligands in the heteroleptic precursor with 

water vapor induce the growth of one-dimensional structures. Fig 3.4 (b) and 

(c) show the SEM images of the products grown by injecting ozone 15 and 20 

g/Nm3 along with water and by using BEMAS, respectively. The growth 

pressure, temperature, and reaction time were 8 Torr, 22 oC, and 10 min, 
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respectively. In both cases, two dimensional (2D) film growth is observed. 

When ozone was added along with water, as shown in Fig 3.4(c) ~ 120nm thick 

film was deposited with some islands on top. Fig 3.4(d) shows the fourier 

transform infrared spectroscopy (FTIR) spectra of the grown silica nanowires 

without O3 (solid line) and adding O3 15 g/Nm3 (dash line) & 20 g/Nm3 (dash 

dot line). Absorbance bands at 1070 cm-1 and 800 cm-1 are ascribed to the 

stretching and bending vibrations of Si-O-Si, respectively. The peak around 900 

cm-1 has been reported to be associated with the stretching mode of Si–OH. The 

absorbance band around 850 cm-1 is assigned to the bending modes of H-SiO3. 

The bending intensity of H-SiO3 decreases and the bending intensity of Si-O-Si 

network increases with adding O3, which is indicating that the highly reactive 

ozone molecules randomly oxidize the –H and –N bonds of the precursor.  

Adding O3 along with water for oxidant leads to formation of 2D thin film, 

resulting in random cross-linking.  

 

 

3.2.2 Nucleation of silica nanowires 

 

The growth of silica requires the removal of the amino or hydrogen groups 

from the Si precursor. The amino bond is more easily oxidized by the hydroxyl 
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group of water than hydrogen, and the resulting two hydroxyl groups are likely 

to condensate to form one siloxane bond with the expulsion of water. One-

dimensional intermediates by condensation need nucleation sites for 

heterogeneous nucleation in vertical direction at the Si substrate surface. 

Heterogeneous nucleation on a hydroxylated substrate occurs by the 

chemisorption of intermediates (Scheme 1b). In this case, the nucleation site is 

surface hydroxyl group. To demonstrate that the surface hydroxyl group plays 

a key role in the initial nucleation of silica nanowires, silica nanowires were 

grown under growth-suppressed condition on hydroxylated substrate and 

growth-promoting condition on hydrogen terminated substrate. The growth at 

higher temperature (> 30 oC) led to the formation of a 2D thin film. It indicates 

that thermal agitation diminishes the directionality, resulting in random cross-

linking. Fig. 3.6 shows the SEM images of the structures grown under growth-

suppressed condition. When growth proceeded at 32 oC without SPM treatment, 

2D film was deposited with some islands on top. But silica nanowires were 

grown with SPM treatment, it reveals that the growth of nanowires is promoted 

by sufficient nucleation sites even under growth-suppressed condition. SPM is 

well known to produce uniform hydroxyl group on the surface of silicon [87,88]. 

Fig. 3.7 shows the changes in the water contact angle of the Si substrates 

with/without various surface treatment. The SPM treatment makes the film 
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surface more hydrophilic than no-treated bare Si; the contact angle decreases 

from 59.6o to 19.1o, which is indicates that nucleation sites are increased by 

SPM surface treatment. Although growth at higher temperature (> 30 oC) led to 

the formation of a 2D thin film, the growth of silica nanowires is promoted on 

the trench patterned substrate due to the nucleation is improved at angled trench 

edge, as shown in Fig 3.9(a). Fig. 3.9(b) shows that 2D film was deposited with 

HF treatment due to nucleation suppression at angled trench edge. The HF 

treatment makes the film surface more hydrophobic than no-treated bare Si; the 

contact angle increases from 59.6o to 67.5o, as show in Fig. 3.7. 

 

 

3.2.3 Distal tip shape of silica nanowires 

 

A representative TEM image of the silica nanowires grown at 7 Torr is shown 

in Figure 3.10. The homogeneous contrast through the entire wire proves that 

the products are not nanotubes but nanowires. Notably, the concave tip region 

shows a different contrast from the bulk region. This peculiar shape 

differentiates it from other silica nanowires produced by a conventional VLS 

method, in which the region underneath the metal catalysts is completely filled 

with grown materials. In addition, no metal catalyst was observed at the tip, 
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indicating that the growth of the nanowires is governed by a different 

mechanism from the VLS growth. From this figure, it is evident that initial 

nucleation mechanism for vertically growth. The reverse cone shape at the 

distal tip of nanowire is due to initial growth starting around the perimeter of 

the nuclei. Hydrogen bonded water molecules with hydroxyl groups are easy to 

clustering at the perimeter of the nuclei as shown in Fig. 3.11(a). Intermediates 

in the gas phase predominantly react at the perimeter and eventually enclose 

the perimeter like a fence. The reverse cone shape is formed by enclosing the 

perimeter as shown in Fig. 3.11(b). Since hydrogen bonded water molecules 

with hydroxyl groups are easier to clustering at the inside than the outside of 

reverse conical tip, distal tip is the continuative 1D growth region of silica 

nanowires. The further growth continues by the impingement of the gas phase 

intermediates on distal tip of nanowires and it proceeds centripetally from the 

outer side of nanowire, filling the remaining inside part of the wire. 

 

 

3.2.4 One-dimensional growth of silica nanowires 

 

In chapter 3.2.3, we suggest that the initial growth region is the perimeter of 

nuclei and further growth continues by the impingement of the gas phase 
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intermediates on distal tip of nanowires. One question raised, the location of 

growth region is whether distal tip or base of nanowire. Fig 3.12 represents the 

question, the grown nanowire has a different final shape, if the location of 

growth region is different. Fig. 3.12(a) suggests that nucleation and growth is 

initiated at a perimeter of droplet of silica by water catalyst, and the growth 

continues from base of nanowire. And Fig 3.12(b) suggests that nucleation and 

growth is initiated at a perimeter of droplet of silica by water catalyst, and the 

growth continues by an impingement on distal tip of nanowire. The width of 

grown nanowire was measured, width increases from base toward the tip of the 

silica nanowire as shown in Fig. 3.13(c). If the growth region is the basement 

of nanowire, the width of grown nanowire decreases from base toward the tip 

of the silica nanowire as shown in Fig. 3.13(b)b2. To investigate the initial 

growth behaviors of the silica nanowires, the growth duration was subdivided 

into several periods, i.e., the initial 1, 3, 5, 8, and 10 min. Fig. 3.13(a) presents 

the changes in the diameter near the tip region and the length of the nanowires 

as a function of the growth duration. This figure reveals that the diameter of the 

nanowires (circles) saturates to ~ 60-80 nm as the growth proceeds. In the 

vertical direction (squares), the nanowire exhibits linear growth behavior and 

the calculated mean growth rate was ~9.6 μm/h. The asymmetric growth shown 

here suggests that the precursor-designed route is an effective way to produce 
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long and straight silica nanowires. If the grown region is distal tip of nanowire, 

nanowires are occasionally sufficiently close to each other tend to merge 

together and form stable merged nanowire as shown in Fig. 3.14(a). Fig. 3.14(b) 

and (c) show the merged silica nanowires. Fig. 3.14(b) also shows a divided 

nanowire, which reveals that the location of further growth region is the distal 

tip of nanowire. 

 

 

3.2.5 Lateral growth of silica nanowires 

 

Cross-linking is achieved by the elimination of hydrogen (H2) from a 

hydroxyl group and adjacent hydrogen bonding. The elimination of water 

between two adjacent newly formed hydroxyl groups also results in a siloxane 

bridge (Scheme 3.1c). The cross-linking rate of chemisorbed intermediates 

does not depend on the rate at which source arrives at the surface of a growth 

region. Fig. 3.15 shows the changes in the diameter near the distal tip region 

and the length of the nanowires grown for 10 min as a function of the growth 

temperature from 10 to 25 oC. Growth rate is high dependence on temperature, 

due to hydroxyl condensation and hydrogen bonding energy are enhanced at 

low temp. Fabric-like structure is observed at around 30 oC and film-like growth 
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is occurred at around 35 oC. The width of grown silica nanowires slightly 

increases as increase as temperature, which suggests that cross-linking rate of 

chemisorbed intermediates, in this case lateral growth, is enhanced by 

increasing temperature. 
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Fig 3.3 Cross-sectional SEM images of the grown silica nanowires using (a) 

bis(ethylmethylamino)silane and (d) tetrakis(ethylmethylamino) silane (scale 

bar 500 nm). The molecular structures of the precursors used in this study: (b) 

bis(ethylmethylamino)silane and (c) tetrakis(ethylmethylamino)silane. 
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Fig 3.4 The SEM images of the structures grown by (a) without O3 and adding 

O3 (b) 15 g/Nm3 & (c) 20 g/Nm3 along with water and using BEMAS precursor. 

The other growth parameters were unchanged in all cases. (d) The FTIR spectra 

of the grown silica nanowires without O3 (solid line) and adding O3 15 g/Nm3 

(dash line) & 20 g/Nm3 (dash dot line). 
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Fig. 3.5 Schematic representation of generation of wet-chemical oxide with 

SiOH termination for Si(100) surfaces. Reprinted from Ref. [88]. 

 

 

 

 

 

 

 

 

 

Fig. 3.6 The SEM images of the structures grown at 32 oC (a) with / (b) without 

SPM treatment before deposition. 
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Fig. 3.7 Changes in the water contact angle of the Si substrates with/without 

various surface treatment. 
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Fig. 3.8 Schematic representation of silicon etching and hydrogen passivation 

by HF. Reprinted from Ref. [89]. 

 

 

 

 

 

 

 

 

Fig. 3.9 The SEM images of the structures grown at 37 oC (a) with / (b) without 

HF treatment on trench patterned wafer before deposition. 
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Fig. 3.10 Bright field TEM image of silica nanowire. 
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Fig. 3.11 Schematic representation of initial growth of silica nanowire around 

the perimeter of nuclei.  
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Fig. 3.12 Proposed schematic diagrams of 1D growth of silica nanowire. 
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Fig. 3.13 (a) Initial growth behaviors of the silica nanowires. The circle and 

square marks represent the diameter and length of the nanowires, respectively. 

(b) The schematic diagram of final shapes affected by growth region. (c) The 

SEM image of silica nanowire; measuring width from base toward tip. 
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Fig. 3.14 (a) The schematic diagram of the possibility of combining nanowire 

due to the location of growth region. (b, c) The SEM images of merged 

nanowires. 
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Fig. 3.15 Vertical and lateral growth behaviors of the silica nanowires at various 

temperatures. The closed squares and open triangles represent the mean length 

and diameter of the nanowires, respectively. 
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3.3 Characterization of silica nanowires 

 

3.3.2 Chemical structure of silica nanowires 

 

Structural and chemical analyses of the grown nanowires were carried out 

for more detailed investigation. A representative TEM image of the silica 

nanowires grown at 7 Torr is shown in Fig. 3.16(a). The homogeneous contrast 

through the entire wire proves that the products are not nanotubes but nanowires. 

Notably, the concave tip region shows a different contrast from the bulk region. 

This peculiar shape differentiates it from other silica nanowires produced by a 

conventional VLS method, in which the region underneath the metal catalysts 

is completely filled with grown materials. From this figure, it is evident that 

further growth initiates from the outer side of nanowire and it proceeds 

centripetally, filling the remaining inside part of the wire. In addition, no metal 

catalyst was observed at the tip, indicating that the growth of the nanowires is 

governed by a different mechanism from the VLS growth. The crystallinity of 

the silica nanowires was characterized by selected area electron diffraction 

(SAED), as shown in the inset of Fig. 3.16(a). The highly diffusive and 

dispersed diffraction pattern suggests that the nanowire is in an amorphous state. 

Fig. 3.16(b) shows the EDX line profile of the nanowire. Here, the scan region 
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is indicated by the dotted line in Fig. 3.16(a). The detected elements from the 

scan are Si, O, Cu, and C. The copper signal originates from a TEM grid. 

Considering that carbon was not detected, the carbon signal in the spectrum can 

be assigned to adventitious hydrocarbon from air exposure. The elemental 

profiles clearly show that the nanowire has a homogeneous distribution of Si 

and O. Convex shape of the Si and O profiles is attributed to the inside-filled 

nature of the nanowires, which differentiates it from nanotubes. The estimated 

composition was similar to stoichiometric SiO2. No other metal signals except 

Cu were detected in the EDX spectrum near the tip region, which demonstrates 

that nanowire growth proceeds without the assistance of a metal catalyst. Fig. 

3.17(a) shows the chemical structure changes of silica nanowires with ozone 

annealing and SPM treatment. An absorption band between 837 and 885 cm-1 

is assigned to the bending modes of H-SiO. No carbon-related peaks such as 

Si-CH3 vibrations (1250~1270 cm-1) were observed. The strong peaks at 1080 

and 1164 cm-1 come from the transversal optical (TO) asymmetric stretching 

mode and longitudinal optical (LO) asymmetric stretching modes of Si-O-Si, 

respectively. The chemical structure changes of silica nanowires indicate that 

outer surface and interior Si-H bonds are converted to SiO2 network and only 

outer surface Si-H bonds are converted to Si-OH bonds. Two treatments make 

the surface superhydophilic as shown in Fig. 3.17(b). It is clear that many Si-H 
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bonds exist not only on the outer surface of silica nanowires, but also in the 

interior of silica nanowires. Fig. 3.18 shows the XPS spectrum narrow scan 

spectra of the Si 2p and O 1s peaks, respectively. In Fig. 3.18(a), the strong 

peak at ~103.2eV of Si 2p corresponds well to the binding energy of SiO2. The 

small peak at 99.2 eV is assigned to bulk Si since the entire probing area was 

not fully covered by grown nanowires for a growth duration of 10 min. A 

prominent O 1s peak at a binding energy of ∼532.6 eV is also observed in Fig. 

3.18(b) and it also fits well with the binding energy of SiO2. Quantitative 

analysis confirmed that the nanowires are composed of Si and O with the ratio 

of about 1:2. But a comparison of normalized XPS peaks with thermal oxide 

indicates that the oxygen is deficient due to many disorders, in this case 

disorders are Si-H bonds and H2O molecules in the interior of silica nanowires. 

It is consistent with the chemical structure changes of silica nanowires with 

ozone annealing and SPM treatment. To investigate the chemical structure of 

silica nanowires, annealing was conducted under ozone and N2 ambient. Fig. 

3.19 shows the changes of chemical structure of silica nanowires under 

annealing conditions. An absorption band at 1116 cm-1 comes from 

hydridosilsesquioxane clusters (HSiO1.5)n (n=8,10,12,14) for Si-O-Si stretching 

modes. [90,91]. The strong peak at 1116 cm-1 explains that the oxygen deficient 

nature is due to Si-H bonds in the interior of silica nanowires. And this peak 
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also indicates that many 4-fold siloxane rings exist in amorphous nature of 

silica nanowires. Kamiya et al. [92] reported that Si-H bonds are oxidized in 

the temperature range of 300~500 °C, followed by the condensation of formed 

Si-OH bonds to network. A drastic change, i.e., the reconstructive change of 4-

fold siloxane rings to 6-fold siloxane rings is observed in this heat-treatment 

temperature range [92]. Ozone annealing makes more 4-fold siloxane rings all 

temperature ranges. The reconstructive change of 4-fold siloxane rings to 6-

fold siloxane rings is observed under N2 annealing as shown in Fig. 3.19(b). 
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Fig. 3.16 (a) Bright field TEM image with the corresponding SAED pattern 

(scale bar 50 nm). (b) Line profile of the EDX spectrum tracing the dotted line 

shown in panel (a). The closed squares and circles represent Si and O, 

respectively. 
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Fig. 3.17 (a) The FTIR spectrum of the silica nanowires with/without annealing 

and surface treatment. (b) Changes in the water contact angle of the silica 

nanowires with/without annealing and surface treatment. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18 The normalized XPS spectra of silica nanowires (circles) grown at 7 

Torr for 10 min and thermal oxide (squares): (a) Si 2p and (b) O 1s narrow scans. 
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Fig. 3.19 The FTIR spectrum of the silica nanowires with/without (a) ozone 

annealing and (b) N2 annealing. 
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3.3.3 Electrical properties of silica nanowires 

 

 Silica nanowires had been reported on a FE emitter and a wavelength-

controlled optical nanoswitch for electrical applications, but resistive switching 

property has not yet been reported in silica nanowires. In this paper, we firstly 

study deep into a resistive switching behavior in silica nanowires. Pt wires 

formed by FIB induced deposition to electrically connect between silica 

nanowire and Pt pads as shown in Fig. 2.4. To confirm that substrate thermal 

oxide have no resistive switching behavior in our case, Pt wires without silica 

nanowire were deposited as shown in Fig. 3.20(c). Dash line in Fig. 3.20(a) is 

the I-V characteristic of thermal oxide between Pt wires, which indicates that 

resistive switching behavior is not observed without silica nanowire. In addition, 

the unipolar resistive switching properties were observed with silica nanowire 

in ambient air as shown solid lines in Fig 3.20(a). The location of resistive 

switching region in SiO2 is widely known as the nonstoichiometric surface of 

SiO2 by surface redox reaction, so such a device is operated only under vacuum 

condition. Our device was operated under ambient air and shown the resistive 

switching behavior although reduction process is suppressed. It is suggested 

that resistive switching behavior occurs not at the surface of silica nanowire but 

also inside silica nanowire. The oxygen deficient nature of silica nanowire 
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enables resistive switching to occur inside silica nanowire, but the portion of 

the resistive switching region is a considerable extent at surface of silica 

nanowire on the basis of reduction process suppression under ambient air. So 

all electrical measurements proceed under vacuum condition after preliminary 

measurements. Fig. 3.21 shows typical unipolar resistive switching curves of 

silica nanowire using dc voltage sweep mode. At the pristine state, an 

electroforming process for soft breakdown of silica nanowire as shown dash 

dot line in Fig. 3.21. After the electroforming process, device can switch 

between high resistance state (HRS) and low resistance state (LRS). When the 

voltage is swept from 0 V to a positive voltage in HRS, a current jumps 

suddenly at ~ 3 V. In this process, the resistance state is changed from HRS to 

LRS and it is called “set” process. Then the voltage sweep is repeated to the 

same sweep direction in LRS, the current drops abruptly at ~ 7.5 V and this 

process is called “reset” process. The current compliance (Icc) is not needed due 

to the set voltage is less than the reset voltage. The set and reset process can be 

repeated using voltage sweep. The switching is stable extended cycling, the 

minimum ratios of HRS to LRS (about 1 order of magnitude) are maintained 

over 300 times of switching as shown in Fig. 3.22. To investigate that redox 

reaction play a key role in resistive switching in silica nanowire, dc voltage 

sweep was adopted under Ar and O2 ambient conditions. Fig. 3.23 shows the 
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comparison of set/reset properties in vacuum and Ar/O2 ambient conditions. A 

measurement under Ar ambient condition is operated to compare with O2 

ambient condition, and a pressure of measuring chamber was equalized with O2 

ambient conditions. A reset stuck phenomenon was observed and the sample 

could no longer be set under O2 ambient. The reset stuck is a mechanism in 

which the reset voltage is shifted to left and set voltage is slightly shifted to 

right by decreasing HRS current level due to oxygen concentration increasing 

in resistive switching region. The reset stuck phenomenon under O2 ambient 

condition indicates that the oxidation-reduction (redox) reaction plays a key 

role in the resistive switching in silica nanowire. For more consideration on the 

chemical nature of resistive switching region, the UV treatment was adopted to 

HRS/LRS fixed samples as shown in Fig. 3.24. The current level changes of 

LRS and HRS after the UV treatment, both current levels were decreased about 

1 order magnitude due to the oxidation of resistive switching region. Then each 

sample was measured under vacuum condition after checking about the current 

level lowering, HRS and LRS converted to new HRS and device shown a new 

resistive switching behavior between a new HRS and a new LRS. This result 

reveals that the resistive switching is occurred by a change of oxygen 

concentration attributed to redox reaction between non-continuous silicon 

nanocrystals. In order to understand the role of heat in the resistive switching 
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process, we investigated the temperature dependence of the I-V switching 

characteristics of silica nanowire by increasing temperature from 40 to 100 oC 

as show in Fig. 3.25. No discernable temperature dependence observed in our 

device. It is consistent with the conductive pathway (in this case, silicon 

nanocrystals) has a semimetallic phase [82]. To understand the switching 

mechanism for silica nanowires, the fitting of the I-V curves with various 

electrical conduction mechanisms was attempted. It was found that the 

conduction mechanism of LRS and HRS fit well to Fowler–Nordheim (FN) 

tunneling mechanism and pristine state fit well to the space-charge-limited 

conduction (SCLC) mechanism. Other conduction mechanisms such as 

Schottky, Poole-Frenkel were investigated but they did not fit the I-V curves at 

all. Fig. 3.26(a) and (b) show the SCLC fit result of Fig. 3.21 and the FN 

tunneling fit result of LRS/HRS, respectively. The conduction in the pristine 

state shows a linear relation with voltage (Ohm’s law) at the low voltage region 

and the slope increases to 1.96 at a higher voltage (Child’s law). Then the 

current sharply rises with a slope 3.71 at the trap-filled limited voltage [93]. 

And the LRS and the HRS show Ohmic behavior as show in Fig. 3.26(a). A 

chain of nanocrystals of Si is formed in forming process, and electron transport 

proceeds via tunneling between adjacent nanocrystals. The stoichiometry of the 

SiOx matrix between adjacent nanocrystals varies with reduction process by 
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applied field and oxidation process by joule heating at non-continuous silicon 

nanocrystal filaments, and the difference of stoichiometry distinguishes LRS 

and HRS. The proposed resistive switching mechanism is shown schematically 

in Fig. 3.27. For a nucleation and growth process of silicon nanocrystals, 

induced O2- by oxygen reduction process could be drifted to the anode and Si-

H bond is broken by the applied bias [61]. Because H+ ions are very mobile in 

silica, H+ ions play a key role in local crystalline structural changes than O2- 

ions, which is consistent with the oxygen deficient nature of our silica 

nanowires. Set process is electrochemical reduction process of SiOx → Si and 

reset process is oxidization process of Si → SiOx driven by current induced 

local heating. After reset, reduction process of SiOx → Si is competitive with 

oxidation process of Si → SiOx. The current level is fluctuated after reset 

voltage due to the competition process of reduction and oxidation processes. 

 

 

  



 
 
 

90

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.20 (a) The I-V curves of preliminary resistive switching devices 

with/without silica nanowires in ambient air. Solid line and dash line represent 

the I-V results of 470 nm device with silica nanowire and 540 nm device 

without silica nanowire, respectively. The SEM images of preliminary resistive 

switching devices (b) with / (c) without silica nanowire. 
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Fig. 3.21 Typical I-V switching characteristics of silica nanowire. 
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Fig. 3.23 The comparison of set and reset properties in vacuum with (a, b) Ar 

and (c, d) O2 measure conditions. 
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Fig. 3.24 The current level changes of (a) LRS and (b) HRS after UV treatment. 

The changes of resistive switching properties after UV treatment: (c) LRS state 

before UV treatment, (d) HRS state before UV treatment. 
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Fig. 3.25 Temperature dependence of the I-V switching characteristics of silica 

nanowire for increasing temperature form 40 to 100 oC. 
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Fig. 3.26 (a) The SCLC fit result of Fig. 3.21. (b) The FN tunneling fit result of 

LRS and HRS states. 
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Fig. 3.27 (a) Schematic diagrams of hydrogen/oxygen ion and silicon filament 

movement. (b) Schematics of the silicon and oxygen distribution at the 

switching site with respect to changing on/off states. 
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4. Conclusion 

 

Silica nanowires were successfully synthesized by chemical vapor deposition 

employing the inherent directionality of the chemical vapor reaction between 

heteroleptic bis(ethylmethylamino)silane and water without the aid of a metal 

catalyst at room temperature. The shape of the grown nanowire was strongly 

affected by the growth pressure. The optimized pressure to obtain straight silica 

nanowires was 7 Torr. The diameter and length of the silica nanowires grown 

at 7 Torr for 10 min were 60-80 nm and ~1.9 μm, respectively. TEM analysis 

revealed that the obtained nanowires had the concave tip, differing from other 

silica nanowires produced by a conventional vapor-liquid-solid method, and 

were amorphous. The reverse cone shape at the distal tip of nanowire is due to 

initial growth starting around the perimeter of the nuclei. EDX, FTIR, and XPS 

results also proved that the nanowires have a close composition to 

stoichiometric SiO2. But a comparison of normalized XPS peaks with thermal 

oxide indicates that the oxygen is deficient due to many disorders, in this case 

disorders are Si-H bonds and H2O molecules in the interior of silica nanowires. 

The possible growth mechanism of the silica nanowires was also proposed. This 

simple chemical route at room temperature without a metal catalyst enables the 

direct growth of silica nanowires on various materials including thermally 
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stable polymers, and it may also be extended to the formation of other oxide 

nanowires. Finally, unipolar resistive switching behavior in silica nanowires 

was firstly reported. The switching is stable extended cycling, the minimum 

ratios of HRS to LRS are maintained over 300 times of switching. 
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Abstract (in Korean) 

 

실리카 나노와이어는 청색발광 특성과 표면 개질의 용이함으로 

깊은 연구의 대상이 되고 있다. 이러한 실리카 나노와이어를 성장시

키는 반응 기작은 VLS(Vapor-Liquid-Solid), SLS(Solid/Solution-Liquid-

Solid), VS(Vapor-Solid) 등이 보고 되었다. 기존의 성장 방법들은 주로 

금속 촉매를 사용하고 약 100 oC의 고온에서 장시간의 성장 시간이 

필요한 단점이 있다. 이러한 문제 점이 바이오 및 디스플레이 등의 

다양한 분야에의 접목의 걸림돌이 되고 있다. 

   본 연구에서는 2종의 관능기를 가지는 bis(ethylmethylamino)silane 

전구체와 물 사이의 VS 성장 방식에 의해 비정질 실리카 나노와이

어를 저온에서 단시간에 성장시킬 수 있었다. 나노와이어 성장이 전

구체의 구조적 특성에 의한 것인지 알아보기 위하여 전구체 

bis(ethylmethylamino)silane와 tetrakis(ethylmethylamino)silane를 비교하

여 2개의 관능기를 가지는 bis(ethylmethylamino)silane가 나노와이어

를 형성하는 것을 확인하였다. 그리고 물과 오존을 병행하여 전구체

와 반응시켜 물만을 사용하였을 경우에는 실리카 나노와이어가 생

성되었지만 오존을 넣고 그 함량을 증가시켜가면서 점점 박막이 형

성되는 것을 확인하였다. 이외에 온도, 압력, 기판의 표면특성 등을 

바꾸어가며 실리카 나노와이어 성장의 메카니즘을 규명하기 위한 



 
 
 

122

실험을 진행 하였다. 길이방향으로의 성장은 원료물질의 양과 비례

하여 성장하고 너비방향으로의 성장은 원료물질의 양과는 무관하게 

시간의 변화와 온도에 의하여 진행되는 것을 확인하였다. 선택 영역

에 대한 전자 회절 패턴(Selected Area Diffraction Pattern, SADP) 실험을 

통하여 성장시킨 나노와이어가 비정질상을 보이는 것을 확인하였고, 

투과전자 현미경(Transmission Electron Microscopy, TEM)과 에너지 분

산형 X선 측정(Energy Dispersive Spectroscopy, EDX)를 통하여 본 성장

거동에서 금속의 촉매가 사용되지 않았음을 확인하였다. EDS와 X선 

광전자 분광법(X-ray Photoelectron Spectroscopy, XPS)을 통하여 성장시

킨 나노와이어의 조성이 SiO2에 근접함을 확인하였다. 그러나 XPS 

및 적외선 분광법(Fourier Transform Infrared Spectroscopy, FTIR)을 통하

여 실리카 나노와이어 내에 산소가 부족한 것을 보였고, 이는 Si-H 

결합과 실리카 내부에 존재하는 물이 원인임을 밝혔다. 마지막으로 

실리카 나노와이어의 저항변화 특성을 최초로 보고 하였다. 제작한 

소자가 300회 이상의 안정적인 저항변화 특성을 보이는 것을 확인

하였고, 저항변화 거동 메커니즘을 분석하기 위한 실험을 진행하였

다. 

 

주요어: 실리카 나노와이어, 저항변화 

학번: 2009-30893 
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