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Abstract 

This dissertation is a study on the electrochemical reaction that occurs inside an 

insulating film when a strong electric field is applied to the insulating film. The 

electrochemistry that takes place inside an insulator provides new insights in terms 

of studying the conduction of ions and the electron transfer reactions in an insulator 

that cannot conduct current. In particular, an insulating film is formed to protect the 

catalyst on the electrode surface of the battery or the electrocatalyst of the energy 

conversion device. When the device is operated, an electric field is applied to the 

insulating film and ionic species can be introduced through the contacted electrolyte. 

In this case, the insulating film does not simply play a role of not flowing electricity, 

but it has to be considered because electron transfer and ionic species conduction 

occur inside the insulating film. This system is called Electrolyte/Oxide/ 

Semiconductor (EOS) system because it consists of a solution containing an 

electrolyte, an insulator, and a semiconductor that applies an electric field to the 

insulator. 

In this dissertation, electric fields were applied to various insulating films, and 

small ions were introduced through an aqueous solution in contact with the 

insulating films, and the electrochemical reactions that occurred were studied. In 

chapter 1, we provide a brief background about chemistry in dielectric layer. In 

chapter 2, we investigate the conduction process, which involves an electro-

generated radical in an Si/SiO2/aqueous system, using electrochemical impedance 

analysis. With a sufficiently negative potential such as −2 V (vs. Ag/AgCl), the 
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charge transfer resistance decreases as a function of time and no SiO2 layer 

breakdown is observed. A much thicker SiO2 layer exhibits similar behavior, which 

ensures negligible tunneling or leakage. In chapter 3, we investigated breakdown of 

thin dielectric films (SiO2, Si3N4, HfO2) immersed in aqueous electrolyte. The 

degree of interaction between a specific cation and an insulating film was confirmed 

through dielectric breakdown. Computer simulation based on density functional 

theory and molecular dynamics showed cations affect the dielectric strength. The 

responses of various dielectric films to solution components provide invaluable 

information for dielectric-incorporated electrochemical systems. 

Keywords: Electrolyte/oxide/semiconductor system, Impedance analysis, 

Dielectric breakdown, Dielectric-incorporated electrochemical systems 

Student number: 2013-20276 
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Figure 23 (a) Atomic ratio of oxygen to hafnium for HfO2 at different 

UV/ozone plasma treatment times. (b) Vdb of HfO2 depending on 

absence or presence of 30 min UV/ozone plasma treatment. ......... 47 
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1. Introduction & Background 

1.1 Electrochemistry at insulator 

Electrochemical reactions on dielectric layers have been relatively few, mainly 

because it is counter-intuitive that electrochemical reactions could occur on 

dielectric layers, i.e., insulators. On the other hand, electrochemistry on dielectric 

layers has the potential to offer new fundamental methodologies in various fields, 

such as the semiconductor industry, energy conversion, sensors, catalysts, and 

supercapacitors. In fact, electrochemistry through insulators, such as glass [1], metal 

oxide [2,3], organic monolayers [4,5], polymers [6,7], and rubbed Teflon [8], has 

been investigated. In Mirkin’s study on the electrochemistry through the amorphous 

glass films [1], there appeared to be a large amounts of pores that allowed the 

penetration of redox species as well as ions. Owing to the permeability of many 

chemical species, no specific electron transfer mechanism was needed for a faradaic 

reaction to occur in the glass membrane. This result is similar to Madou’s early 

experiment [9] in 1979, where hydrogen evolution [9] was observed at the SiO2 

surface in an aqueous solution at potentials more negative than -1 V versus SCE 

(Saturated Calomel Electrode) after activation treatment of dry-oxidized 100 nm-

thick SiO2. It indicated that proton was reduced due to the development of 

electronically conducting channels inside SiO2 layers [9]. 

In another approach, Si electrodes modified with organic monolayers have been 

intensively studied in recent decades, but still require breakthroughs with respect to 
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reproducible fabrication of stable and sufficiently thick dielectric layers. Rubbed 

Teflon is not a reliable electrode and is difficult to control precisely [8]. 

 

1.2 Hydrogen atom mediated electrochemistry 

Previously, our group proposed hydrogen atom mediated electrochemistry [10] 

which is about electron transfer mechanism in n+-Si/thermal SiO2/aqueous system 

(Fig. 1).  

The pH dependence of n+-Si/thermal SiO2/aqueous system showed that the 

cathodic reaction involves protons. An external electric field causes protons to 

Figure 1 Schematic view of the reactions in the proposed system. H-atom mediated 

electron transfer in n+-Si/thermally oxidized SiO2/aqueous solution. 
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migrate in the oxide layer [11] and the protons are electrochemically reduced to 

produce H atoms in a negative potential regime. Shkrob et al [12]. suggested that 

electrons react with network-bound protons at 180–530 K to form H atoms.  

  

≡Si-(OH)+-Si≡ + e- → ≡Si-O-Si≡ + H∙  

 

Besides, chemical defects such as Si-H has relatively small dissociation energy: 

about 3 eV for hydrogen dissociation from Si-H bond. Therefore, it is assumed that 

electrochemically, H atoms can be generated in the SiO2 layer at the relatively 

moderate potential. To sum up, it is proposed that protons in the aqueous solution 

drift into the SiO2 layer and become H atoms by capturing electrons tunneling 

through the Si/SiO2 interface under a negative potential. 

Even though no direct observation of hydrogen atoms inside the SiO2 layer was 

shown, several electrochemical results and indirect evidences on hydrogen atom 

generation [10,13] have supported that some hydrogen related radical is involed in 

electron transfer through the insulating thermal SiO2 layer. 
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1.3 Fowler-Nordheim (FN) tunneling 

One type of electron tunneling, known as Fowler−Nordheim (FN) tunneling, [14] 

occurs when the electrons injected from a metal transit a barrier ≳5 nm thick under 

an applied voltage. Quantitatively, one can calculate the FN tunneling current I from 

eq 1. 

𝐽 =
𝑞3𝐸2

8𝜋ℎ𝑞𝜙𝐵
exp [

−8𝜋(2𝑞𝑚𝑇
∗ )1/2

3ℎ𝐸
𝜙𝐵

3/2]……………………..(eq.1) 

where J is the current density, E is the electric field applied to the dielectric, h is 

he Plank’s constant, 𝑞𝜙𝐵  is the Schottky barrier height, 𝑚𝑇
∗   is the effective 

tunneling mass in dielectric , q is the electronic charge. 

 

 

 

Figure 2 Schematic diagrams of F-N tunneling model. 
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The major characteristic of this conduction mechanism is its temperature 

independency and linear relationship between ln(J/E2) and 1/E. This plot is called F-

N plot which is useful method to extract the electron effective mass in dielectric. 

When temperature is high enough for the electrons to overcome the energy barrier at 

the metal-dielectric interface and to be injected into the conduction band of dielectric 

by thermal energy, the conduction mechanism is changed to so-called Schottky 

emission, whose current density shows a positive correlation to temperature. 

FN tunneling in a metal−insulator−metal (MIM) stack requires a high degree of 

material perfection. The metal electrodes must have atomically flat surfaces to 

generate uniform electric fields, [15] and the insulator must have a very low defect 

density to suppress trapping. 

 

1.4 Cation conduction in SiO2 

For decades, an extensive study has been performed on the electrical instability in 

metal-oxide-silicon structures (MOS), caused by mobile alkali ions in the oxide [16–

18]. The sodium is by far the most important because sodium contamination is hard 

to avoid. The other mobile ions, i.e., Li+ and K+, are interesting, since the difference 

in ion size can give information about the conduction process that takes place in the 

oxide layer. The results of various workers on Na+ [16,18], K+ [16–18], Li+
 [18], Rb+ 

[19], and Cs+ [20] ions in thermally grown SiO2 layers indicate that somewhere 

between the ion radii of potassium (1.33 Å) and rubidium (1.48 Å) a limit is reached, 

above which ion drift in the oxide is impossible. 
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2. Conduction through a SiO2 Layer Studied by 

Electrochemical Impedance Analysis 

2.1 Introduction 

2.1.1 Thermal SiO2 

Dielectric materials such as SiO2 have been widely used as gate insulators in the 

semiconductor industry. Thermally grown SiO2 film, which is a representative 

dielectric layer, is undoubtedly an intrinsic insulator. However, when it is exposed to 

protic media, e.g., an aqueous solution, considerable currents can flow with a 

moderate negative bias at room temperature [10]. The cathodic current sensitively 

depends on pH, so thermal SiO2 can no longer act as an insulator. Linear sweep 

voltammetry and cyclic voltammetry can provide information about how the system 

responds to various conditions, whereas another experimental approach is required 

to understand the charge transfer mechanism in the thermal SiO2 film. A deeper 

understanding of the reason for this conventional dielectric-layer conduction and 

what actually occurs in it is important for the semiconductor industry and related 

applications. 

 

2.1.2 Impedance analysis 

Ac impedance analysis is a strong candidate for this purpose. In 1964, A. 

Slobodskoy examined the charge carrier distribution in a metal-insulator-
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semiconductor using ac-impedance analysis [21] . Since then, ac-impedance analysis 

has been used to study heterogeneous systems in conduction processes [22–25].  

Electrochemical impedance spectroscopy (EIS) has proven to be useful for 

investigating metal oxides [26], which have emerged as electrode materials [27]. It 

shows the origin that causes the dissolution of passive layers at specific 

electrochemical potentials [28]. The passive phosphate film on aluminum [29] and 

the corrosion inhibitor on nickel [30] are characterized as functions of corrosion 

resistance. Few reports have focused on the conduction process through 

electrogenerated [10,31] or photoinduced [32] radicals from metal oxides.  

In this study, we investigate the conduction process caused by electrogenerated 

radicals in thermal SiO2 on a highly n-doped silicon (n+-Si) electrode system by EIS. 
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2.2. Experimental 

2.2.1. Chemicals 

Phosphate buffer solution was made by mixing phosphoric acid (Sigma-Aldrich) 

and potassium phosphate monobasic (Sigma-Aldrich). The aqueous electrolyte was 

mainly composed of 0.1 M potassium phosphate in deionized water (pH 3). sulfuric 

acid (Daejung Chemical), Hydrogen peroxide (Samchun Chemicals) 

N-type (n+-Si), arsenic-doped, <100>-oriented Si wafers with a resistivity as low as 

0.005 Ω cm were obtained from STC (Japan). Ga–In eutectic (Sigma-Aldrich) 

2.2.2. Preparation of thermal oxidized SiO2 and Low-Pressure 

Chemical Vapor Deposition (LPCVD) Si3N4 

n+-Si wafers after cleaning with a mixture of H2SO4 and H2O2, the native oxide 

was stripped by HF dipping, and a 20-nm-thick thermal SiO2 layer was produced at 

850 °C in a furnace with dry O2 blowing. Next, the 20-nm-thick thermal oxide layer 

was stripped again by HF dipping. After repetitive cleaning, 6- and 200-nm-thick 

thermal SiO2 layers were formed at 850 °C and 1000 °C, respectively, in the furnace 

with dry O2 blowing. LPCVD Si3N4 was fabricated at 828 °C in the LPCVD reactor 

with dichlorosilane and ammonia. 

2.2.3. Electrochemical Measurements 

For every experiment, diced n+-Si/SiO2 pieces were degreased by sonication in 

acetone and isopropanol and rinsed with methanol or deionized water. The back side 

of the wafer was scratched with a diamond knife to remove the air-formed SiO2 film 
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and smeared with a Ga–In eutectic for electric contact. With a metal support attached, 

the ohmic nature of the contact was verified using electrical measurements. The 

prepared electrodes were pressed against the O-ring of an electrochemical cell, 

where 0.28 cm2 remained exposed to an aqueous solution of 0.1 M potassium 

phosphate in deionized water. A pH electrode (ROSS 8102, Orion) was used to check 

the pH of the aqueous solution. The electrochemical experiments were performed at 

room temperature in a three-electrode electrochemical cell connected to a 

potentiostat (Reference 600, Gamry Instruments). The Ag/AgCl (in a 3 M NaCl 

internal filling solution, BAS Inc.) and a Pt wire (0.5 mm in diameter) were used as 

the reference and counter electrodes, respectively. 
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2.3. Result and Discussion 

2.3.1. Electrochemical behavior of Si/SiO2 system 

When a DC electric field is applied across the SiO2 film, protons migrate through 

the film at room temperature to polarize the n+-Si/SiO2 interface [11]. In an 

electrochemical system, the n+-Si/SiO2 electrode in protic media, e.g., an aqueous 

solution, can take protons into the SiO2 film, driven by the electric field gradient. 

The suggested theory for this phenomenon is that the protons in SiO2 films are 

responsible for electric conduction in this conventional dielectric layer. Linear sweep 

voltammograms (LSV) of the n+-Si/SiO2 electrode (Fig. 3) show that a small current 

flows at a less negative potential than - 1.2 V, which is the onset potential, regardless 

of the oxide film thickness.  

 

Figure 3 (a) Linear sweep voltammogram of an n+-Si/SiO2 (6 nm) electrode in a N2-

purged solution of 0.1 M potassium phosphate at pH 3. (b) Linear sweep 

voltammogram of an n+-Si/SiO2 (200 nm) electrode in a N2-purged solution of 0.1 

M potassium phosphate at pH 3. 
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The thermal SiO2 film used in this study is a very dense and excellent insulator, as 

assessed in a previous study [10]. Tunneling and electron leakage through the 

thermal SiO2 film owing to defects are negligible. No faradaic reaction is expected 

at - 0.4 V, as confirmed by the Nyquist plot, which shows a nearly perfect vertical 

line that indicates a pure capacitor. When - 1.2 V is applied to the n+-Si/SiO2 

electrode, a smack of semicircle appears in the Nyquist plot, which reflects the 

beginning of the faradaic reaction. Because the only reducible species in the oxide 

layer comprises protons, we can reasonably predict that protons are 

electrochemically reduced, which may produce a hydrogen molecule and/or 

hydrogen atom (H atom) [10].  

Because the protons migrate from the aqueous medium to approach the electron-

conducting domain n+-Si, the probability of faradaic reduction of protons increases 

near the interface between n+-Si and SiO2, where there are various chemical defects 

that effectively catalyze the proton reduction. The protons that migrate through the 

SiO2 layer can be reduced to H atoms in similar solid-state systems, e.g., 

metal/oxide/semiconductor devices [33]. In this work, the aqueous electrolyte serves 

as the proton source, and the faradaic reduction of protons is predicted to occur at 

the interface between n+-Si and SiO2, where various chemical defects are abundant. 

At a more negative potential, e.g., - 2.0 V (vs. Ag/AgCl), the faradaic current 

increases because of such a high overpotential, and the resistance component is 

expected to decrease correspondingly. EIS provides quantitative information that 

enables us to examine what truly occurs in the system. If the resistance varies with 
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the faradaic reaction, the dielectric membrane resistance and charge transfer 

resistance should be responsible for this variance. The dielectric membrane  

resistance was determined from the local density of protons in the oxide layer, and 

more protons must accumulate in the SiO2 at a steeper field gradient. However, LSV 

from the SiO2 electrodes, taken as a function of thickness (Fig. 3), show that the 

observed current is affected not by the field gradient but by the overall applied 

potential. For a much thicker SiO2 electrode, the current begins to increase at an only 

slightly more negative potential, which indicates that the charge transfer resistance 

is dominant. 

  

Figure 4 Schematic image of n+-Si/SiO2 system 
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2.3.2. Impedance analysis of Si/SiO2 

Nyquist plots were obtained from EIS (Fig. 5) at - 0.4 V, - 1.2 V, and - 2.0 V (vs. 

Ag/AgCl) at the frequency from 100000 to 0.1 Hz in potassium phosphate buffer 

(pH 3). The EIS results were fitted on the basis of the Randles circuit that involves 

solution resistance, capacitance and charge transfer resistance. For the 6 nm SiO2 

layer (Fig. 5a), capacitance was 6.87 x 10-7 F cm-2 and charge transfer resistance was 

1.78 x 108 Ω cm2 (- 0.4 V), 2.44 x 106 Ω cm2 (- 1.2 V) and 2.21 x 103 Ω cm2 (- 2.0 

V). For 200 nm SiO2 layer (Fig. 5b) capacitance was 1.94 x 10-8 F cm-2 and charge 

transfer resistance was 6.82 x 109 Ω cm2 (- 0.4 V), 2.68 x 107 Ω cm2 (- 1.2 V) and 

2.09 x 105 Ω cm2 (- 2.0 V). Because the EIS data in low-frequency region at - 2.0 V 

deviate from conventional behavior that fits well Randles circuit, the fitting process 

was performed within the limited range of frequency from 100000 to 100 Hz. The 

Figure 5 (a) Nyquist plots obtained by ac-impedance analysis at - 0.4 V (vs. 

Ag/AgCl, green), - 1.2 V (vs. Ag/AgCl, orange), and - 2.0 V (vs. Ag/AgCl, red) of 

an n+-Si/SiO2 (6 nm) electrode in a N2-purged solution of 0.1 M potassium phosphate 

at pH 3. (b) Nyquist plots of an n+-Si/SiO2 (200 nm) electrode. 
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electrode area was 0.28 cm2 and the solution resistance was 200 Ω for these 

experiments. 

The real impedance in the low-frequency region enables us to estimate the charge 

transfer resistance (RCT). Interestingly, the Nyquist plot at - 2.0 V shows no Warburg 

behavior, whereas the total impedance shifts horizontally when the frequency 

decreases. This result obviously deviates from the Nyquist plots for conventional 

electrochemical systems, which consist of a conducting electrode and an electrolyte 

solution and can be consequently fitted by a simple combination of a Randles circuit 

with Warburg behavior. The impedance results are curved inward to resemble 

systems with inductor components. However, the Nyquist plots in this 
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electrochemical cell are never fitted by putting an inductor component into the 

equivalent circuit.  

One of the key features is the time-dependent impedance behavior of this system. 

When the frequency is reverse-scanned from low to high frequencies, the direction 

of the horizontal shift in the Nyquist plot is critically switched, as shown in Fig. 6.  

The impedance measured at the same frequency varies depending on the direction 

of the frequency scan. The actual impedance in the low-frequency regime responds 

sensitively to the length of the system exposure to the given dc bias. This observation 

can be explained by introducing a variable resistance to the Randles circuit, which 

Figure 6 (a) Nyquist plots that were experimentally obtained from ac-impedance 

measurements of the n+-Si/SiO2 (6 nm) electrode in a N2-purged solution of 0.1 M 

potassium phosphate at pH 3 from high frequency to low frequency (Black dot) and 

simulated data (Red line). (b) Nyquist plots that were experimentally obtained from 

ac-impedance measurements of the n+-Si/SiO2 (6 nm) electrode in a N2-purged 

solution of 0.1 M potassium phosphate at pH 3 from low frequency to high frequency 

(Black dot) and simulated data (Red line). (c) Randles equivalent circuit involving a 

variable resistor. 
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corresponds to the faradaic reaction. When RCT in the Randles circuit serves as a 

variable resistor instead of a constant, the simulation results are consistent with the 

experimental results. To ensure that there is no breakdown of the SiO2 layer under 

the electric field and/or resulting electrochemical process, impedance measurements 

for the n+-Si/SiO2 electrode were repeated after the electric field was turned off. The 

behavior was completely reproducible and exhibited an exactly identical result to 

that of the fresh electrode that was never in an electric field. Thus, the protons that 

previously concentrated in the oxide layer under the electric bias diffuse out in the 

absence of an electric field so that the n+-Si/SiO2 electrode returns to its original state. 

 

Figure 7 Nyquist plots change with DC bias time applied before impedance 

measurement. 
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As shown by the Nyquist plots Fig. 7, dc bias applied longer prior to 

electrochemical impedance measurement leads to smaller semicircle. This is in good 

accordance with the predicted. When an impedance scan (no DC bias) experiment is 

performed a few minutes after the impedance scan (DC bias 5 min or 10 min) 

experiment, a larger semicircle appears reproducibly. This confirms the stability of 

the oxide layer used in this study. 
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2.3.3. Electrochemical behavior of other dielectric layer  

Similar phenomena are observed at another type of dielectric layer: silicon nitride 

(Si3N4). Fig. 8 shows the LSV and Nyquist plot obtained from an n+-Si electrode 

with Si3N4 (6 nm thick) and thermal SiO2. The interface between n+-Si and Si3N4 has 

active sites, such as Si-H in the Si/SiO2 interface, which are predicted to play an 

important role in the conduction process in the n+-Si/dielectric layer/aqueous 

electrolyte system. 

 

 

RCT between n+-Si and thermal SiO2 contains essential knowledge about the 

conduction process for the n+-Si/thermal SiO2/aqueous electrolyte system. Although 

the protons migrate into SiO2 films at a negative potential, they are not reduced 

unless the externally applied dc bias exceeds the onset potential at the n+-Si/thermal 

SiO2 electrode. At a sufficiently negative overpotential, the faradaic charge transfer 

Figure 8 (a) Linear sweep voltammogram of the n+-Si/Si3N4 (6 nm) electrode in a 

N2-purged solution of 0.1 M potassium phosphate at pH 3. (b) Nyquist plots obtained 

by ac-impedance analysis at - 2.0 V (vs. Ag/AgCl). 
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begins to occur at the interface between n+-Si and SiO2, where chemical defects are 

concentrated and can catalyze the electrochemical reduction. The probable product 

is atomic hydrogen (H atom). Despite its exceptional stability in the SiO2 phase, the 

charge transfer mechanism through the oxide film does not appear to be a simple 

diffusion of H atoms. The H atom is unlikely to diffuse through the oxide layer by 

itself. Instead, it gives its electron to any nearby proton. Because protons are 

accumulated in the oxide layer under a constant negative bias, the density of protons 

must be sufficiently high to assume that a newly generated H atom would have 

protons within a tunneling distance from itself. The oxidation of H atoms regenerates 

protons. As a consequence, electrons from n+-Si propagate toward the solution, and 

the reactant protons are not depleted near n+-Si. This phenomenon causes unique 

experimental results such as the time dependence of the RCT shift in the low-

frequency regime. Further intensive study is required to unravel the detailed 

mechanism of charge transfer in the oxide film. 
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2.4. Conclusion 

The electrochemistry of the n+-Si electrode covered with dielectric layers such as 

thermal SiO2 was investigated using electrochemical ac-impedance analysis. With a 

negative potential bias, the n+-Si/SiO2 system is polarized and the SiO2 dielectric 

film is charged by protons that migrate from the solution. The charging process can 

be monitored through a nonfaradaic current at a potential that is less negative than 

the onset potential. A sufficiently high overpotential, such as - 2.0 V (vs. Ag/AgCl), 

drives the faradaic current from the electrochemical proton reduction, which is 

predicted to occur at the interface between n+-Si and SiO2. Electrochemical 

impedance spectroscopy (EIS) results for the faradaic reaction can be fitted with a 

Randles equivalent circuit involving a variable resistor, which reflects the actual 

impedance in the low-frequency regime. The component of real impedance that is 

associated with the charge transfer resistance RCT is time-dependent under the dc 

electric bias.  

Confirming the stability of the SiO2 film, we ascribe the decrease in RCT to the 

facilitated electron transfer at the interface between the n+-Si and SiO2 dielectric 

layers. The electrochemical reduction of protons is believed to produce atomic 

hydrogen, and the redox coupling of protons and H atoms in the dielectric layer is 

responsible for the time-dependent decrease in RCT. The SiO2 film is the 

representative dielectric layer and is widely used in semiconductor manufacturing, 

but it is not insulating when it is exposed to moisture under any external electric field. 

This study shows an important aspect of why and how such systems behave. 
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3. Aqueous Ionic Effect on Electrochemical Breakdown 

of Si-Dielectric-Electrolyte Interface  

3.1. Introduction 

3.1.1 Conduction of inorganic insulating materials 

The electrical conduction of inorganic insulating materials has been of keen and 

steady interest because it is critical for stability and reliability of electronic devices. 

Recently, the importance of insulators is rekindled due to its new found applications 

to batteries [34–36], catalysts [10,37,38], fundamental electrochemistry [39], and 

iontronic devices [40]. The insulating thin film is more than an electrical and 

mechanical barrier protecting the underlying conductive material [41]. In 

electrochemical systems, it gives rise to certain characteristics that govern overall 

behavior, the reason for which is yet explored. For instance, unusual electrochemical 

phenomena is observed at SiO2 [1,10,42], an extensively studied insulator. 

Concerning the role of insulator as a material where the mass transport and 

electrochemical reactions of various species could take place, research hitherto has 

been focusing on mass transport and the redox process of cation species in the 

dielectric layer. Most of the literature concern hydrogen species and alkali metal ions 

such as sodium ion and potassium ion. There are many reports supporting that metal 

cations possibly transfer from solution to the insulating films such as Si3N4 [43,44], 

HfO2 [45] and Al2O3 [35,36,46,47]. Particularly, proton involvement under the 

electrochemical reaction condition has been reported because they are expected to 
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form quasi-stable states in the molecular chain of insulating materials. For example, 

SiO2 film becomes conductive after extensive contact with acidic solution for several 

hours [1], but electric current hardly flows at as-prepared-dry SiO2 film [48]. Lee et 

al. showed electrochemical reactions mediated by hydrogen species within SiO2 thin 

films [10,49]. 

 

3.1.2 Dielectric breakdown 

Dielectric breakdown (DB) is the loss of electrical insulation under applied 

electric field. Current leaks through the dielectric layer when applied electric field 

and cleaves chemical bonds which lead to local disruption and loss of insulating 

property [50]. Its kinetics reflects the physical and chemical environment around the 

dielectric material. Therefore, DB can be indicative of the process of impregnation 

by cationic species. Briggs et al. studied how the pH of electrolyte affects the DB of 

Si3N4 [43]. In addition to protons, various metal ions such as sodium and potassium 

ions were investigated with detailed physical and chemical models to characterize 

device failure [51–54]. It is believed that metal ions, which were impregnated during 

the fabrication process and the device operation, can move within the dielectric 

oxides. Yet how the metal ions travel within the dielectric layer and modify its 

properties is controversial. Impregnation of ions into the insulators mostly involves 

harsh conditions so that the intrinsic nature of insulator undergo severe changes far 

from its pristine state [55–61], resulting in the inconsistency of experimental results. 

Therefore, the study on this type of system require a less invasive method that can 

minimally modify the property of as-deposited insulator film. 
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In this work, we investigated DB of commonly used dielectric films, SiO2, Si3N4 

and HfO2 on a highly doped Si electrode, to which negative potential bias is applied. 

The electrochemical behavior and DB kinetics allows monitoring of the effect of 

metal ions on the electrolyte-oxide-semiconductor (EOS) system. 

  



24 

3.2. Experimental 

3.2.1. Chemicals 

Phosphate buffer solution (PBS) was made using phosphoric acid (Daejung, 

Korea), potassium phosphate monobasic and potassium phosphate dibasic (99.9%) 

from Sigma-Aldrich. Highly doped n-type silicon wafer (arsenic-doped, <100>-

oriented) with a resistivity as low as 0.005 Ω cm was obtained from STC (Japan). 

AZ4620 photoresist was purchased from Merck (USA). 

 

3.2.2. Preparation of Si/SiO2, Si/Si3N4 and Si/HfO2  

The 10-nm thick thermal SiO2 film was prepared by dry oxidation of Si wafer in 

oxygen environment at 950 °C. Briefly, Si wafer was cleaned with a mixture of 

H2SO4 and H2O2 before stripping the native oxide by dipping in HF. A 20-nm-thick 

thermal SiO2 layer was produced at 850 °C in a furnace with dry O2 blowing 

followed by HF wet etching. Repetitive cleaning was followed by dry O2 blowing in 

a furnace at 950 °C yielding 10-nm-thick thermal SiO2 layers. 10-nm-thick Si3N4 

was obtained by low pressure chemical vapor deposition (LPCVD) after standard 

wafer cleaning process. 10-nm HfO2 layers were deposited by atomic layer 

deposition (ALD) on same cleaned Si wafer. Tetrakis(ethylmethylamido)hafnium 

was used as the metal precursor, and deionized H2O as the oxygen source. The 

temperature in the ALD reaction chamber was 200 oC. 
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3.2.3 Protective layer coatings on Si/SiO2, Si/Si3N4 and 

Si/HfO2  

For reproducible experiments we had to define the exposed SiO2 area and reduce 

unwanted pinholes in the oxide film. Successive coatings of alumina, photoresist and 

photolithography were performed as follows. First of all, 100 nm-thick alumina film 

was deposited on the whole wafer of Si/SiO2 by a SNTEK sputter. AZ4620 

photoresist was spin coated on the wafer at 6000 rpm for 30 s and post baking process 

was conducted at 110 °C for 1.5 min. Then we aligned the wafer under a pattern-

designed chromium mask (50×50 μm2), and exposed it to a UV lamp. Developing 

was performed by immersing the wafer into AZ300MIF developer (AZ electronic 

materials) for 2 min. After judging whether the wafer was well developed by optical 

microscope, a hard bake was performed at 150 °C for 15 min. Etching of alumina 

was conducted in 50 ℃, 85% phosphoric acid for 6 min. 

 

3.2.4. Electrochemical characterization 

To minimize mechanical stress, we used the whole wafer without a dicing process 

for all electrochemical experiments. For electrical contact with Si/SiO2, Si/Si3N4 and 

Si/HfO2, the insulating layer on the back of silicon wafer was removed by scratching 

an approximately ~ 1 cm² area with a diamond point pen and casting a droplet of 48 % 

hydrofluoric acid solution. This area was covered by gallium-indium eutectic (≥ 

99.99 % trace metals basis from Sigma-Aldrich) then covered by ~10-cm-long 

conductive adhesive tape. The tape was connected to the working electrode cable of 
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the electrochemical analyzer (CHI660, CH Instrument, US). 3 μL of 0.5 M aqueous 

electrolyte was dropped on the exposed SiO2 area. To complete the electrochemical 

cell Pt wire and Ag/AgCl reference electrode (3 M KCl) with a double junction filled 

with 1 M KNO3 were employed as the counter and reference electrodes, respectively. 

All potentials in this paper are referenced to Ag/AgCl reference electrode (3 M KCl). 

Linear sweep voltammetry (LSV) was carried out to see characteristic dielectric 

breakdown behavior of Si/SiO2, Si/Si3N4 and Si/HfO2. LSV initial potential for SiO2 

and Si3N4 was -3 V, and for HfO2 was 0 V. The scan rate was 50 mV/s. Potential at 

which dielectric breakdown occurred (Vdb) was determined as the most positive 

potential with 10 nA during LSV. 

 

3.2.5. UV/ozone plasma treatment  

HfO2 oxidation for eliminating oxygen vacancy was conducted with UV/ozone 

plasma treatment (AC6, Ahtech LTS, Korea) for 30 min while the distance between 

the UV lamp and the substrates was maintained at 45 mm. 

 

3.2.6. Theoretical calculation 

Total energy calculations were performed by using Vienna ab initio Simulation 

Package (VASP) based on density functional theory (DFT) [62]. We applied the 

generalized gradient approximation with the Perdew−Burke−Ernzerhof (PBE) 

function to treat the exchange-correlation energy [63]. DFT energy calculations were 

conducted spin-polarized with a kinetic energy cutoff of 800 eV. A 2×2×2 k-point 
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grid based on Monkhorst–Pack scheme was used for energy calculation [64]. To 

describe the SiO2 system, we adopted a 2×2×2 supercell of α-cristobalite structure 

(space group: P41212) and let it fully relax until the residual force was less than 0.2 

eV/Å. We estimated the relative stability of various alkali metal ions in between two 

mediums. One is in the solution, and the other is in interstitial sites in SiO2. The 

relative stability, 𝛥𝐸, can be expressed as: 

𝛥𝐸(𝑥) = 𝐸𝑥 𝑖𝑛 𝑆𝑖𝑂2
(𝑥) − 𝐸𝑆𝑖𝑂2

− {𝐸𝑥 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚(𝑥) + 𝐸𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛(𝑥)} 

where 𝑥 is alkali metal ion such as Li+, Na+, K+, Rb+, Cs+ and Ag+. To determine 

the most stable interstitial sites in SiO2, we considered seven different interstitial 

sites generated from Voronoi analysis [65]. Subsequently, the lowest-DFT-energy 

structure was selected to estimate 𝐸𝑥 𝑖𝑛 𝑆𝑖𝑂2
(𝑥) that contains one alkali metal ion. 

Only the internal atomic positions were allowed relax while the lattice constants 

were fixed to those of the fully-relaxed SiO2 structure when we calculate 

𝐸𝑥 𝑖𝑛 𝑆𝑖𝑂2
(𝑥) . 𝐸𝑆𝑖𝑂2

  is the DFT energy of 2×2×2 supercell of α-cristobalite 

structure. Energy of single alkali metal ion in the vacuum, 𝐸𝑥 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚 (𝑥), was 

obtained from a 20×20×20 Å3 cubic cell with one ion in the box. The energy of the 

single ion was corrected by using solvation energy, 𝐸𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛(𝑥), to estimate the 

energy of ion in solvated states (Table S1). Ab initio molecular dynamics (AIMD) 

simulations were carried out by employing VASP based on Verlet algorithm [66]. 

The same structures which were used for calculating 𝐸𝑥 𝑖𝑛 𝑆𝑖𝑂2  (𝑥) were adopted 

for AIMD simulations except for the Cs+-inserted SiO2 case where the electronic 

energy could not be converged in AIMD calculation conditions. We also did AIMD 

simulations on hexagonal Si3N4 (space group: P63/m) and monoclinic HfO2 (space 
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group: P21/c) using a Γ-point-only k-point grid and a cutoff energy of 400 eV. The 

simulations were performed for 100 ps after an equilibrium step of 10 ps in the 

canonical (NVT) ensemble with a Nosé–Hoover thermostat [67,68]. All AIMD 

simulations were conducted at an elevated temperature of 1,800 K to facilitate the 

ionic motions. 

 

 

  

Ion Li+ Na+ K+ Cs+ Ag+ 

-ΔH/kJ mol-1 531 416 334 283 483 

Table 1 Standard Molar Enthalpies of Hydration of Ions.[69] 
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3.3. Result and Discussion 

3.3.1 General electrochemical behavior of EOS breakdown 

Fig. 9 shows the experimental setup of the three-electrode configuration connected 

to a potentiostat. Typical voltammograms of SiO2, Si3N4 and HfO2 deposited on Si 

obtained in 0.5 M KCl are presented in Fig. 10. The current surge indicates dielectric 

breakdown (DB) of the thin insulating film. Indicated on the i-V curves of SiO2, 

Si3N4 and HfO2 is the dielectric breakdown potential, Vdb. Current starts to increase 

before Vdb for Si3N4 and HfO2, but for SiO2 only a small charging current flows. Band 

gap for Si3N4 and HfO2 is 5.3 eV [70] and 5.7 eV [71], respectively, which are much 

smaller than 9 eV for SiO2. This explains the current flow through the film under 

smaller bias at Si3N4 and HfO2. Before the breakdown, the electric field where 

leakage current begins to flow is about 6 MV/cm, 2 MV/cm, and 1 MV/cm for SiO2, 

Si3N4, and HfO2, respectively [72,73]. Inset of Fig. 10 shows a similar trend, 

therefore the electrolyte is not responsible for the exponential leakage current that 

appears before DB. 
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Figure 9 (a) Schematic diagram of electrochemical setup used in this study. Alumina 

and photoresist define the exposed area of insulators at 50×50 μm2. Whole Silicon 

wafer serves as a working electrode to minimize unwanted physical damage during 

dicing or manual handling. Ctr is Pt wire counter electrode and Ref is Ag/AgCl (3M 

KCl) reference electrode with a double junction filled with 1 M KNO3. (b) Image of 

the electrochemical cell. 
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Figure 10 Typical current-potential curve of Si-insulator (10 nm)-aqueous 

electrolyte system. 
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3.3.2 Cation effect on dielectric breakdown of SiO2 

To investigate cationic effect on DB in EOS system, the i-V curves were obtained 

in the presence of alkali metal ions (Li+, Na+, K+, Cs+) and silver ion (Ag+). The 

results from solutions containing NaCl and AgNO3 are conspicuous in that Vdb 

positively shifts for SiO2 (Fig. 11). Plasma-enhanced chemical vapor deposition 

(PECVD) SiO2 also showed a similar Vdb trend (Fig. 12), indicating that it is a feature 

shared by the SiO2 material rather than the method for fabricating thin insulating 

film. This should be attributed to effects of sodium and silver cations because anionic 

effect is negligible (Fig. 13). The cationic effect on the breakdown is a function of 

concentration.  

Figure 11 Potential at which dielectric breakdown occurs (Vdb) depending on metal 

cations in aqueous electrolyte. Si-SiO2 (10 nm)-electrolyte. 
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Figure 13 Vdb of Si-SiO2 (10 nm)-aqueous electrolyte containing different sodium 

based electrolytes. 

Figure 12 Vdb of Si-PECVD SiO2 (10 nm)-aqueous electrolyte in electrolytes 

containing different metal cations. 
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3.3.3 Ion concentration effect on dielectric breakdown 

Fig. 14 and Fig. 15 show that both sodium ion, silver ion, and proton have little 

influence on breakdown of SiO2 at concentrations below 1 mM. Furthermore, silver 

ion causes Vdb to shift to a much greater extent than sodium ion, Vdb being 

approximately 2.5 V and 0.7 V, respectively. Vdb shift of proton is 0.25 V and more 

similar to sodium ion than silver ion. It is increasingly probable that SiO2 film 

undergoes breakdown at lower voltage, i.e. weaker electric field, in the presence of 

sodium ion, silver ion and proton at concentration higher than 1 mM. 

  

Figure 14 Potential at which dielectric breakdown occurs (Vdb) for SiO2 as a function 

of (a) sodium ion concentration, (b) proton concentration. 
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Figure 15 Potential at which dielectric breakdown occurs (Vdb) for SiO2 as a function 

of silver ion concentration 
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3.3.4 Change of effective electric field at SiO2 

Concerning the influence of sodium and silver ions on DB of SiO2, there are a few 

reports that mobile cations that forcibly impregnated in dielectric films during the 

fabrication lower Vdb increasingly with effective electric field (Fig. 16) [51,52]. In 

this system, metal ions are initially absent in the SiO2 film and present in the solution. 

Therefore, the cations should transfer from the aqueous phase to the SiO2 layer upon 

negative electric bias. 

 

 

Based on the assumption that the transferred sodium and silver ions weaken the 

dielectric strength by modifying the effective electric field, we estimated the number 

of sodium and silver ions transferred into SiO2 by employing the methodology to 

analyze the introduction of cations to hydrogenated silicon carbon nitride film [52]. 

Briefly, we positioned sodium or silver ions on a plane and calculated the effective 

Figure 16 Potential diagrams of Si-SiO2-electrolyte systems with or without 

transferrable cations in electrolyte. 
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electric field by summation of the applied field and the field generated by the ions. 

Potential differences at the interfaces of Si-SiO2 and SiO2-electrolyte are not 

considered because the applied voltage is significantly larger. Thus, the magnitude 

of applied field gradient, EA, would be VA/d where VA is applied voltage between 

reference electrode and Si and d is the oxide thickness. By the Gauss law, electric 

field created by sodium ion on a plane in the film should have the magnitude of EM 

= qNM/2ε where q is the charge of electron, NM is area density of sodium or silver 

ion, ε is the permittivity of free space. Thus, the electric field applied between Si and 

the plane of sodium or silver ion is Etotal = EA + EM = VA/d + qNM/2ε. When Etotal 

exceeds the dielectric strength of SiO2, which is Vdb/d in the absence of sodium and 

silver ions, breakdown should occur. Using the measured Vdb in Fig. 11, we estimated 

the number of ions per unit area of 10 nm-thick film, 7.67×1015 m-2, one sodium ion 

per 3,000 SiO2, or 13 mM. In the same way, the estimated number of silver ions per 

unit area of 10 nm-thick film is 2.94×1016 m-2, one silver ion per 780 SiO2, or 49 mM. 
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3.3.5 Silver effect in SiO2 

This is the value when the ions act only with a simple positive charge. The sodium 

ion will only act as an ion with a +1 charge, but the silver ion will not act as a simple 

charge because it can be easily reduced. Fig. 17 is a cross-sectional field emission 

transmission electron microscope (FETEM) image after breakdown of Si-SiO2-

electrolyte system in 0.5 M AgNO3 aqueous solution. As a result of Energy 

Dispersive Spectrometry (EDS), silver was only present in a portion where the metal 

appeared to have penetrated, and silver was not detected in the surrounding SiO2 

portion (Fig. 18). As a result of the detection of silver only in certain areas, it seems 

that silver ions undergo the following mechanism. First, when silver ions enter a part 

of SiO2, they are reduced by an electric field. When silver metal is generated in this 

part, it acts as a passage through which electrons flow, leading to breakdown by Joule 

heat, and the pierced SiO2 part is again reduced to silver ions in the solution and 

filled with silver metal. That is, at a relatively low potential, the breakdown does not 

appear in the portion where the silver ion does not enter because it occurs only at the 

portion where the silver ion enters. 
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Figure 17 FETEM image of Si-SiO2-electrolyte (0.5 M AgNO3) system after 

dielectric breakdown. 
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Figure 18 (a) FETEM image of Si-SiO2-electrolyte system (x 2,000,000), (b) EDS 

data of Si-SiO2-electrolyte system, metal parts (black), surrounding SiO2 (red) 
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3.3.5 Calculation of ions in SiO2 

As for transportation of cation between two different phases, we can divide its 

entire process into 3 steps. (1) The solvation shell of the cation in solution phase 

would be completely or partially removed before entering the oxide phase. (2) In the 

oxide, the lattice would get distorted or locally reduced to stabilize the local excess 

charge. (3) At the interface, the adsorption of the cation on the terminal group of the 

oxide could catalyze the interphase transport process by lowering activation energy. 

In order to further elucidate the cation selectivity of SiO2-aqueous system, we 

investigated transportability of metal ions in SiO2 structure by AIMD simulations 

and theoretical calculations based on DFT by assessing the relative stability of metal 

cations. The mean square displacement of each metal ion calculated by AIMD is 

depicted in Fig. 19 as a function of simulation time. In order to confirm the smooth 

movement of ions, we monitored it in the fs time scale at 1800 K. The movement of 

cations is observed inside SiO2. Larger metal ions such as potassium ions can barely 

migrate in SiO2 matrix, implying that they are less likely to contribute the breakdown 

enhancement even if the cations intercalate into the first layer of the matrix. In 

contrast, the ionic motion of lithium ion is much faster than that of other ions. Drifts 

of sodium and silver ions are moderately fast. Therefore, we can predict that lithium, 

sodium and silver ions may affect the breakdown potential once they are transferred 

from the electrolyte phase. However, the observed Vdb shifts cannot be fully 

addressed, until the solvation energy of each ions are considered. Fig. 20 shows the 

normalized relative stabilities of metal cations in SiO2 compared to water. We 

normalized the data using the lowest value, which corresponds to that of sodium ion, 
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for comparison. Positive values for lithium, potassium and cesium ions show that 

they are not likely to reside in the SiO2 phase compared with sodium and silver ions. 

The driving force for the insertion from water to SiO2 is the highest for sodium and 

silver ions. Putting together the AIMD simulations and the DFT calculations, we can 

explain why sodium and silver ions modify Vdb significantly unlike other alkali metal 

ions. Computational analysis says that the apparent Vdb shift is driven by desolvation 

energy rather than movement within the SiO2 phase. Lithium ion has negligible effect 

on Vdb because its insertion from aqueous phase to SiO2 is energetically unfavorable 

(Fig. 20). According to literature, anions can influence the adsorption of alkali metal 

ions on SiO2 surface and considerable adsorption of sodium ion is expected when Cl- 

coexists [74]. Reportedly, the partially solvated cation can be adsorbed on the 

dielectric film and such an intermittent state may affect the cation transfer. Small 

change in Vdb (Fig. 13), however, indicates that this is not the case for this system.  

In DFT calculation and AIMD simulation, sodium ions and silver ions are almost 

similar, but as shown in Fig. 11, silver ions have a great effect compared to sodium 

ions. If the difference between the sodium ion and the silver ion present is that silver 

ion can be metallization by a weak electric field within the SiO2 [75]. The metalized 

silver inside the SiO2 becomes a site for current flow and leads to a breakdown soon, 

but sodium ions and similar protons do not lead directly to breakdown because they 

exist only as cations inside SiO2. 
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Figure 19 Mean displacement of cations versus time for different metal ions 

calculated by molecular dynamic simulation. 

Figure 20 Normalized free energy required for cation transport from aqueous to SiO2 

phase. 
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3.3.6 Cation effect on dielectric breakdown of Si3N4 and HfO2 

Neither sodium nor silver effect on breakdown potential is observed at Si3N4 (Fig. 

21), showing that cationic effect is very sensitive to the differences in chemical 

nature between SiO2 and Si3N4. For HfO2, silver ion lowers the Vdb whereas sodium 

ion has negligible influence (Fig. 22). Vdb shift at HfO2 is observed only for silver 

ion to 1.2 V, less than for SiO2. 

 

 

 

Figure 21 Potential at which dielectric breakdown occurs (Vdb) depending on metal 

cations in aqueous electrolyte. Si-Si3N4 (10 nm)-electrolyte 
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Figure 22 Potential at which dielectric breakdown occurs (Vdb) depending on metal 

cations in aqueous electrolyte. Si-HfO2 (10 nm)-electrolyte. 
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AIMD simulations were also performed on Si3N4 and HfO2 to see transportability 

of metal ions. AIMD simulations were performed on hexagonal Si3N4 and 

monoclinic HfO2 where ion movement was shown only in 1D channel. This 1D 

channel ion pathway could easily be inhibited due to defects [76,77]. Since the actual 

Si3N4 used in the experiments was amorphous possessing numerous defect sites, it is 

hardly expected that ions drifts in Si3N4 affect the breakdown (Fig. 21). As for HfO2, 

AIMD simulation shows that all cations do not move, even though strong silver ion 

induced Vdb lowering was observed in the experiment (Fig. 22). The difference 

between the experiment and the simulation could be addressed by the structural 

variation in the oxides used by each method. The HfO2 structure we used for AIMD 

simulation was crystalline HfO2, free of structural defects. In the experiment 

amorphous HfO2 was used. Unlike the crystalline oxide, amorphous has many 

different kinds of defects that can allow flow of charge or mass. Silver influence was 

observed at HfO2 as well as at SiO2 while not at Si3N4, suggesting the role of defects 

in the ionic conduction in the oxide layers. For HfO2, oxygen vacancy is considered 

a main cause of conduction [78] which could be intrinsically present after the 

fabrication or possibly be generated under strong electric field. The amorphous HfO2 

film used in the breakdown experiments has a high population of oxygen vacancy 

due to the stoichiometric imbalance. We assume that these oxygen vacancies may 

provide a pathway for silver ions movement. In order to find out the relationship 

between the oxygen vacancy and the conduction of silver ions, oxygen vacancy 

adjustment was performed. The oxygen vacancies in HfO2 can be reduced through 

UV/ozone plasma treatment [79]. The decrease in the population of oxygen 

vacancies after the treatment was confirmed via X-ray photoelectron spectrum (Fig. 
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23a). Vdb of HfO2 was shifted negatively according to UV/ozone plasma treatment 

by 0.35 V (Fig. 23b), which indicates silver effect on breakdown potential of HfO2 

was weakened with the decrease in oxygen vacancies. The dielectric strength was 

preserved after the plasma treatment according to the unchanged Vdb in potassium 

based electrolyte. Given these experimental results, the presence of oxygen 

vacancies supposedly aids silver ions movement into HfO2.  

 

 

 

 

  

Figure 23 (a) Atomic ratio of oxygen to hafnium for HfO2 at different UV/ozone 

plasma treatment times. (b) Vdb of HfO2 depending on absence or presence of 30 min 

UV/ozone plasma treatment. 
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3.4. Conclusion 

In this study, we examined the effect of alkali metal and silver ions on the 

dielectric layer of Si-insulator-electrolyte (EOS) system under the condition of 

negative electrical bias. Like metal-insulator-electrolyte (MOS) system, the 

breakdown of insulator in EOS system is observed and its potential, Vdb, depends on 

the type of dielectric material. Vdb of the Si3N4, remains constant regardless of the 

monovalent metal ions investigated in this work. On the other hand, the most widely 

used insulator, SiO2, is vulnerable to sodium and silver ions when the solution 

concentration is higher than 1 mM. HfO2 film is resistant to sodium ion but 

significantly influenced by silver ion. The oxygen vacancies of HfO2 may interact 

with silver ion. The discriminative influence of cations upon electrical bias in the 

EOS system was examined in two aspects, molecular dynamics and desolvation of 

the cations. Lithium, sodium and silver ions clearly show that the breakdown of the 

dielectric films, Vdb, is driven predominantly by desolvation of ions, which is in 

contrast to MOS systems. 
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4. Summary and Perspective 

This dissertation is a Study of the electrochemical behavior of cation in the 

dielectric layer of electrolyte-oxide-semiconductor system. The electrochemistry 

that takes place inside an insulator provides new insights in terms of studying the 

conduction of ions and the electron transfer reactions in an insulator that cannot 

conduct current.  

The second chapter presents the conduction process in Si/SiO2/aqueous system 

using electrochemical impedance analysis. It addresses the effect of protons 

migrating from an aqueous solution on the conduction in the dielectric layer SiO2, 

which is thermally synthesized on a highly n-doped silicon electrode. The 

conduction process was involved in an electrogenerated radical in an n+-

Si/SiO2/aqueous system. The impedance responses enable us to see what occurs in 

the SiO2 layer in this system. The results strongly imply that the faradaic reduction 

of protons occurs at the interface between n+-Si and SiO2. 

In the third chapter, the breakdown of thin dielectric films (SiO2, Si3N4, HfO2) 

immersed in aqueous electrolyte was investigated. The breakdown of insulator in 

EOS system is observed and its potential, Vdb, depends on the type of dielectric 

material. Vdb of the Si3N4, remains constant regardless of the monovalent metal ions 

investigated in this work. On the other hand, the most widely used insulator, SiO2, is 

vulnerable to sodium and silver ions when the solution concentration is higher than 

1 mM. HfO2 film is resistant to sodium ion but significantly influenced by silver ion. 

The oxygen vacancies of HfO2 may interact with silver ion. The discriminative 
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influence of cations upon electrical bias in the EOS system was examined in two 

aspects, molecular dynamics and desolvation of the cations. 

In the EOS system, insulating layers work as a protective layer which not only 

prevent the unwanted behavior or damage due to the electrochemical reaction on the 

underlying electrode, but also allow certain cations to enter. Understanding of the 

conduction in the dielectric layer would provide new insights into protecting the 

electrodes in solution with insulating films and dealing with electrochemical 

reactions in dielectric layers. 
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국문초록 

본 논문은 절연막에 강한 전기장을 걸었을 때 절연막 내부에서 

일어나는 전기화학 반응에 대한 연구이다. 절연물 내부에서 일어나는 

전기화학은 전류를 흐르게 할 수 없는 절연체 속에서 일어나는 전자전달 

반응 및 이온의 전도를 연구한다는 측면에서 새로운 통찰을 제공한다. 

특히 에너지 변환장치의 전기촉매에 촉매 보호를 위해 형성시킨 

산화막이나 배터리의 전극 계면에 존재하는 절연막에는 가동중일 때 

전기장이 가해지게 되는데, 이들은 전해질과 접하고 있어 이온 종의 

도입이 가능하여, 단순한 절연체가 아닌 절연체 내부에서의 전기화학이 

고려되어야 한다. 이 시스템은 전해질을 포함하는 용액, 절연체, 

절연체에 전기장을 인가하는 반도체로 구성되어 있기 때문에 

전해질/절연체/반도체 시스템이라고 한다. 본 논문에서는 다양한 

절연막에 전기장을 가하고 절연막에 접한 용액을 통해 작은 이온들을 

절연막에 도입하여 절연막 내에서 일어나는 전기화학 반응에 대해 

다룬다. 1 장에서 절연막에서 일어나는 화학에 대한 간단한 배경설명을 

제공한다. 2 장에서는 전기화학적 임피던스 분석을 이용하여 

실리콘/실리콘산화막/수용액 시스템에서 전기적으로 생성된 라디칼이 

관여하는 전도 기작에 대해 분석하였다. 은/염화은 기준전극 대비 -2 V 

정도의 충분한 음전압이 가해질 때, 전자전달저항이 시간에 따라 

감소되며 산화막이 절연파괴되는 것은 보이지 않았다. 훨씬 두꺼운 

산화막에서도 유사한 거동을 보이며 이는 터널링 및 누설 전류가 
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아니라는 것을 나타낸다. 3 장에서 실리콘 산화막, 실리콘 질화막, 하프늄 

산화막의 얇은 절연막들의 절연파괴에 대해 살펴보았다. 특정 양이온과 

절연막들 사이의 상호작용 정도를 절연파괴를 통해 확인하였다. 

밀도범함수 이론 및 분자동역학에 기반한 컴퓨터 계산을 이용하여 

양이온이 절연막의 절연성에 미치는 영향을 보였다. 용액 성분에 대한 

절연막의 변화는 절연막 내부의 전기화학 시스템에 대한 귀중한 정보를 

제공하였다. 

 

핵심어 : 전해질/절연막/반도체 시스템, 임피던스 분석, 절연파괴, 

절연막 내부의 전기화학 

학번: 2013-20276 
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