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ABSTRACT 

There has been increasing demand for electronic devices with ultra-high working frequency or speed to 

process big data quickly, especially in the fields of communications, the military, and aerospace as well as a 

high performance control process unit (CPU). Although parallel computing or computational method have 

been studied to process big data, it is limited by Amdahl’s law which describes speed saturation even with 

large number of processors. Therefore, improvement of fundamental components such as diode and transistor 

can be a basic solution. The p-n junction and Schottky barrier are widely used for switching behavior in diode 

and transistor structure, so far. The switching speed can be controlled easily by the channel length between 

source and drain in conventional metal-oxide semiconductor field-effect transistor (MOSFET). The channel 

should be as short as possible to drive high switching speed, while the electrons cannot be controlled well by 

gate bias due to short channel effect in the p-n junction and Schottky barrier based MOSFET. Electron mobili-

ty was considered instead of physical dimension. Although high electron mobility transistor (HEMT), based 

on III-V group materials, is expected to increase the speed, its theoretical frequency limit is less than 1THz, 

even with several nanometer channel length. Therefore, conventional switching mechanisms should be substi-

tuted to new mechanism which can drive high speed without electron retardation. Tunneling mechanism in 

non-semiconductive materials was considered in metal-insulator-metal (MIM) structure. Although MIM tun-

neling structure can provide ultra-high working speeds (>THz), the very low contrast ratio between forward 

and reverse currents results in poor working efficiency. Improving efficiency in MIM tunnel devices is highly 

motivated for high-speed efficient switching elements. 

Improving efficiency in various MIM tunnel structures is the main work of this dissertation. Although 

the work function differences and multi-stack insulators in MIM structure are widely used to increase effi-

ciency, these are limited by low work function differences in metallic materials and increase of uncertainty 

factors, respectively. In here, we suggested asymmetrically geometric design to obtain different tunneling 

probabilities in MIM structure. 50% ratio of shifted tunneling distance could be obtained by small angle of 

pointed shape. By theoretical investigation and simulation, geometric design can induces much shorter or 

longer tunneling distance, which is effective approach for enhancing contrast ratio. In the vertical structure, 

over 70% ratio of shifted tunneling distance could be theoretically expected by electrical field simulation 

(5nm Al2O3 and 20° angle of pointed shape). Resulting from comparison of 20° and 90° angle of pointed 

shape shows large different tunneling probabilities of angle dependence (0.306% and 0.014%, respectively). 

Therefore, geometric effect is promising method to increase working efficiency. 

The quality of insulator materials is one of the key parameters to enhance geometric effect. The vacuum 

which is closed to ideal insulation was used to investigate only geometric effect in MIM transistor structure. 

Laterally moved tunneling electrons can be controlled by bottom a gate electrode, proved by quite good con-
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trast ratio (12.7) and controlling threshold voltage of FN tunneling (5.25V) under vacuum state (3 × 10-6 torr). 

Even though these parameters related to efficiency are better than that of conventional metal-insulator-metal 

diode structure, the threshold voltage should be within 5V for compatible to conventional complementary 

metal-oxide semiconductor (CMOS). Lateral MIM structure, by using sputtered SiO2 instead of vacuum to 

decrease threshold voltage and working voltage, shows poor contrast ratio and a little gate effect. While the 

vacuum guarantees quality of insulation by vacuum pressure, the quality of insulator materials is defined by 

defect or pinhole, which are normally ranked by deposition methods. Furthermore, selection of insulation ma-

terials was also important for improving efficiency. Although the band gap of Al2O3 is larger than that of 

HfO2, the working efficiency was significantly improved by blocking reverse current well. In general, large 

band gap insulator materials are inappropriate for a tunneling device, due to the low tunneling current. How-

ever, in our approach, since the issue of low tunneling probability is compensated by the sharp tip structure, 

the larger band gap insulator produced better working efficiency with the appropriate current density. 

Directionality of electron movement was considered in geometric designed MIM transistor structure for 

high-speed and improving efficiency. It is relevant to technical ways to define the channel length. The gap 

between source (geometric designed electrode) and drain is important parameter to operate high speed in 

MIM transistor structure. While small gap is not reliable in lateral structure, defined by even electron beam 

lithography, reliable gap in vertical structure was achieved by deposition system controlled with Å  level. Alt-

hough the electrons are not effectively controlled in vertical orient structure, applying a floating electrode in 

vertical MIM transistor can control the tunneling current with little leakage current. Low threshold voltage 

(0.75V) and considerable efficiency (37 contrast ratio) can be achieved by bias control of floating electrode. It 

shows reliable I-V characteristics under high temperature environment up to 398K, proved that tunneling phe-

nomenon is dominant. By estimating cut-off frequency (0.82 THz), vertical MIM tunneling transistor with 

floating electrode can be expected for THz applications in various fields, such as communication devices, 

high speed electrical switches, and high performance control process units (CPUs), or other new concept de-

vices. 
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Ⅰ. INTRODUCTION 

 

1.1 Background and motivation 

Recently, in various area, the size of data drastically increase due to big size social media 

data, enterprise data, and big biology data and so on, as shown in Figure 1.1. SNS (social 

network services) mainly deals with high quality and large amount of media data. Especially 

in biology data, genomic data is tremendous due to including sequencing, analysis of genomes 

which is concerned with structure, function, comparison, and evolution of genomes. It refer to 

the study of individual genes and their roles in inheritance, genomics uses high throughput 

DNA sequencing and bioinformatics to assemble, and analyze the function and structure of 

entire genomes [1]. The data of the fields is tremendous and it is desperately necessary to 

require high speed of processing data to analyze and study of genomic data. 

To deal with big size data, data processing speed is absolutely important. One of 

methods to increase process speed is parallel computing; however, according to Amdahl’s law 

(Figure 1.2), after 2048 of parallel CPUs (central process units) even with 95 % of parallel 

portion the speed is saturated to 20 times speed-up value. In other words, parallel computing is 

not an absolute solution to increase processing speed. Thus, fundamental solution to increase 

speed of electronic device is required, such as transistors.  



2 

 

 

Figure 1.1: Big data growth graph in various fields such as social media, enterprise, and biology data 

 

 

Figure 1.2: Amdahl’s law graph in terms of speed depending on number of processors 
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Figure 1.3: Evolution of MOSFET gate length in production-stage integrated circuits (filled red circles) 

and International Technology Roadmap for Semiconductors (ITRS) targets (open red circles) [2] 

 

Even though Moore’s law had described the observational rule that the number of 

transistors on integrated circuit doubles approximately every two years as well as 

corresponding to speed, conventional Si technology hardly follows the law owing to short-

channel effect. As shown in Figure 1.3, the number of transistor per processor chip is inverse 

proportional to MOSFET (metal-oxide-semiconductor field-effect transistor) gate length which 

determines channel length. Figure 1.4 describes the short channel effect in conventional 

MOSFET structure. Electron movement between source and drain (left and right n+) can be 

controlled by gate bias in conventional MOSFET. The both sides (source and drain) depletion 

region is connected so that two physical phenomena can be taken place: 1) the limitation 

imposed on electron drift characteristics in the channel, 2) the modification of the threshold 

voltage due to the shortening channel length, which occur drain-induced barrier lowering and 

punch through, surface scattering, velocity saturation, impact ionization, and hot electrons [3]. 

These are the factors that deteriorates its performance, abnormal operating. 
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Figure 1.4: Description of short channel effect in schematic illustration of metal oxide semiconductor field 

effect transistor (MOSFET) 

 

Selection of materials is one of solutions instead of decreasing gate channel length due 

to the physical limit from short channel effect. The high mobility semiconductors such as Ge, 

GaAs, InAs, and so on, have been used to increase operating speed [4-6]. As shown in Table. 

1.1, the electron mobility is higher than that of Si. Even though high electron mobility transistor 

(HEMT) is widely used for high speed device, the device has limit below 1THz, even short 

gate length. The fundamental methods are required to achieve high speed operation.  

Table 1: Properties of high mobility semiconductors. 

 Si Ge GaAs InAs InP InSb 

Electron mobility [cm2V-1s-1] 1,400 3,900 8,500 40,000 5,400 77,000 

Hole mobility [cm2V-1s-1] 450 1,900 400 500 200 850 

Bandgap [eV] 1.12 0.66 1.42 0.35 1.34 0.17 

Lattice constant [Å ] 5.431 5.658 5.653 6.058 5.869 6.749 

Dielectric constant 11.7 16.2 12.9 15.2 12.5 16.8 
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A p-n junction diode structure has been widely used, which is also a core component 

in a Si based transistor. However, its working mechanism is not suitable for high-speed driving 

since its speed is limited by mobility of holes and electrons in a semiconductor. A Schottky 

diode has a much faster rectifying speed than that of the p-n junction diode due to one side 

depletion formed by movement of holes or electrons alone. Nonetheless, its maximum driving 

frequency is estimated to be less than one or two THz. Furthermore, flows of electrons through 

the Schottky barrier via thermionic injection lead to a poor power efficiency, which is regarded 

as important in mobile devices. Although a tunneling diode using metal-metal can be chosen 

to avoid thermionic emission, low conversion efficiency and driving speed retardation due to 

its high reverse current level are inevitable [7]. The tunneling mechanism is based on quantum 

mechanical effect differed from p-n junction and Schottky barrier. Since depletion region is not 

required for switching operation in tunneling, tunneling is the fastest movement of electron 

owing to direct electron movement through the barrier. 

A metal-insulator-metal (MIM) tunnel structure is widely used for high speed 

operation. It is a simple structure and basically composed of two metal and thin insulator, where 

the quantum mechanical effect takes place. Tunneling in this structure occur at lower operating 

voltage which is low resistance compared to p-n junction and Schottky barrier. This structure 

is easily obtain to high frequency characteristics from short RC (resistance and capacitance) 

constant time; however, contrast ratio between forward and reverse current is very low which 

leads leakage current or high applied bias. 

 

1.2 Related works 

Tunnel devices has been developed with various materials and geometries. Even 

though most of tunnel devices can be composed of high doped semiconductor, these are not 
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suitable for high frequency operation. Through the table 2, the tunnel devices composed of 

semiconductor materials were compared.  

 

Table 2: Comparison of tunneling devices empolying semiconductor materials  

 Structure Graph 
On-Off ratio / 

Current level 
Note 

30-nm InAs 

Pseudomorphic 

HEMTs on an InP 

Substrate With a 

Current-Gain 

Cutoff Frequency 

of 628 GHz [8] 

(IEDL, 2008)  
 

About 104 

High electron 

mobility 

transistor 

• Considerable 

On-Off ratio 

• Low current 

density 

• Cut-off 

frequency: 628 

GHz 

1mA/um 

Self-aligned InAsI 

Alo.4sGao.ssSb 

vertical tunnel 

FETs [9] 

(IDRC, 2011) 
  

About 102 

Vertical tunnel 

FETs 

• High current 

density 

• Low On-Off 

ratio 

 

mA level 

GdN Nanoisland-

Based GaN Tunnel 

Junctions [10]  

(Nano Letters, 

2013)  

 
 About 103 at room 

temperature 

(Range: -6V to 6V) 

P+/GdN/n+-GaN 

Tunnel Junction 

• Low tunnel 

junction 

specific 

resistivity 

 
About 1kA/cm2 

High Current 

Density Esaki 

Tunnel Diodes 

Based on GaSb-

InAsSb 

Heterostructure 

Nanowires [5] 

(Nano Letters, 

2011) 

 

 

About 102 at 4.2K 

(Range: -0.25V to 

0.25V) 

GaSb-InAsSb 

heterostructure 

• High current 

density 

• Low working 

temperature 
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Dae-Hyun et al report high electron mobility transistor (HEMT). The electrical 

characteristics, contrast ratio and current density, are quite good, while the speed is limited by 

short channel effect in conventional FETs structure, resulting in 628 GHz of cut-off frequency 

[8].  

Guangle et al fabricated and estimated vertical tunneling FETs structure using high 

electron mobility materials. Although excellent electrical characteristics can be shown, the 

contrast ratio is as lows as 102. High tunneling current can be achieved in vertical orient 

structure, this structure faces a limit of contrast ratio [9]. Normally, electron movement in 

vertical structure is hard to be efficiently controlled compared to lateral structure.  

Sriram et al have presented research on GdN Nanoisland-Based GaN Tunnel Junctions. 

Based on semiconductor materials, they achieved low tunnel junction specific resistivity from 

nanoisland geometry. Therefore, high current density of 1kA/cm2 and the on-off ratio of 103 at 

room temperature were accomplished [10]. Even though the resistivity can be small using GdN 

nanoisland, it is bigger than metallic materials.  

Bahram et al report high current density Esaki tunnel diodes based on GaSb-InAsSb 

heterostructure nanowires (NWs). They employed vertical NWs geometry to make much 

smaller tunnel junction below 100nm. It composed of GaSb and InAsSb as a p-n tunnel diode, 

only in a NW. High current density of 1.75MA/cm2 at 0.5V and 102 at 4.2k were achieved by 

its fancy structure. NWs also allow gate-all around geometry ideal for efficient gate modulation 

of the channel region. Much smaller diameter of NWs can be expected to be higher on-off ratio. 

Although they accomplish high current density and on-off ratio, GaSb-InAsSb Heterostructure 

Nanowires can show electrical properties only low temperature. Tunnel devices based on 

semiconductor materials suffer from high dependence on temperature, while tunnel devices 

based on metallic materials have low dependence on temperature [5]. 
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Most of tunnel devices based on semiconductor materials shows high current density. 

These are hard to control electron movement and speed is theoretically limited by retardation 

in semiconductor [11].   

 

Table 3: Comparison of MIM diodes for high on-off ratio 

 Structure Graph On-Off ratio Note 

Performance 

Optimization of 

Antenna-Coupled 

Al/AlOx /Pt 

Tunnel Diode 

Infrared Detectors 

[12] 

(IEEE. J. Quant. 

Electron., 2011) 
  

1.01 

Simple stack-up 

structure with 

different metals 

Advancing MIM 

electronics: 

Amorphous metal 

electrodes [13] 

(Adv. Mat., 2011)  
 

Over 499 at 4V 

Controlling 

roughness of 

metal and 

thickness of 

insulator 

Observation of 

resonant tunneling 

phenomenon in 

metal-insulator-

insulator-insulator-

metal electron 

tunnel devices [23] 

(Appl. Phys. Lett., 

2012) 
 

 

103.5 at 4V 
Multi-stack 

insulators 

Graphene 

geometric diodes 

for terahertz 

rectennas [25] 

(J. Phys. D: Appl. 

Phys, 2013) 

 
 

Simulation data 

About 3 at 0.1V 

 

Geometric design  
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MIM tunneling structure has been studied for high speed operation. However, low on-

off ratio is problem to do switching behavior. A number of results have been published so far 

using various types of MIM diodes [7, 12-19], which have focused on ways of increasing 

working efficiency, such as rectifying efficiency. The simplest way to accomplish this is to 

employ the difference in work function between the two metal materials in the MIM structure 

[12, 15]. Bean et al has used big work function differences materials, Al (4.3eV) and Pt 

(5.65eV), to induce high contrast ratio. Small overlapped area, formed by nano fabrication 

methods, can be expected to enhance the work function differences. However, the work 

function difference between metals is generally not enough to induce an appropriate contrast 

ratio between forward current and reverse current as small as 1.01 from 1.37eV of work 

function differences [12].  

Cowell et al investigated effects of roughness of metal surface and quality of insulators. 

Reliable electrical characteristics can be defined by roughness of metal surface. Smooth surface 

can prevent unexpected current flow so that ZrCuAlNi amorphous metal film was used to solve 

the roughness problems. Based on reliable electrical characteristics, measured and simulated 

data were well matched in current density graph of symmetric and asymmetric MIM diodes. 

Atomic layer deposition (ALD) was used for high quality insulators. In the asymmetric 

structure (ZrCuAlNi-Al2O3-Al) which has 0.8eV work function differences, 499 of contrast 

ratio can be accomplished with thick Al2O3 at 4V [13]. Through the investigation, quality of 

insulator should be necessary to enhance contrast ratio.  

Maraghechi et al focused on the number of insulators. Double or even triple insulator 

layer, comprised of difference materials, have been applied to MIM diode structure to enhance 

the contrast ratio, by forming heterostructure-like band structure [17, 20-23]. They used Al2O3, 

HfO2, and Cr2O3 as insulator layers, formed by ALD system. Changing sequence of stacking 

insulators was carried out to investigate the band structure and contrast ratio. 103.5 contrast ratio 
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could be achieved in the Cr-HfO2-Al2O3-Cr2O3-Cr structure. Even though the importance of 

heterostructure-like band structure from multi stacking insulators lies in enhancing contrast 

ratio, compared to the effect using a combination of two different metals, the multi-stack 

insulator contribution is not still enough to achieve high performance. In addition, as the 

number of insulators is increased, the number of uncertainty factors also increases. For example, 

unexpected tunneling from impurities and structural defects have produced issues with 

reliability [24], so the heterostructure approach is not an absolutely ideal solution for increasing 

working efficiency, or practical realization.  

Zixu et al has presented research on graphene geometric diodes. Geometric design has 

been considered in graphene material. The bladderwort-shaped electrode was formed on the 

graphene using etching process. The geometric effect could be proved by Monte Carlo 

simulation. Although as decreasing the neck size contrast ratio increases, its value is limited to 

3 at 0.1V. Even though the results of graphene geometric diodes has not good contrast ratio 

due to connected electrode, the geometric effect was confirmed [25].  

 

1.3 Objectives 

This dissertation focuses on some of the most important aspects of increasing working 

efficiency in MIM structure. There are three main objectives: (1) to increase asymmetry 

between forward and reverse current in two or more terminal devices in MIM structure, (2) to 

investigate directionality of devices in point of view of increasing contrast ratio with keeping 

high speed, (3) to understand geometric effect in MIM structure and comparison with 

conventional methods to increase contrast ratio, (4) to control contrast ratio in MIM transistor 

structure.  

The first objective is main concern of MIM structure so that lot of results have been 

reported. It is one of important parameters to estimate device characteristics as a switching 
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device. It is relevant to working efficiency so that high asymmetry should be achieved to 

prevent applying high voltage to operate or leakage current.  

The second objective is relevant to advantages or disadvantages depending on 

direction of MIM structure. It determines the fabrication method as well as device 

characteristics. Thus, various devices structure should be investigated. 

The third objective is one of ways to increase working efficiency. Theoretical and 

experimental investigation of geometric designed electrode is necessary to enhance asymmetry. 

We expect more increasing working frequency employing geometric design instead of work 

function difference.  

The forth objective involves controlling contrast ratio widely through transistor 

structure. Since modification range of contrast ratio is small in diode structure, transistor 

configuration can induce wide variation range of contrast ratio. Our target is wide range of 

contrast ratio for various applications.  

 

1.4 Thesis organization 

In this dissertation, controls of tunneling current, geometric effect, direction of device 

structure in the metal-insulator-metal (MIM) devices are studied. Chapter 1 provides a brief 

background and motivation, related works, objectives, and organization of the thesis. Chapter 

2 deals with geometric effect to enhance contrast ratio as switching devices. Theoretical 

descriptions and simulation results in lateral structure are included. Based on these varying 

tunneling distance which leads to high contrast ratio of tunneling probabilities is discussed. 

Chapter 3 describes characteristics of lateral MIM transistor through physics simulation and 

experiment including fabrication processes. Characteristics of vacuum media instead of 

insulator in lateral transistor are also investigated. Chapter 4 discusses characteristics of vertical 

MIM diode including fabrication processes. The simulation and electrical characteristics based 
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on tunneling phenomena were investigated. Based on the characteristics of this structure, band 

diagram in terms of tunneling probability can be depicted. Based on the results of geometric 

design in vertical channel, locating gate electrode in the vertical MIM transistors is investigated 

to enhance gate effect in Chapter 5.  

Finally, Chapter 6 summarizes the comparison of various MIM devices and discusses 

the future outlook.  
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II. Geometric effect in metal-insulator-metal structure 

2.1 Introduction 

Although MIM structure has lot of advantage, such as fast conduction mechanism from 

tunneling, simple fabrication process from simple structure, and so forth, working efficiency 

still low. Applying work function difference between two metals is one of way to increase 

normally working efficiency. As mentioned Chapter 1, it cannot induce appropriate contrast 

ratio. Even though multiple insulator layer is one of the solution to overcome low working 

efficiency, it is necessary to minimize uncertain parameters. We suggest the geometric 

designed electrode which is theoretically promising solution to increase working efficiency.  

 

2.2 Theory of geometric design in potential equation 

The geometric effect is mainly considered to enhance working efficiency instead of 

work function differences and multi-stack insulators in MIM structure, because it is 

theoretically appropriate solution.  

Figure 2.1 shows schematic illustrations and a band diagram of a simple vertical stack-

up MIM diode designed with the same metals. It consists of metal, insulator, and metal layers 

oriented in a vertical direction. Since the energy level of the cathode and anode are the same, 

when a negative or a positive bias is applied to the anode electrode, the same height of tunnel 

barrier is formed, corresponding to the same tunneling probabilities. In contrast, when two 

different metals are utilized, they generate different tunneling probabilities, as shown in right 

of Figure 2.1. The only difference is that M2 is for med as the bottom electrode instead of M1. 

The energy level of the anode then changes to an asymmetric band diagram. This can induce 

different tunnel probabilities in both directions. Even though various metal combinations had 

been theoretically and experimentally investigated to achieve improved asymmetry, the 
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maximum difference among metals is only 1.37eV from Al and Pt combination. It cannot 

induce the big difference of tunnel probabilities.  

 

 

 

Figure 2.1: 3 dimensional illustration and band diagram of MIM structure consisting of same metals and 

different metals 
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Figure 2.2: Description of electron movement in 3 and 2 dimensional schematically illustration and band 

diagram of simple rectangular and sharp electrode 

 

Figure 2.2 shows electron movement based on the tunneling mechanism and the band 

diagram when a positive bias is applied to the anode. The electron movement is affected by the 

uniform strength of the electrical fields. If the geometric effect is applied to the vertical stack-

up MIM structure, using a sharp tipped electrode as the cathode electrode, a much stronger 

electrical field (e-field) is induced, due to the field enhancement produced by the sharp 

electrode structure, as compared with that of a planar design. The electron density and e-field 
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can be expressed schematically by the arrows in Figure 2.2. The simple MIM structure shows 

a uniform electron density and e-field; thus, when a positive bias is applied to the anode, the 

band diagram of the insulator maintains the order of a slope depending only on bias. The 

potential energy (PE) of the structure can be written as: [26] 

𝑃𝐸𝑀→𝑂(𝑥) = (𝐸𝐹 + 𝜙) −
𝑒2

16𝜋𝜀0𝑥
− 𝑒𝑥𝐸                                           (1) 

 

where EF, ϕ, e, ε0, x, and E are the Fermi level, work function, electronic charge, 

absolute permittivity, distance from surface, and the electrical field. However, the MIM 

structure with the sharp electrode has a condensed electron density and e-field. The order of 

the slope of the band diagram of the insulator is variable, with a short tunnel barrier width 

which depends on the sharpness of the cathode electrode and the applied bias. When an 

equivalent bias is applied to the anode electrode, the MIM with the sharp electrode has a much 

shorter tunnel barrier width than the MIM without the sharp electrode, and as a result, it can 

have a higher tunneling probability. The number of tunneling electrons is mainly determined 

by the tunnel barrier produced by the geometric effect. The geometric effect induces a change 

in the potential energy equation, as shown below [26]: 

 

𝑃𝐸𝑀→𝑂(𝑥) = (𝐸𝐹 + 𝜙) −
𝑒2

16𝜋𝜀0𝑥
− 𝛽𝑒𝑥𝐸                                         (2) 

 

The ß value is determined by the geometric effect. The potential energy equation for a simple 

MIM structure which has a planar electrode design can be expressed with a constant ß value of 

1, so that we can omit the ß value. The ß value can be from 1 to 20000 depending on the 

geometry as shown in figure 5.  
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The PE bends steeply to give rise to a narrow PE barrier, as shown in figure 5. The 

corresponding tunneling probability is derived as [26] 

𝑇 = 𝑇𝑜𝑒𝑥𝑝 

(

 −𝛼
𝐸𝐹 + 𝜙 + √(𝐸𝐹 + 𝜙)2 − 𝛽𝐸

𝑒3

𝜋𝜀0
 

𝛽𝑒𝐸

)

                                      (3) 

where To is the pre-exponential constant and 𝛼2 = 2𝑚(𝑉𝑂 − 𝐸)/ℏ
2. The sharp metal structure 

induces a low tunneling-voltage with higher tunneling current. Therefore a much more 

asymmetric I-V curve can be obtained by changing shape of the metal, which, in turn, alters 

the ß value; a sharp or high aspect ratio structure gives a higher ß. It can be increased to 20000 

for nanowires or nanotube structures. Consequently, the geometric effect can theoretically 

produce an improvement in working efficiency.  

 

2.3 The simulation of geometric effect in MIM structure 

The geometric design is theoretically a promising candidate. COMSOL simulation was 

performed to estimate geometric effect. Laterally aligned rectangular and sharp electrode are 

used for electrical field distribution. Figure 2.3 shows simulation results of 3 dimensional 

schematic illustrations and 2 dimensional electrical field distribution with contour line of 

electrical potential. In case of rectangular electrode, gap of electrical potential is uniformed, 

which induces low electrical field. However, in case of sharp electrode, the gap of source side 

(sharp electrode) is narrow and another side is wide, which indicates high electrical field. The 

electrical distribution of electrical field can be shown from the color in simulation (red color 

means strong electrical field and blue color indicates weak electrical field).  
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Figure 2.3: Comparison of electrical field distribution in rectangular and sharp electrode 

 

Figure 2.4: Comparison of electrical field graph in rectangular and sharp electrode 
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Figure 2.5: Electrical potential graph of rectangular and sharp electrode under applying 5V 

 

 

Figure 2.6: Band diagram of rectangular and sharp electrode 

 

This results can be depicted to the electrical field distribution and electrical potential 

graph, as shown in Figure 2.4 and 2.5. Electrical field of rectangular electrode is uniformed as 
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5 × 108 V/m in case of applying 5V to the source (gap is 10nm), corresponding to equation 1 

(PE equation) without ß value. But sharp designed electrode has varying electrical field 

depending on position. It means that equation 2 is well matched to express the electrical field.  

To estimate how efficient geometric design is, simple band diagram of this structure 

is plotted for comparison tunneling barrier which is relevant to tunneling probability, as shown 

in Figure 2.6. The band gap diagram of rectangular electrode is normal with linear line in MIM 

structure. Fowler-Nordhiem tunneling is occurred at the range from 0 eV to 4.3 eV. The 

tunneling distance corresponds to position value at 0 eV, 8.6 nm of rectangular electrode. Non-

linear band diagram can be shown in case of sharp electrode owing to geometric design. The 

tunneling distance of sharp electrode is shorter than that of rectangular electrode, 5.5 nm at 0 

eV. 36 % of tunneling distance decreased so that high tunneling probability can be achieved by 

geometric designed electrode.  

 

 

Figure 2.7: Description of geometric effect in band diagram of MIM diode structure 
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Figure 2.8: Description of geometric effect in band diagram of MIM transistor structure 

 

 

 

Figure 2.7 and 2.8 shows band diagram with geometric design in diode and transistor 

structure. Although geometric design can only decrease tunneling distance in diode structure, 

tunneling distance can be adjustable to shorter and longer way in transistor structure by gate 

bias. In point of view of working efficiency, transistor structure is better than diode structure 

due to wide range of tunneling distance variation. When same bias is applied to fixed geometric 

designed diode structure, it can make only fixed tunneling distance. However, transistor 

structure can induce various I-V behaviors by gate bias to increase or decrease tunneling barrier. 

The transistor structure is efficient to make high working efficiency.  

 

2.4 Angle dependence of geometric effect 

Geometric effect could be proved by theoretical method and multi-physics simulation. The 

angle dependence was also investigated to estimate how big contrast ratio can be made in 
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processable structure. 53°, 28°, 16° angle of pointed shape were analyzed by COMSOL 

simulation, as shown in figure 11. Varying range of tunneling distance could be calculated by 

results of electrical field simulation. Figure 11 shows the band diagram of rectangular electrode 

and various angled sharp electrodes (53°, 28°, and 16° angle). As decreasing the angle of 

pointed shape, the tunneling distance is also shorter. In other words, to obtain much higher 

tunneling current, the angle should be minimized as small as possible. In case of 16° angle, the 

decrease ratio is closed to 50 %, which induces much higher tunneling probability. Even though 

the value is 50 %, the order of increase of tunneling probability is drastically raised to about 

109 times. The tunneling probability can be adjusted by the angle of structure. Thus, the target 

point can be achieved by angle dependence.  
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Figure 2.9: Schematic illustration of sharp electrode with various angle and band diagram of sharp tip 

with 53°, 28°, 16° angle 
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III. Lateral MIM transistor structure 

3.1 Introduction 

Lateral MIM structure design is laterally originated so that electrons are laterally 

moved. This is one of promising candidates for adding geometric effect, enhancing working 

efficiency. Lateral originated design was also widely applied to Si-based field-effect transistors; 

however, its structure is hard to be fabricated due to defining the structure by lithography 

resolution or special technique, especially gap between electrodes. Si materials have a big 

advantage to easily fabricate lateral structure by local oxidation and selected etching. Using 

this technique quite fine resolution could be achieved. However, metallic materials are only 

depending on lithography technique due to absence of such a local oxidation. Although some 

of results on MIM structure were reported without using high-resolution lithography technique, 

it is difficult to call it lateral structure owing to vertically overlapped large area. Recently, since 

high resolution lithography has been developed to fabricate several nanometer scale, metallic 

materials can be formed as high resolution design. Thus, we investigated lateral design MIM 

structure by using high-resolution lithography system.  

 

3.2 Fabrication of lateral MIM structure 

3.2.1 Fabrication of lateral metal-vacuum-metal (MVM) transistor 

Lateral orient structure was fabricated on Si/SiO2 (1000 Å ) to form the transistor 

structure. Si and SiO2 were used as gate electrode and gate insulator. The gap between laterally 

paralleled source and drain, and the sharp electrode were designed with various conditions due 

to critical factors to define electrical characteristics, so that these were defined by electron beam 

lithography (EBL) which is general equipment to obtain fine pattern (nanometer scale) on the 

thin PMMA (polymethyl methacrylate). After cleaning process with acetone and IPA 
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(isopropyl alcohol), MicroChem Corporation’s PMMA A4 was spun on the Si/SiO2 substrate 

with 5000 rpm speed for 40 seconds, resulting in 180nm. Then, the soft bake was carried out 

at 170 ˚C for 300 seconds. The EBL was performed with RAITH 150 TWO Electron Beam 

Lithography System. Generally, 20 kV of acceleration voltage and 30μm of aperture size 

following about 310 pA of current had been used to define small patterns and the gaps. 

Although the maximum acceleration voltage of the EBL is 30kV, making a condition using 

30kV is not easy in terms of calibration of focusing, finding align marks, stigmatism, and so 

forth. The performance of 20kV acceleration voltage is more reliable than 30kV. For our 

devices, we used 220 μC/cm2 as optimized dose under the 20kV acceleration voltage 

(Optimization range: 200 ~ 400 uC/cm2). Development step is followed with the ratio of 1:3, 

methyl isobutyl ketone (MIBK): IPA, for 90 seconds. After deposition step of 50 nm chromium 

by thermal evaporator with ratio 0.5 Å /s, lift-off was performed with dipping into acetone for 

2 minute and then short agitation with ultrasonicator. To form bonding pad AZ nLoF 2035 

negative PR spun (3500 rpm for 40 sec) onto the sample and soft bake was performed at 110 

˚C for 60 seconds. Photolithography, MIDAS system’s MDA-400S, was carried out with the 

4.1μW/m2 of UV power for 8 seconds. Following post exposure bake (110 ˚C for 60 seconds), 

development step is carried out with dipping into AZ 300 MIF developer for 90 seconds. 5nm 

of Cr and 100nm of Au were deposited by DC sputtering with 100mA for 5 and 180 seconds, 

to form bonding pad. Lift-off was carried out with dipping into acetone for 120 minutes and 

then short agitation with ultrasonicator. Whole of fabrication processes of lateral MVM 

transistor was illustrated in Figure 3.1. 
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Figure 3.1: Fabrication processes of lateral MVM transistor 

 

3.2.2 Fabrication of lateral MIM transistor 

Lateral orient structure was fabricated on Si/SiO2 (1000 Å ) to form the transistor 

structure. Si and SiO2 were used as gate electrode and gate insulator. The gap were defined by 

EBL, JEOL JBX-9300 FS in KANC, to obtain fine pattern (nanometer scale) on the thin 

PMMA A4. After cleaning process with acetone and IPA, PMMA A4 was spun on the Si/SiO2 

substrate with 5000 rpm speed for 40 seconds, resulting in 180nm. Then, the soft bake was 

carried out at 170 ˚C for 300 seconds. The EBL was performed with 100 kV of acceleration 

voltage and 1nA of current to define small patterns and the gaps. For our devices, we used 300 

μC/cm2 as optimized dose under the 100kV acceleration voltage (Optimization range: 200 ~ 

500 uC/cm2). Development step is followed with the ratio of 1:1, methyl isobutyl ketone 

(MIBK): IPA, for 180 seconds. After deposition step of 50nm chromium by thermal evaporator 

with ratio 0.5 Å /s, lift-off was performed with dipping into acetone for 2 minute and then short 



27 

 

agitation with ultrasonicator. To form bonding pad AZ nLoF 2035 negative PR spun (3500 rpm 

for 40 sec) onto the sample and soft bake was performed at 110 ˚C for 60 seconds. 

Photolithography was carried out with the 4.1μW/m2 of UV power for 8 seconds. Following 

post exposure bake (110 ˚C for 60 seconds), development step is carried out with dipping into 

AZ 300 MIF developer for 90 seconds. 5nm of Cr and 100nm of Au were deposited by DC 

sputtering with 100mA for 5 and 180 seconds, to form bonding pad. Lift-off was carried out 

with dipping into acetone for 120 minutes and then short agitation with ultrasonicator. We 

deposited 50nm of SiO2 on the sample with dielectric RF sputtering (200W for 1,650 seconds). 

Then, opening pattern for the pad area was exposed by photolithography after spin coating AZ 

GXR 601 and soft bake were carried out with 3000 rpm speed for 40 seconds and 170 ˚C for 

300 seconds, respectively. Development was processed with dipping into AZ 300 MIF for 60 

seconds. Oxide etching step was followed with dipping into 10:1 BOE (buffered oxide etch) 

for 10 seconds and then rinsing process was carried out a couple of times with DI (deionized 

water) at least 60 seconds per time. Finally, lateral MIM diode was successfully fabricated with 

removing AZ GXR 601 dipping into acetone and IPA (same as cleaning step). Whole of 

fabrication processes of lateral MVM transistor was illustrated in Figure 3.2. 
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Figure 3.2: Fabrication processes of lateral MIM transistor 

 

3.3 Lateral metal-vacuum-metal (MVM) transistor 

Vacuum is closed to a perfect insulator layer for electrical devices due to independent 

to environment, no pinhole to induce leakage current, ballistic transport, and so forth. [27] 

It is closed to the ideal insulation, guaranteed by vacuum pressure. Geometric effect is 

ideally confirmed in vacuum so that lateral orient MVM structure fabricated and estimated.  
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Figure 3.3 : Description of the reason why multi tip electrode is required instead of single tip 

 

Characterization of source and drain was investigated to estimate characteristics of 

vacuum media. Laterally pointed shape could be fabricated on Si/SiO2 substrate, as shown in 

Figure 3.3. After measurement in vacuum, electromigration was taken place mainly from the 

sharp electrode [28]. Since we assumed the reasons are high resistance of tip of electrode or 

the defect on the surface of the substrate, the multi sharp tip electrodes were formed and etching 

local substrate which is closed to the end of tip to remove the defect near the path of electrons 

was applied to MVM structure, as shown in Figure 3.3.  
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3.3.1 Characteristics of source and drain in lateral MVM structure 

MVM structure including multi tip electrodes was fabricated, in shown as Figure 3.4. Electrical 

characteristics of source and drain was measured in vacuum status (about 3 × 10-6 torr). Positive 

and negative bias were applied to drain and GND was connected to source electrode. Figure 

3.5 shows electrical characteristics of multi tip electrodes MVM structure. As mentioned above 

Chapter 2, the geometric effect was appeared in the I-V curve of source and drain of MVM 

structure. In the positive bias region, the current is approximately 5 times higher than that of 

negative bias applied. Multi tip electrodes can help MVM structure enhance working efficiency. 

However, its turn-on voltage is quite high compared to conventional transistor. The turn-on 

voltage is only depending on the gap between source and drain electrodes. If the gap decreases 

more, the turn-on voltage would be much lower and drain current also would increases. 

Another way to obtain low turn-on voltage and high drain current is that bias applied to gate 

electrode.  

 

 

Figure 3.4: SEM images of lateral MVM transistor with multi sharp electrodes 
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Figure 3.5: I-V characteristics of vacuum channel in lateral MVM transistor with multi sharp electrodes 

 

3.3.2 Gate effect of multi tip electrodes in MVM structure 

As mentioned in Chapter 2, transistor structure can induce wide range variation of 

tunneling distance by gate biases. Figure 3.6 shows schematic illustration of multi sharp 

electrodes of MVM structure with 3 dimensional and cross-section view. It has laterally parallel 

source and drain with Si back gate. Electrical characteristics of multi tip electrodes in MVM 

structure shows gate effect as shown in Figure 3.7. The output curve of multi tip electrodes in 

MVM structure is dependent to gate bias from -20V to 20V. The positive region indicates that 

the multi sharp electrodes emit the electrons to the drain electrode. Although current level is 

only 10 times differences at 20V of gate voltage, the threshold voltage could be considerable 

affected by gate biases. It indicates that the gate electrode could control the electron movement 

in vacuum between source and drain. In case of positive bias to gate electrode, the electrons of 

vacuum channel is attracted to the gate electrode so that the speed of electron movement could 

be slower than no gate bias. The turn-on voltage and the current flow is higher and blocked. 
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While applying negative bias to the gate electrode, it helps the tunneling electrons be moved 

to the drain electrode. To prove that the current flow is from tunneling mechanism, the plot 

based on Fowler-Nordhiem (FN) model was depicted in Figure 3.6. The region of positive and 

negative slope of MVM transistor indicates direct tunneling and FN tunneling regime. 

Geometric effect is dominant only in FN tunneling regime. Thus, analyzing the threshold 

voltage of FN tunneling is very important to understand whether the characteristics are from 

geometric effect or not. The vertical color line indicates threshold voltage of FN tunneling. The 

inset table shows value of threshold voltage of FN tunneling. It well corresponds to the graph 

of output curve. It is an obvious that the tunneling probability could be adjusted by gate effect, 

increased by negative gate bias or decreased by positive gate bias.  

 

 

Figure 3.6: Schematic illustration of multi sharp electrodes of MVM structure with 3 dimensional and 

cross-section view 
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Figure 3.7: The output curve of lateral MVM transistor with gate biases (from -20V to 20V) 
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Figure 3.8: The plot based on FN tunneling model under gate biases (the color line indicates threshold 

voltage of FN tunneling)

 

Figure 3.9: The threshold voltage of FN tunneling and changed band diagram of MVM transistor 

depending on gate bias 
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Figure 3.9 shows the threshold voltage of FN tunneling and band diagram of MVM 

transistor structure depending on gate bias. Referred to threshold voltage of FN tunneling at no 

gate bias, decreasing 3V and increasing 2.5V are taken place at the -20V and 20V gate bias, 

respectively. The shifted threshold voltage of FN tunneling is considerable in terms of 

tunneling probability. It could be shown as band diagram of the structure. When applied bias 

to the drain without gate bias, the order of bend (navy color line) was determined by only 

geometric design. In other words, it is not a variable value which is only depending on the 

electrode design. Applying gate electrode, variable tunneling probabilities could be obtained 

by geometric effect.  

 

Figure 3.10: The plot based on FN tunneling model under gate biases (The color line indicates linear fit of 

FN tunneling region) 
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We also investigated gate bias dependence of ß to prove that the gate bias can enhance 

the geometric effect. The negative slope which indicates FN tunneling could be fitted by linear 

equation. The ß value can be extracted from the slope. It corresponds to a negative inverse 

proportional to the slope. -47.72, -51.41, -105.61, -111.72, and -166.44 of the slope are from -

20, -10, 0, 10, 20V of gate bias, respectively. The order of slope is much steeper as increasing 

gate bias voltage. Although the geometric design have not been changed, the higher gate bias 

is applied, the higher geometric effect can be obtained. It is obvious that the enhancement of 

geometric effect could be adjusted by gate bias.  

 

3.4 Lateral metal-insulator-metal (MIM) transistor structure 

Although the MVM transistor can control the tunneling current with gate biases, the 

working voltage range is as high as over 10V, which is not compatible with CMOS 

(complementary metal oxide semiconductor) transistor. The way to decrease working voltage 

range should be considered in the MIM structure. Figure described comparison with MVM and 

MIM structure. Even though the voltage range of MVM transistor could be developed by 

decrease the gap between source and drain, it is limited by the condition of lithography system. 

Since the barrier height in MVM structure is defined by only work function of metal, MIM 

structure was considered to decrease or increase barrier height. Thus, lateral MIM transistor 

structure was investigated.  
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Figure 3.11: Comparison of vacuum and insulator layer in terms of switching of tunneling mechanism in 

band diagram 

 

3.4.1 Simulation of lateral MIM transistor structure 

Figure 3.12 shows schematic illustration and simulation of lateral MIM transistor composed of 

bottom gate and parallel source and drain. As results of MVM transistor, multi tip electrodes 

were used to prevent physical damage from electromigration and obtain reliable electrical 

characteristics. Near the source electrode (sharp shape), the electrical field is strong. The field 

can be controlled by gate biases. Based on the simulation of electrical field as shown in Figure 

3.13, the band diagram could be depicted with the tunneling distance depending on the gate 

biases. The bended line is shown in the graph owing to geometric design. Depending on the 

gate biases, the tunneling distance is varied with short and long way. The ratio of range of 

tunneling barrier is quite good about 20%.  
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Figure 3.12: Schematic illustration of lateral MIM transistor and electrical field simulation with cross-

section view 
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Figure 3.13: The graph of band diagram of lateral MIM transistor under applying gate biases by 

simulation result 
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3.4.2 Electrical characteristics of lateral MIM transistor structure 

Figure 3.14 shows SEM image after all fabrication of lateral MIM transistor. Electrical 

characteristics of lateral MIM transistor was investigated. The graph shows only positive bias 

region since sharp tip emits electron to the drain in this region. Even though as simulation 

results, the high ratio of change of the fields near the sharp electrode can be expected, the gate 

effect in lateral MIM transistor is not strong, as shown in Figure 3.15. Applying negative to the 

gate electrode, the order of changes is a little. Although lower threshold voltage can be achieved 

in lateral MIM transistor structure, by substituting vacuum to insulator layer, the order of 

change is slight even with high gate biases. The role of insulator layer is considerable in terms 

of tunneling. We estimated that not only the quality of insulator layer is not good because SiO2 

layer was deposited by sputtering system, but also the defects or pinhole existed between the 

source and drain from process of lift-off or small gap, respectively. If high quality insulator is 

employed and defects are minimized, high efficient tunneling device can be expected. 

 

 

Figure 3.14: SEM image of lateral MIM transistor 
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Figure 3.15: The output curve of lateral MIM transistor under applying gate biases 

 

 

3.5 Limit of lateral MVM and MIM transistor structure 

Although lateral structure with geometric design has potential to improve working 

efficiency, the structure limited by fabrication methods. The gap between source and drain 

should be as small as possible to be compatible with CMOS devices and to increase working 

speed, defined by e-beam lithography. The reproducibility is the variation that occurs below 

20nm design with larger gap than design gap, as shown in Figure 3.16. Even though below 

50nm gap was obtained, it is difficult to obtain the value again due to low reproducibility. If 

higher-performance e-beam lithography is used, the reproducibility can be improved; however, 

it requires a lot of efforts to make a condition. 
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Figure 3.16: The reproducibility graph of defining gap by EBL 
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IV. Vertical MIM diode structure 

4.1 Introduction 

We investigate geometric effect in a vertical stack-up MIM diode employing a sharp 

tip-like structure as one of the conductive electrodes. To enhance the rectifying efficiency of 

the vertical stack-up MIM diode, the effects of the angle of the pointed shaped electrode and 

the insulator materials were mainly investigated. An electric field simulation was also 

performed for various device designs to optimize and to understand the tunneling phenomenon.  

A vertical stack-up metal-insulator-metal (MIM) tunnel diode can be used for high 

frequency driving because of its geometrical advantage, which is the quite narrow gap (< 5 nm) 

between electrodes. As mentioned above, when asymmetric electrode designs are employed in 

an MIM tunneling diode, different tunneling probabilities can be induced. 

 

4.2 Fabrication of vertical MIM diode structure  

4.2.1 Fabrication of vertical stack-up MIM diode with a rectangular electrode 

Si/SiO2 (1000 Å ) substrate was used to prevent unexpected current flow. Bottom 

electrode (drain) was defined by EBL, RAITH 150 TWO, to obtain nanometer pattern. After 

cleaning process with acetone and IPA (isopropyl alcohol), PMMA A4 was spun on the Si/SiO2 

substrate with 5000 rpm speed for 40 seconds, resulting in 180nm. Then, the soft bake was 

carried out at 170 ˚C for 300 seconds. The EBL was performed with 20 kV of acceleration 

voltage and 30μm of aperture size following about 310 pA of current. For our devices, we used 

300 μC/cm2 as optimized dose under the 20kV acceleration voltage for a common rectangular 

shaped electrode. Development step is followed with the ratio of 1:3, methyl isobutyl ketone 

(MIBK): IPA, for 90 seconds. After deposition step of 50 nm chromium by thermal evaporator 

with ratio 0.5 Å /s, lift-off was performed with dipping into acetone for 2 minute and then short 

agitation with ultrasonicator. To form bonding pad AZ nLoF 2035 negative PR spun (3500 rpm 
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for 40 sec) onto the sample and soft bake was performed at 110 ˚C for 60 seconds. 

Photolithography, MIDAS system’s MDA-400S, was carried out with the 4.1μW/m2 of UV 

power for 8 seconds. Following post exposure bake (110 ˚C for 60 seconds), development step 

is carried out with dipping into AZ 300 MIF developer for 90 seconds. 5nm of Cr and 100nm 

of Au were deposited by DC sputtering with 100mA for 5 and 180 seconds, to form bonding 

pad. Lift-off was carried out with dipping into acetone for 120 minutes and then short agitation 

with ultrasonicator. 20nm of SiO2, as channel layer between drain (bottom) and source (top), 

was deposited by dielectric sputtering.  

Then, EBL defined shape of high aspect ratio rectangular electrode (source) with 

alignment step after spin coating PMMA A4 electron beam resist and soft bake were carried 

out with 5000 rpm speed for 40 seconds and 170 ̊ C for 300 seconds, respectively. Development 

step is followed with the ratio of 1:3, methyl isobutyl ketone (MIBK): IPA, for 90 seconds. 

After deposition step of 50nm chromium by thermal evaporator with ratio 0.5 Å /s, lift-off was 

performed with dipping into acetone for 2 minute and then short agitation with ultrasonicator. 

To form bonding pad AZ nLoF 2035 negative PR spun (3500 rpm for 40 sec) onto the sample 

and soft bake was performed at 110 ˚C for 60 seconds. Photolithography was carried out with 

the 4.1μW/m2 of UV power for 8 seconds. Following post exposure bake (110 ˚C for 60 

seconds), development step is carried out with dipping into AZ 300 MIF developer for 90 

seconds. 5nm of Cr and 100nm of Au were deposited by DC sputtering with 100mA for 5 and 

180 seconds, to form bonding pad. Lift-off was carried out with dipping into acetone for 120 

minutes and then short agitation with ultrasonicator. Then, opening pattern for the pad area was 

exposed by photolithography after spin coating AZ GXR 601 and soft bake were carried out 

with 3000 rpm speed for 40 seconds and 170 ˚C for 300 seconds, respectively. Development 

was processed with dipping into AZ 300 MIF for 60 seconds. Oxide etching step was followed 

with dipping into 10:1 BOE (buffered oxide etch) for 10 seconds and then rinsing process was 
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carried out a couple of times with DI (deionized water) at least 60 seconds per time. Finally, 

vertical MIM diode with rectangular electrode was successfully fabricated with removing AZ 

GXR 601 dipping into acetone and IPA (same as cleaning step). Whole of fabrication processes 

of vertical MIM diode with rectangular electrode was illustrated in Figure 4.1.  
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Figure 4.1: Fabrication processes of vertical MIM diode structure with rectangular electrode 
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4.2.2 Fabrication of vertical stack-up MIM diode with multi sharp electrodes 

The vertical stack-up MIM diode with multi sharp electrodes was fabricated on Si/SiO2 

(1000 Å ) substrate Bottom electrode (drain) was defined by EBL, RAITH 150 TWO, to obtain 

nanometer pattern. After cleaning process with acetone and IPA (isopropyl alcohol), PMMA 

A4 was spun on the Si/SiO2 substrate with 5000 rpm speed for 40 seconds, resulting in 180nm. 

Then, the soft bake was carried out at 170 ˚C for 300 seconds. The EBL was performed with 

20 kV of acceleration voltage and 30μm of aperture size following about 310 pA of current. 

For our devices, we used 300 μC/cm2 as optimized dose under the 20kV acceleration voltage 

for a common rectangular shaped electrode. Development step is followed with the ratio of 1:3, 

methyl isobutyl ketone (MIBK): IPA, for 90 seconds. After deposition step of 50 nm chromium 

by thermal evaporator with ratio 0.5 Å /s, lift-off was performed with dipping into acetone for 

2 minute and then short agitation with ultrasonicator. To form bonding pad AZ nLoF 2035 

negative PR spun (3500 rpm for 40 sec) onto the sample and soft bake was performed at 110 

˚C for 60 seconds. Photolithography, MIDAS system’s MDA-400S, was carried out with the 

4.1μW/m2 of UV power for 8 seconds. Following post exposure bake (110 ˚C for 60 seconds), 

development step is carried out with dipping into AZ 300 MIF developer for 90 seconds. 5nm 

of Cr and 100nm of Au were deposited by DC sputtering with 100mA for 5 and 180 seconds, 

to form bonding pad. Lift-off was carried out with dipping into acetone for 120 minutes and 

then short agitation with ultrasonicator. 5nm of Al2O3, as channel layer between drain (bottom) 

and source (top), was deposited by thermal ALD (55 cycle). 

Then, EBL defined shape of high aspect ratio rectangular electrode after spin coating 

PMMA A4 electron beam resist and soft bake were carried out with 5000 rpm speed for 40 

seconds and 170 ˚C for 300 seconds, respectively. Development step is followed with the ratio 

of 1:3, methyl isobutyl ketone (MIBK): IPA, for 90 seconds. After deposition step of 50nm 

chromium by thermal evaporator with ratio 0.5 Å /s, lift-off was performed with dipping into 
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acetone for 2 minute and then short agitation with ultrasonicator. To form bonding pad AZ 

nLoF 2035 negative PR spun (3500 rpm for 40 sec) onto the sample and soft bake was 

performed at 110 ˚C for 60 seconds. Photolithography was carried out with the 4.1μW/m2 of 

UV power for 8 seconds. Following post exposure bake (110 ˚C for 60 seconds), development 

step is carried out with dipping into AZ 300 MIF developer for 90 seconds. 5nm of Cr and 

100nm of Au were deposited by DC sputtering with 100mA for 5 and 180 seconds, to form 

bonding pad. Lift-off was carried out with dipping into acetone for 120 minutes and then short 

agitation with ultrasonicator. Then, opening pattern for the pad area was exposed by 

photolithography after spin coating AZ GXR 601 and soft bake were carried out with 3000 rpm 

speed for 40 seconds and 170 ˚C for 300 seconds, respectively. Development was processed 

with dipping into AZ 300 MIF for 60 seconds. Oxide etching step was followed with dipping 

into 10:1 BOE (buffered oxide etch) for 10 seconds and then rinsing process was carried out a 

couple of times with DI (deionized water) at least 60 seconds per time. Finally, vertical MIM 

diode with rectangular electrode was successfully fabricated with removing AZ GXR 601 

dipping into acetone and IPA (same as cleaning step). Whole of fabrication processes of 

vertical MIM diode with sharp electrode was illustrated in Figure 4.2. 
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Figure 4.2: Fabrication processes of vertical MIM diode structure with sharp electrode 
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4.2.3 Fabrication of vertical stack-up MIM diode with 5 sharp electrodes 

Excepting insulator deposition step, all of fabrication is same as vertical stack-up MIM 

diode with multi sharp electrodes (Figure 4.2), thermal ALD was also performed with 22 cycles 

for 2nm of Al2O3 and 20 cycles for 2nm of HfO2.  

 

4.3 Investigation of rectangular type electrode in vertical MIM diode structure 

Rectangular structures with various aspect ratios were studied using electrical field 

simulation. Figure 4.3 shows schematic illustration and electron movement of rectangular 

electrode in vertical stack-up MIM diode. The COMSOL simulation tool was used to analyze 

the e-field of this structure as a function of aspect ratio (Figure 4.4). The overlapped area was 

fixed and the width and length were changed from 60 to 10 nm, and from 10 to 60 nm, 

respectively. The maximum electrical fields of the tip of the rectangular type electrode 

depending on the width of a rectangular electrode were shown in Figure 4.5. High aspect ratio 

with the 10 nm width exhibited the highest electrical field with a quite steep slope ranging from 

60 to 10 nm of width. The narrower electrode has a much higher density of electrons at the end 

of the rectangular shape than that of a wide electrode, as well as a higher electrical field [29].  
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Figure 4.3: Schematic illustration of rectangular type electrode in vertical MIM diode structure for 

description of geometric effect  
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Figure 4.4: Electrical field simulation (with 60, 50, 40, 30, 20, and 10nm of width) of vertical MIM diode 

 

 

 

Figure 4.5: The graph of maximum electrical field of the tip of the square type electrode depending on the 

width of a rectangular electrode 
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Figure 4.6: SEM images of vertical MIM diode with a rectangular electrode (scale bar: 1μm) 

 

 

Figure 4.7: I-V characteristics of vertical MIM diode with a rectangular electrode 
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Figure 4.8: The graph of threshold voltage of FN tunneling depending on width (inset: shifted tunneling 

distance in band diagram) 

 

Figure 4.6 shows a SEM image of the MIM after all of the fabrication steps, with a 

rectangular electrode (100 nm of width). A 50 nm pattern was the smallest reliable pattern. The 

electrical characteristics of the MIM with the rectangular electrode with various aspect ratios 

(Figure 4.7). With decreasing electrode width, the current level increased and the threshold 

voltage decreased. As described in Figure 4.3, we confirmed that the potential barrier was 

affected by the geometric effect (Figure 4.8). The threshold voltage of the Fowler-Nordheim 

(FN) tunneling decreased with decreasing width, which is an obvious reason for the 

improvement of tunneling probability. 
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4.4 Investigation of sharp type electrode in vertical MIM diode structure 

4.4.1 Theoretical study of sharp electrode in vertical MIM diode structure by 

simulation 

The MIM structure with a sharp tipped electrode was expected to induce a higher 

electrical field and electron density compared to the MIM with the rectangular electrode. Prior 

to investigating the electrical characteristics of the MIM with the sharp electrode, a simulation 

of the electrical field distribution was performed for various angles of the sharp electrode. 

Figure 4.9 shows a schematic illustration of the sharp tipped electrode structure concept with 

various angles of the tip electrode. The structure consists of Cr for both metal electrodes and 

Al2O3 for the insulator, respectively, so that just the geometric effect can be estimated without 

considering differences in work function. The insulator layer is one of important factors to 

determine rectifying efficiency. Since high quality insulator could be generally used to improve 

efficiency, Al2O3 formed by atomic layer deposition (ALD) was used instead of SiO2. [13]  

 

 

Figure 4.9: 2 and 3 dimensional illustration of vertical MIM diode consisting of a sharp electrode with 

various angles 
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Figure 4.10: Electrical field simulation of vertical stack-up MIM diode consisting of a sharp electrode 

(with 90, 53, 26, and 20 degree angles) 

 

Figure 4.11: Electrical field plot resulted from COMSOL simulation depending on degree of a sharp 

electrode with various insulator thickness 
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The electrical field distribution of the structures with various angles is shown in Figure 

4.10. A strong localized electrical field distribution (right-bottom illustration of Figure 4.10) 

was induced at the end of the tip; however, for the large angle (left-top illustration of Figure 

4.10), it was not so strong.  

The electrical fields depending on the angle of the sharp electrode with various 

insulator thicknesses are depicted in Figure 4.11. The thickness of the insulator obviously 

contributes to the enhancement of the geometric effect. Although the angle dependence of the 

electrical field is larger with a thicker insulator design (10 nm), the highest electrical field was 

achieved with a thinner insulator (5 nm case).  

The effective work function is one of the parameters that can be used to estimate the 

geometric effect. The equation can be written as [26] 

 

𝜙𝑒𝑓𝑓  =  𝜙 − (
𝑒3𝛽𝐸

4𝜋𝜀𝑜
)

1
2

                                                                (4) 

where ϕ , e, ε0, and E are the work function, electronic charge, absolute permittivity, and the 

electrical field, respectively. The effective work function can decrease depending on the beta 

value, and so its order can be changed by the geometry. Tunneling probability can be estimated 

using the effective work function. The equation for tunneling probability is [26] 

 

                      𝑃 ≈ 𝑒𝑥𝑝 [−
2(2𝑚𝑒𝜙𝑒𝑓𝑓)

1/2𝑥𝐹

ℏ
]                                                      (5) 

where ϕeff, e, me, xF, and ћ are the effective work function, electronic charge, mass of the 

electron in free space, distance value when potential energy is equal to Fermi energy, Planck’s 

constant divided by 2π, respectively. The only parameter is the effective work function (xF is 

determined by the effective work function). 
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Figure 4.12: Effective work function of vertical stack-up MIM diode consisting a sharp electrode 

depending on angles 

According to Equations 4 and 5, a high tunneling probability can be obtained with a strong 

geometric effect, caused by a low effective work function. The effective work function can be 

calculated from the electrical field depending on the angle of the sharp electrode, as shown in 

Figure 4.12. 0.68 eV of effective work function was obtained with 20° of sharp electrode angle, 

from the MIM with the sharp electrode and 5 nm thick Al2O3 (the potential barrier of Cr-Al2O3 

is 2.7 eV when in an equivalent state).  
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Figure 4.13: Band diagram of vertical stack-up MIM diode consisting of a sharp electrode with various 

angles (calculated from electrical field plot of 10, 7.5, and 5nm) 
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Figure 4.14: The rate of shifted tunnel distance plot relying on degree of a sharp electrode 

 

 

The barrier formed with the 10, 7.5, 5 nm thick Al2O3 is depicted in Figure 4.13, based 

on the e-field distribution. A shift in the tunnel distance is estimated due to the formation of 

the barriers, as shown in Figure 4.14. For the 10 nm thick Al2O3, the order of the shifted tunnel 

distance was 40 %, despite having the smallest angle (20°). A 50 % shift in tunnel distance was 

achieved with 35 and 48 degree angles, for the 7.5 and 5 nm thick Al2O3 samples, respectively.  

A significant geometric effect greater than 50% can affect the order of shifted tunnel 

distance in 7.5 and 5nm thickness of Al2O3 with relatively large degree compared to case of 

10nm thickness of Al2O3. The MIM with the sharp electrode, 5 nm thick of Al2O3 and 20° 

angle, produced more than a 70 % shift in tunnel distance. This indicates that a considerably 

larger geometric effect can be achieved in the MIM using the sharp electrode, as compared 

with the case employing a difference in work function. The rate of the shift in tunnel distance 

with the geometric effect was also higher than that for the different work functions. This 

indicates that the geometric effect can result in a much shorter tunnel distance than can be 
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produced by different work functions under the same applied bias. Finally, based on the 

electrical field simulation, the tunneling probabilities, calculated using Equations 4 and 5, for 

the 90° and 20° angle sharp electrode with 5 nm thick insulator were determined to be 0.014% 

and 0.306 %, respectively. A significant improvement in tunneling probability was achieved 

with a small angled sharp electrode. Based on the results of the electrical field simulation it 

was concluded that the efficiency of the vertical stacked-up MIM diode could be enhanced by 

the geometric effect when using a thinner Al2O3 insulator layer, and a small degree angled sharp 

electrode.  

 

4.4.2 Electrical characteristics of multiple sharp electrodes in vertical MIM diode 

structure 

Based on these simulation results, an MIM with a sharp electrode was fabricated using 

the same material combination as that shown in the schematic illustration used for the 

simulation. Even though the angles below 20 produced very high induced electric field, and 

some devices had tip angles lower than 20, it can be interpreted as two 90 angle structures, 

like the very narrow line shown in Figure 4.5. Therefore, 20 angle was chosen as the lowest 

angle to measure the electrical characteristics of MIM structure. When bias was applied to the 

vertical stack-up MIM diode, electro migration can be taken place [28], because even several 

pA level current which is a limit of electrical measurement system, it can be quite high current 

density for a single tip structure considering the dimension of tip geometry. To protect this 

abnormal current and to enhance reliability of analysis results, multiple sharp electrodes were 

installed in the vertical stack-up MIM diode. A total of 5 sharp electrodes were formed on the 

Cr-Al2O3 of the high electrical field inducing structure, which resulted in reasonable resistance 

and prevented electro migration from high resistance. According to the electrical field 

simulation results (Figure 4.11), angle dependence can be obviously confirmed for the 20° and 
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90° sharp electrodes. Schematic illustration and SEM images of 20° and 90° tip electrodes can 

be shown in Figure 4.15.  

 

 

 

Figure 4.15: Schematic illustration and SEM images of vertical stack-up MIM diode with 5 sharp 

electrode with 20° and 90° angle, respectively (scale bar: 2 μm)  
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Figure 4.16: I-V characteristics of vertical MIM diode with 20 and 90 (inset shows schematic illustration 

of vertical MIM diode with 5 sharp electrodes) 

 

 

Figure 4.17: The graph of threshold voltage of FN tunneling depending on degree of angle (inset shows 

shifted tunneling barrier when positive (blue) and negative (red) bias) 
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Figure 4.16 shows the angle dependence of the sharp electrodes with the 20° and 90° 

tip electrodes. The electron density and electrical field of the MIM with the sharp electrodes 

was previously described in Figure 2.2. Much higher electron density and electrical field 

enhancement could be expected for the multiple sharp electrode configuration. In the electrical 

field simulation, the 20° sharp electrodes had better electrical characteristics in both the 

forward and reverse bias than the 90° sharp electrodes, which indicates a higher forward current 

and better blocking of the reverse bias. Analysis of the threshold voltage of FN (VthFN) is 

important for understanding what happens in the band diagram. When positive bias was applied, 

the VthFN steeply decreased with a narrower angle (90° to 20°) as seen in Figure 4.17. However, 

when negative bias was applied, the VthFN slightly increased with a narrower angle. The 20° tip 

electrodes had a much higher contrast ratio between tunneling distances when positive and 

negative bias was applied, respectively, than the 90° tip electrodes.  

 

 

Figure 4.18: Asymmetry graph of 20° and 90° angle 
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Figure 4.19: Asymmetry graph of dependence of the number of tip electrodes 

 

 

Contrast ratio between a forward current (If) and a reverse current (Ir) is the one of the 

important parameters for diode structure or switch application, since it relates directly to the 

rectifying efficiency. The contrast ratio of 20° tip electrodes is better than that of 90° tip 

electrodes due to higher induced electrical field. This result well supports the results Figure 

4.18. We also investigated dependence of the number of tip electrodes with 5, 10, and 15 tip 

electrodes (Figure 4.19). Increasing the number of tip electrodes improves asymmetry, 

achieved about 8.5 asymmetry in 15 tip electrodes. As shown in Figure 4.19, the highest 

contrast ratio is achieved around 1.5V. Since if the applied voltage is higher than the bias level, 

the portion of an over-barrier thermionic current, which is not very relevant to the geometry 

effect, is increased, and then, it induces poorer contrast ratio.    
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Figure 4.20: Capacitance model and graph of vertical MIM diode from COMSOL simulation 

 

Switching speed of suggested MIM diode structure was estimated by cut-off frequency 

from 1/2πRC (R: resistance & C: capacitance). Since the dimension of device is quite small, 

the simulation is performed to obtain capacitance based on physical values of oxide film 

measured, as shown in Figure 4.20. Resistance was calculated from measurement current data 

as 3.75 kΩ. Thus, the estimated frequency limit is around 0.37 THz. If the current level will be 
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enhanced more, the frequency limit will be improved easily. However, we should consider the 

contrast ratio of currents (If/Ir) together, as mentioned previously.  

 

 

Figure 4.21: The plot based on FN tunneling model with linear fit line and the slope 

 

 

According to Equation 4, the ß value which can be extracted from the slope of the FN 

tunneling model, is determined by the geometric effect. Figure 4.21 shows the plot based on 

the FN tunneling model with a linear fitted line. The ß value corresponds to a negative inverse 

proportional to the slope. The 20° tip electrodes had a higher ß value than the 90° tip electrodes 

based on the calculation of the slope. Therefore, we were able to experimentally confirm that 

an improvement in rectifying efficiency, proven by the considerable difference in tunneling 

distance between the forward and reverse biases, can be achieved with smaller angle tip 

electrodes. 
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4.4.3 Investigation of insulator selection for geometric effect 

The geometric effect of 5 sharp electrodes with two insulator layers in a vertical stack-

up MIM diode was also investigated. Al2O3 and HfO2 were used as the insulator layers, as 

shown in Figure 4.22. The potential barriers of Al2O3 and HfO2 are 2.7 eV and 1.5 eV, 

respectively. 2 nm of Al2O3 and HfO2 were applied to the vertical stack-up MIM with 5 sharp 

electrodes. Generally, a small band gap insulator is used for tunneling devices due to high 

tunneling current. Since the current density of Al2O3 and HfO2 in the negative bias regions 

corresponds well to the band gap of Al2O3 and HfO2 (the band gap and current density of Al2O3 

is about two times higher and lower, respectively, than that of HfO2), the reverse current of 

Al2O3 was two times smaller than that of HfO2 (Figure 4.23). Although at positive region, two 

time lower current of Al2O3 was expected, the forward current of Al2O3 was more significantly 

improved by the geometric effect in Al2O3. This means that the higher potential barrier induces 

a much stronger geometric effect. The finding that Al2O3 and HfO2 have the same threshold 

voltage (0.15V) and ß values (calculated from the slope) provides obvious evidence that a 

strong geometric effect appears in the large band gap insulator in Figure 4.24. Since the issue 

of low tunneling probability is compensated by the sharp tip structure, the larger band gap of 

the insulator results in better rectifying efficiency with the appropriate current density.  

 

 

Figure 4.22: Band diagram of Al2O3 and HfO2 
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Figure 4.23: Electrical characteristics of vertical MIM diode with Al2O3 and HfO2 

 

 

Figure 4.24: The plot based on FN tunneling model with linear fit line (inset: the table of threshold 

voltage of FN tunneling and slope) 
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V. Vertical MIM transistor structure 

 

5.1 Introduction 

Vertical MIM structure has lot of advantages to decrease resistance and capacitance, 

which leads to high-speed operation. Reliable working is possible in vertical MIM structure 

due to reliability of fabrication that defines constant gap between source and drain. However, 

locating gate electrode is difficult to induce effective field to the channel in vertical MIM 

transistor. The locating gate electrode to enhance gate field effect should be considered to 

obtain large variation of tunneling distance. In this Chapter, the locating gate electrode and 

novel structure to enhance gate effect were investigated.  

  

5.2 Fabrication of vertical MIM transistor structure 

5.2.1 Fabrication of vertical MIM transistor with bottom or top gate electrode 

Si/SiO2 (1000 Å ) substrate was used for insulation. Bottom electrode (drain) was 

defined by EBL, RAITH 150 TWO, to obtain nanometer pattern. After cleaning process with 

acetone and IPA (isopropyl alcohol), PMMA A4 was spun on the Si/SiO2 substrate with 5000 

rpm speed for 40 seconds, resulting in 180nm. Then, the soft bake was carried out at 170 ˚C 

for 300 seconds. The EBL was performed with 20 kV of acceleration voltage and 30μm of 

aperture size following about 310 pA of current. Development step is followed with the ratio 

of 1:3, methyl isobutyl ketone (MIBK): IPA, for 90 seconds. After deposition step of 50 nm 

chromium by thermal evaporator with ratio 0.5 Å /s, lift-off was performed with dipping into 

acetone for 2 minute and then short agitation with ultrasonicator. To form bonding pad AZ 

nLoF 2035 negative PR spun (3500 rpm for 40 sec) onto the sample and soft bake was 

performed at 110 ˚C for 60 seconds. Photolithography, MIDAS system’s MDA-400S, was 

carried out with the 4.1μW/m2 of UV power for 8 seconds. Following post exposure bake (110 
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˚C for 60 seconds), development step is carried out with dipping into AZ 300 MIF developer 

for 90 seconds. 5nm of Cr and 100nm of Au were deposited by DC sputtering with 100mA for 

5 and 180 seconds, to form bonding pad. Lift-off was carried out with dipping into acetone for 

120 minutes and then short agitation with ultrasonicator. Al2O3, as channel layer was deposited 

by thermal ALD. 

 Vertical MIM transistor with bottom electrode 

 1st layer (gate): EBL with 300 dose and 15nm of Al2O3 deposition 

 2nd layer (drain): EBL with 300 dose and 2nm of Al2O3 deposition 

 3rd layer (source): EBL with 220 dose 

 

 Vertical MIM transistor with top electrode 

 1st layer (drain): EBL with 300 dose and 2nm of Al2O3 deposition 

 2nd layer (source): EBL with 220 dose and 3nm of Al2O3 deposition 

 3rd layer (gate): EBL with 300 dose 

 

Oxide etching step was followed with dipping into 10:1 BOE (buffered oxide etch) for 

10 seconds and then rinsing process was carried out a couple of times with DI (deionized water) 

at least 60 seconds per time. Finally, vertical MIM diode with rectangular electrode was 

successfully fabricated with removing AZ GXR 601 dipping into acetone and IPA (same as 

cleaning step). Whole fabrication process of vertical MIM transistor with bottom or top 

electrode were illustrated in Figure 5.1. 
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Figure 5.1: Fabrication processes of vertical MIM transistor with bottom or top gate electrode 
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5.2.2 Fabrication of vertical MIM transistor with floating electrode 

This structure is composed of 3 electrode layers. Source electrode, pointed shape, was 

formed on the Si/SiO2 (1000 Å ) substrate as first layer. EBL, RAITH 150 TWO Electron Beam 

Lithography, was performed after PMMA A4 spin coating with 5000 rpm for 40 seconds and 

soft bake at 170 ˚C for 300 seconds. 20kV acceleration voltage, 30μm of aperture size, 220 

μC/cm2 of dose, 6nm of step size, and meander mode of writing style were used as the EBL 

parameter values. Development step is followed with the ratio of 1:3, methyl isobutyl ketone 

(MIBK): IPA, for 90 seconds. 30nm of chromium was deposited by thermal evaporator with 

ratio 0.5 Å /s, lift-off was performed with dipping into acetone for 2 minute and then short 

agitation with ultrasonicator. AZ nLoF 2035 negative photo resist was used to define bonding 

pad connected with EBL patterns for easy lift-off. Photolithography, MIDAS system’s MDA-

400S, was carried out with the 4.1μW/m2 of UV power for 8 seconds. Following post exposure 

bake (110 ˚C for 60 seconds), development step is carried out with dipping into AZ 300 MIF 

developer for 90 seconds. In the lift-off step, the sample was soaked to acetone for 2 hour and 

then agitation with a little ultrasonication. Insulator deposition of Al2O3 was carried out with 

plasma enhanced atomic layer deposition (PEALD) (12 cycles for 5nm). For the second layer, 

floating and two gate electrodes were formed with same step and condition of source electrode. 

Only different condition is 250 μC/cm2 of dose and 10nm step size in EBL step. After forming 

floating and two gate electrodes, 5nm (12 cycles) of Al2O3 was deposited by PEALD. For the 

third layer, top drain electrode was formed with same step and condition of source electrode. 

Then, opening pattern for the pad area was exposed by photolithography after spin coating AZ 

GXR 601 and soft bake were carried out with 3000 rpm speed for 40 seconds and 170 ˚C for 

300 seconds, respectively. Development was processed with dipping into AZ 300 MIF for 60 

seconds. Oxide etching step was followed with dipping into 10:1 BOE (buffered oxide etch) 
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for 10 seconds and then rinsing process was carried out a couple of times with DI (deionized 

water) at least 60 seconds per time. Finally, lateral MIM diode was successfully fabricated with 

removing AZ GXR 601 dipping into acetone and IPA (same as cleaning step). Whole 

fabrication processes of vertical MIM transistor with floating electrode were illustrated in 

Figure 5.2. 

 

Figure 5.2: Fabrication processes of vertical MIM transistor with floating electrode 
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5.3 Vertical MIM transistor  

 

5.3.1 Locating gate electrode in vertical MIM transistor 

Based on results of vertical MIM diode, vertical orient transistor structure were 

investigated to enhance contrast ratio. Generally, in vertical transistor structure, controlling 

electron movement is not efficiently compared to lateral orient structure owing to vertical 

electron path. Thus, locating gate electrode in vertical MIM transistor was investigated.  

 

5.3.1.1 Bottom gate electrode in vertical MIM transistor 

Based on results of vertical MIM diode, locating bottom gate electrode in vertical MIM 

transistor was investigated. Figure 5.3 shows schematic illustration and cross-section view of 

vertical MIM transistor with bottom gate electrode. The gap between source and drain electrode 

was defined by thermal ALD as 2nm. Another gap between drain and gate electrode is 15nm 

to prevent leakage current from drain and source. Multi sharp design was applied to source 

electrode.  

Theoretical investigation of bottom gate effect was performed with COMSOL 

simulation. Figure 5.4 shows schematic in COMSOL simulation and cut-line shows electrical 

field distribution in cross-section view of vertical MIM transistor with bottom gate electrode. 

The electrical field near the tip electrode (source) was rarely affected by gate electrode due to 

blocking electrical field by rectangular drain electrode. Figure 5.5 shows band diagram of 

vertical MIM transistor with bottom electrode, calculated from electrical field simulation. Band 

diagram of no gate bias was expressed by black straight line and the others was drawn by red 

and blue dot line. Even though different gate bias was applied to the device, the change of 

shifted tunneling distance is almost overlapped. We magnified some point of the graph to 

observe gate effect. The order of change of potential energy and tunneling distance are 0.005 
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eV and 0.00375nm, respectively, in vertical MIM transistor with bottom electrode. The ratio of 

range of tunneling distance is as low as 0.125%. According to simulation results, bottom gate 

electrode cannot affect to decrease and increase tunneling distance.  

 

 

Figure 5.3: Schematic illustration and cross-section view of vertical MIM transistor with bottom gate 

electrode 
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Figure 5.4: Electrical field simulation of with 3 dimensional and cross-section view 

 

Figure 5.5: Band diagram of vertical MIM transistor with bottom gate electrode 
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Vertical MIM transistor with bottom gate electrode was fabricated to investigate 

electrical characteristics for gate effect. The detail dimension is same as dimension in 

COMSOL simulation (Figure 5.3). Electrical characteristics was measured by Keithely 4200 

semiconductor characterization system in dc probestation (dark environment). As expected 

from simulation results, the gate effect is insignificant even applying -14V to 14V (Figure 5.6). 

To observe the changes of current level, the magnified current density graph was depicted in 

Figure 5.7. The changes of current level is very small. Thus, we concluded that bottom gate 

electrode structure cannot efficiently induce strong electrical field near the source electrode 

(multi pointed shapes) due to large drain electrode located in middle position. The bottom gate 

electrode has not performed switching behavior, proved by theoretically and experimentally.  

 

 

Figure 5.6: Output graph of vertical MIM transistor with bottom gate electrode 
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Figure 5.7: Magnified output graph of vertical MIM transistor with bottom gate electrode 

 

 

5.3.1.2 Top gate electrode in vertical MIM transistor 

Figure 5.8 shows schematic illustration and cross-section view of vertical MIM 

transistor with top gate electrode. The gap between source and drain electrode was defined by 

thermal ALD as 2nm. Another gap between drain and gate electrode is 3nm to improve gate 

effect under low gate voltage bias. Multi sharp design was applied to source electrode. Prior to 

investigation of electrical characteristics of vertical MIM transistor with top gate electrode, 

COMSOL simulation was carried out to study theoretical investigation. Figure 5.9 shows 

schematic in COMSOL simulation and cut-line shows electrical field distribution in cross-

section view of vertical MIM transistor with top gate electrode. Structurally, top gate electrode 

can affect efficient change of electrical field to the tips electrode (source) compared to bottom 

gate electrode. Based on simulation of electrical field near the tip electrode, band diagram can 

be plotted as shown in Figure 5.10. The band diagram shows little changes of potential energy 
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and tunneling distance depending on gate bias as well. Through magnified band diagram 

(Figure 5.8), ratio of range of tunneling distance can be calculated as 0.7%. Even though the 

value is still small, top gate effect is better than bottom gate electrode.  

 

 

 

Figure 5.8: Schematic illustration and cross-section view of vertical MIM transistor with top gate 

electrode 

 



81 

 

 

Figure 5.9: Electrical field simulation of with 3 dimensional and cross-section view 

 

Figure 5.10: Band diagram of vertical MIM transistor with top gate electrode 
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Electrical characteristics of vertical MIM transistor with top gate electrode was 

investigate in measurement system. The detail dimension in COMSOL simulation (Figure 5.8) 

was followed. Better gate effect in top gate structure than bottom gate structure also was 

expected in experiment owing to better simulation results. Relatively low gate voltage was 

applied to top gate electrode due to thinner gate oxide than that of bottom electrode. The big 

changes cannot be observed in Figure 5.11. We magnified current density with small range of 

current and voltage. Even though considerable changes was observed in Figure 5.12, it is still 

low. Thus, we conclude that the other structures should be required to enhance contrast ratio 

which leads better switching behavior.  

 

 

Figure 5.11: Output graph of vertical MIM transistor with top gate electrode 
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Figure 5.12: Magnified output graph of vertical MIM transistor with top gate electrode 

 

 

5.3.2 Vertical MIM transistor with a floating gate 

The figure 5.13 shows schematic illustration of vertical MIM transistor with a floating 

electrode in various views. The structure is composed of a source, a drain, a floating, and two 

gate electrodes covered by Al2O3. A floating electrode was located between vertical originated 

source and drain. Two gate electrodes were located laterally parallel to a floating electrode on 

the same layer. Geometric design, pointed shape, was applied to the bottom source electrode 

under the floating electrode. Low leakage current and more controllable tunneling current could 

be expected by the floating electrode. The distance of S & D (source and drain) and gate 

electrodes can decrease compared to conventional transistors. The investigation of vertical 

MIM transistor with a floating gate was performed by simulation and experiment.  
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Figure 5.13: Schematic illustration of vertical MIM transistor with a floating electrode in various views 

 

 

 

5.3.2.1 Simulation of vertical MIM transistor with floating electrode 

The vertical MIM transistor with a floating gate was simulated by COMSOL 

Multiphysics to investigate effect of floating electrode and its gate effect. Whether the 

tunneling current can be controlled by a floating electrode or not is way to prove the 

performance of the MIM transistor. In order to compare the structure with/without a floating 

electrode, the electrical field of the structures was estimated. The designed structure in 

COMSOL simulation is described below:  

 Source electrode (bottom layer): Angle of sharp electrode with 30nm of thickness 

 Floating electrode (middle layer): Rectangular electrode with 30nm of thickness. 

 Two gate electrode (middle layer): Parallel to both sides of gate electrode. 

Rectangular electrode with 30nm of thickness 
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 Drain electrode (top layer): Rectangular electrode with 30nm of thickness on the 

floating electrode. 

 Gap (between bottom and middle / middle and top): 100nm of the gap 

 

Figure shows 5.14 and 5.15 electrical field distribution of vertical MIM transistor 

with/without floating electrode, respectively. The designs of vertical MIM transistor 

with/without a floating electrode is same, excluding the floating electrode. The contour line 

shows electrical potential to intuitively observe the electrical field. In case of no gate bias to 

the structures, electrical field at the end of the pointed shape is similar.  
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Figure 5.14: Electrical field distribution of vertical MIM with a floating electrode 
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Figure 5.15: Electrical field distribution of vertical MIM without a floating electrode 
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Figure 5.16: The graph of electrical field of end of pointed shape depending on gate biases 

 

 

Figure 5.16 shows electrical field of end of pointed shape depending on gate biases. 

Variation range of electrical field of MIM transistor with floating electrode is approximately 5 

times wider than that of excluding a floating electrode. Thus, a floating electrode could be 

effective to increase or decrease the tunneling current.  
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5.3.2.2 Electrical characteristics of vertical MIM transistor with floating electrode 

Based on the results of electrical field simulation, vertical MIM transistor with a 

floating electrode was fabricated, as shown in the Figure 5.17. The vertical gap between metals 

was defined by the number of cycles of thermal ALD. Electrical characteristics of vertical MIM 

transistor with a floating electrode was measured by Keithely 4200 semiconductor 

characterization system with dark shielding probe station. The source (sharp electrode) and was 

connected to GND and the other inputs were connected to each source measure unit. Figure 

5.18 shows output curve of vertical MIM transistor with a floating electrode. Applying 0 or 

negative bias to gate electrode, the current density is as small as 3 × 10-4 which is similar with 

drain negative bias region, while applying positive bias to the gate electrode, it drastically 

increases from about 1V to 2V of drain bias. The positive bias region indicates that the electron 

is emitted from sharp electrode (source). Therefore, we conclude that electrons from sharp 

electrode can be controlled by gate biases, corresponding to simulation result. Figure 5.19 

shows transfer curve of vertical MIM transistor with a floating electrode. Gate effect of vertical 

MIM transistor with a floating electrode can be shown through the graph. Applying below 1V 

to drain, the switching behavior was not detected, while applying above 1V, positive gate bias 

region can change the on-state. After 2V, the tunneling current was saturated. Although as 

increasing Vsd, tunneling current at positive gate bias region is saturated, off current increased. 

It means that the contrast ratio corresponding to high leakage current could be degraded by too 

high Vsd. We analyzed output curve for whether it is from tunneling phenomena or not by 

using FN tunneling model, as shown in Figure 5.20. It proves that the tunneling phenomenon 

is dominant to switching behavior. However, it has different behavior compared to lateral MIM 

transistor in Chapter 3. Normally tunneling phenomenon having geometric effect is 

distinguished to direct tunneling and FN tunneling at low and high voltage, respectively. The 

blue range indicates that the FN tunneling is dominant in inset of Figure 5.20. In case of 
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applying a floating electrode, another direct tunneling was added to high voltage region due to 

saturation tunneling current in a floating electrode. Employing a floating electrode can control 

the tunneling current in vertical MIM structure as a switching device. 

 

Figure 5.17: The structure details in real cad pattern and cross-section view with demensions 
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Figure 5.18: The output graph of vertical MIM transistor with a floating electrode 

 

Figure 5.19: The transfer graph of vertical MIM transistor with a floating electrode 
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Figure 5.20: FN tunneling model of vertical MIM transistor with a floating electrode 
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5.3.2.3 Working mechanism of vertical MIM tunneling transistor with floating 

electrode 

Based on the electrical characteristics and analyzing tunneling phenomenon in vertical 

MIM transistor with floating electrode, working mechanism can be described in schematic 

illustration in cross-section and band diagram. Figure 5.21 shows working mechanism of on/off 

state in the cross section view and band diagram. The energy potential of floating electrode can 

be determined by gate biases. The dot line indicates band diagram when equivalent status of 

floating electrode. Applying negative voltage to gate electrode, potential energy of floating 

electrode is moved to upper way in the band diagram. Therefore, the floating electrode block 

the electron path as function of the wall, which makes off state in vertical MIM transistor with 

floating electrode. In the output and transfer curve, off state can be observed. While applying 

the positive bias to gate electrodes, the potential energy of floating electrode moved down side. 

Thus, electrons in source freely pass through floating electrode like going down the stairs. The 

emission from sharp tip electrode is stronger than the path from floating to drain electrode due 

to geometric design of source electrode.  

Figure 5.22 shows working mechanism of switching behavior and saturation state 

under on state in the transfer curve, cross section view, and band diagram. Switching behavior 

can be observed in drain voltage range from 0 to 1.5V with drastic slope induced by dominant 

FN tunneling mechanism. Thus, the path from source to floating electrode has strong force than 

the path from floating to drain. Saturated phenomenon can be described by capacity of electrons 

in floating electrode. It is defined by size or thickness of floating electrode. After the floating 

electrode is filled with electrons, the potential energy of floating electrode cannot be changed 

any more even higher gate biases. Thus, the saturation region can be observed. Efficient control 

of tunneling current in vertical MIM transistor with floating electrode can be shown by 

analyzing working mechanism.  
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Figure 5.21: Working mechanism of on/off state in the cross section view and band diagram 
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Figure 5.22: Working mechanism of switching behavior and saturation state under on state in the 

transfer curve, cross section view, and band diagram 
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Figure 5.23 ~ 25 show working mechanism of off sate, switching behavior, and 

saturation state under Vsd: 0 to 1V, 1 to 2.2V, and 2.2 to 4V, respectively, in the output curve, 

cross-section view, and band diagram. Electron movements in cross-section and band diagram 

were drawn in case of applying 2V to gate electrodes. In case of off state, potential energy of 

drain is not enough to tunneling from floating to drain so that electrons cannot be deliver to 

drain electrode. In case of switching behavior, potential energy of floating electrode is enough 

to tunnel electron to drain electrode. Thus, drastic slope is observed due to strong emission of 

stacked electron in floating electrode. In case of saturation state, potential energy of drain 

electrode has potential to be lower than floating electrode. However, it is defined by stacked 

electron in floating electrode due to capacity of electrons in floating electrode, result in no more 

decrease potential energy even much higher bias voltage between source and drain.  
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Figure 5.23: Working mechanism of off sate under Vsd: 0 to 1V in the output curve, cross-section view, 

and band diagram 
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Figure 5.24: Working mechanism of switching behavior under Vsd: 1 to 2.2V in the output curve, cross-

section view, and band diagram 
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Figure 5.25: Working mechanism of saturation state under Vsd: 2.2 to 4V in the output curve, cross-

section view, and band diagram  
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5.3.2.4 Temperature dependence  

Temperature dependence of vertical MIM transistor with floating electrode was 

investigated with heat stage from room temperature to 398K.  

 Conditions for measurement  

 Dark shielding environment 

 Vsd: 4V & Vg: from -2V to 2V 

 Two gate electrode coupled with PASTERNACK PE91106 (one SMA use) 

 Temperature increase: 25K up and stay for 10 minutes 

 

 

 

Figure 5.26: Temperature dependence of vertical MIM transistor with floating electrode 
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Figure 5.26 shows thermal stability of vertical MIM transistor with floating electrode. From 

the room temperature to 398K, the transfer graph follow a similar trend. Although the thermal 

effect of the tunneling transistor is smaller than p-n junction diode, general tunneling diode has 

poor conversion efficiency at high temperature due to its originally low contrast ratio. For 

vertical MIM transistor with floating electrode, structurally asymmetric effect is not 

theoretically affected by the thermal effect. Therefore, the structure maintains the switching 

behavior and the high conversion efficiency at even high temperature.  

Through the temperature dependence, conduction mechanism can be predicted in 

vertical MIM transistor. In the MIM structure the five conduction mechanisms were generally 

described, such as Ohmic (hopping), Poole-Frenkel, Schottky emission, direct tunneling, and 

Fowler-Nordheim [30].  

 

 Five conduction mechanisms 

 Ohmic (hopping): J α V               (ln(J/V) α 1/T) 

 Pool-Frenkel: ln(J/V) α V1/2            (ln(J) α 1/T) 

 Schottky emission: ln(J) α V1/2         (ln(J/T2) α 1/T) 

 Direct tunneling: J α V or J α V + V3    (temperature-independent) 

 Fowler-Nordheim: ln(J/V2) α 1/V       (temperature-independent) 

 

The equations and temperature dependents were shown in above descriptions. Ohmic 

means that electron freely hopping and moving on low height barrier. Pool-Frenkel effect 

generally was occurred in high defect insulators. It is one of bulk-limited conduction. Generally 

in all high-k dielectrics, bulk-limited conduction dominants due to trap inside the insulator. 

Thus, field enhanced thermal excitation of trapped electron is taken place into conduction band. 

Schottky emission also has thermal excitation to move electrons into conduction band through 
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overcoming barrier, while direct tunneling and Fowler-Nordheim has no temperature terms in 

the equation due to directly move to conduction band. Thus, electrical characteristics under 

high temperature environment can describe what happen in the device for conduction. Direct 

tunneling and Fowler-Nordheim is dominant due to thermal stability of vertical MIM transistor 

with floating electrode.  

 

5.3.2.5 Frequency response  

Frequency response which is one of the important factors to estimate the operation 

speed of device can be estimated by cut-off frequency of transistor structure. Its value is limited 

by transconductance and input capacitance, derived as 

 

𝑓𝑡 =
𝑔𝑚

2𝜋𝐶𝑔𝑠
                                                                     (6)  

Where gm and Cgs are transconductance and gate to source capacitance, respectively. High 

transconductance and low capacitance are required for high cut-off frequency. The capacitance 

value can be simulated by COMSOL simulation, as shown in Figure 5.27. The gate electrodes 

and source electrode were drawn with small meshes. The sphere is defined by boundary 

conditions which is x-axis of capacitance graph. The simulated capacitance value is extremely 

low due to no overlapped area between gate electrodes and source electrode, as low as 1.5 zepto 

F. Thus, cut-off frequency is estimated to be 0.82 THz. 
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Figure 5.27: Capacitance model and graph of vertical MIM diode from COMSOL simulation 
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VI. Conclusions 

 

6.1 Summary 

Improving working efficiency in lateral and vertical orient MIM structure was 

investigated for high speed switching devices. 

Asymmetrical geometric design was expected to obtain different tunneling 

probabilities between negative and positive bias. Geometric effect was theoretically proved by 

potential equation and electrical field simulation, which can induce over 50 % ratio of shifted 

tunneling distance in case of 16° angle of pointed shape. In the transistor structure, wider 

variation of tunneling distance and controlling tunneling probabilities could be achieved.  

Geometric effect in lateral MVM and MIM transistor were evaluated. In vacuum media, 

reliable working could be shown with 12.7 of contrast ratio 5.25V of threshold voltage of FN 

tunneling. Although insulator materials were used to decrease working voltage for 

compatibility to CMOS, gate effect is not high owing to low quality of insulator materials and 

the defects or pinhole by dielectric sputtering. Lateral orient structure had been limited by 

defining the gap between sharp shaped source and rectangular shaped drain for reproducibility.   

Vertical structure has structural advantages in terms of defining the gap by deposition 

system, so that reliable channel length can be defined. In high aspect ratio rectangular type 

electrode, control of threshold voltage of FN tunneling was confirmed relying upon widths. 

Angle dependence in vertical structure was theoretically and experimentally investigated by 

comparison with 20° and 90° of pointed shape. 0.306% and 0.014% of tunneling probabilities 

were calculated by tunneling probability equation in 20° and 90° of pointed shape, respectively. 

Large band gap insulator was compensated by geometric design in comparison of Al2O3 and 

HfO2.  
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Since high efficient gate effect in generally hard to achieve in vertical orient structure, 

vertical MIM tunneling transistor with floating electrode was proposed. Low threshold voltage 

(0.75V) and considerable efficiency (37 contrast ratio) were observed. Reliable electrical 

characteristics was shown under heating up to 398K which prove that tunneling is dominant. 

High cut-off frequency (0.82 THz) was calculated by using capacitance value from simulation.  

Various tunneling based MIM transistors were investigated and evaluated by electrical 

field, electrical characteristics, and FN tunneling model. The results of this study demonstrated 

that optimizing the geometric effects in tunneling structures can improve the applicability of 

vertical stack-up MIM tunnel diode to THz switching devices, tunneling transistors and ultra-

high speed electronics.  

 

6.2 Future works 

6.2.1 Experimental frequency response using RF measurement 

Experimental frequency response should be estimated to verify high speed operation. 

Since the estimated cut-off frequency is THz range, THz input signal or THz analyzer system 

should be required. However, this kind of high specification system is not common system. 

Thus, extrapolation method is normally used to estimate frequency response. Prior to using the 

method, S-parameters which are scattering parameters should be measured to transform H-

parameter, by using network analyzer for RF measurement. From the h21 values, extrapolated 

cut-off frequency can be estimated on the graph of current gain vs frequency (log). Figure 6.1 

and 6.2 shows designs of RF measurement for vertical MIM diode and vertical MIM transistor 

with floating electrode, respectively.  
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Figure 6.1: Pattern design of RF measurement for vertical MIM diode  

 

 

Figure 6.2: Pattern design of RF measurement for vertical MIM transistor with floating electrode 

 



107 

 

6.2.2 Size or thickness dependence of floating electrode for higher contrast ratio 

More improvement of vertical MIM tunneling transistor with floating electrode can be 

possible through investigation of size or thickness dependence. Much larger floating electrode 

may induces much steeper slope for switching behavior; however, higher threshold voltage was 

may occurred. In case of smaller floating electrode, the extremely low threshold voltage is 

expected. While, contrast ratio may decreases. Thus, the relationship between size or thickness 

of floating electrode and switching behavior should be studied, as shown in Figure 6.3.  

 

 

Figure 6.3: Description of size or thickness dependence of vertical MIM transistor with floating electrode 

in schematic illustration and the transfer curve 
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6.2.3 Vertical stack-up MIM tunneling transistor with graphene inter layer 

By investigation of locating gate electrode in vertical MIM transistor, bottom and top 

gate electrode cannot make big difference of tunneling distance due to the structure to block 

the electrical field. Using the mesh type electrode or material can be a solution of the issue of 

blocking electrical field. Thus, inter layer graphene is expected to be more efficient delivering 

electrical field to source or drain, as shown in Figure 6.4.  

 

 

Figure 6.4: Schematic illustration of vertical stack-up MIM tunneling transistor with graph inter layer 
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요 약 문 

 

금속 성질을 가지는 물질 기반의 고속 동작 터널링 트랜지스터 

 

전자소자의 빠른 동작속도의 요구는 여러분야에 의해서 증가되어지고 있다. 

이로인하여 속도를 증가시키려는 노력이 다양한 분야에서 이루어지고 있다. 컴퓨터 분야에서는 

parallel computing 이라는 기술이 사용되고 있지만, Amdahl 의 법칙에 의하면 이것은 속도의 

증가에 대한 한계를 가지고 있다. 따라서 기본적은 소자에서의 속도 향상이 기본적인 해결 

방법이다. p-n 접합과 Schottky 장벽이 일반적인 스위칭 동작을 하는 다이오드나 트랜지스터에 

사용되고 있다. 상업적인 MOSFET(metal-oxide semiconductor field-effect transistor)는 채널의 

길이에 따라서 스위칭 속도가 결정되지만, 너무 짧아지게 되면 전류를 조절하지 못하게 된다. 

다른 방법으로 높은 전자 이동성(high electron mobility)을 가지는 물질을 이용하였지만, 

이론적으로 짧은 채널을 사용하여도 동작주파수의 한계는 1THz 이다. 따라서 고속동작에 적합한 

메카니즘인 터널링이 고려되고 있다. MIM(metal-insulator-metal) 구조내에서 THz 이상의 동작이 

가능하지만, 스위칭 동작에 대조비(contrast ratio)가 낮다.  

본 논문은 고속동작을 위한 다양한 MIM 소자에서 효율을 높이는 것에 초점을 두고 

있다. 다른 일함수를 사용하거나 다층의 절연막을 이용하여 효율을 올리고자 하는 방법도 있지만. 

이런 방법은 효과가 미미하거나 공정상 절연막에 예기치못한 결점 등에 의해 성능이 제한된다. 

이 논문에서는 기하학적 효과를 이용하여 효율을 증가하는 것을 제안하고 있다. 이론적으로 50% 

정도의 터널링 거리를 변화시켜주어서 스위칭 동작에 대조비를 증가시키기에는 아주 효과적인 

방법이다. 수직적인 구조에서는 시뮬레이션을 통해서 70% 정도의 터널링 거리를 변화 시켜줄 수 

있으며, 20 도와 90도의 뾰족한 구조에서 큰 차이의 터널링 확률(각각 0.306%와 0.014%)을 얻을 

수 있었다. 따라서 기하학적 구조는 효율을 높이기위한 유망한 방법이라는 것을 이론적으로나 

실험적으로 증명하였다.  

또한 절연막의 질이 효율을 높이는데 있어서 중요한 역할을 한다. 기하학적 효과만을 

보기위해서 이상적인 절연막인 진공을 선택했다. 진공 안에서 12.7이라는 좋은 스위칭 대조비를 

얻을 수 있었고, 문턱전압의 범위가 5.25V 정도 되는 것을 확인했다. 다만 상업적인 

CMOS(complementary metal-oxide semiconductor)와 호환되기 위해서는 5V 이내에서의 동작이 

필요한데, 진공에서는 다소 높은 동작 전압이 필요하다. 따라서 이를 낮추기 위해서 진공대신 

절연막을 사용하였으나 절연막이 질이 떨어져서 상당히 나쁜 수치의 대조비를 얻었다. 또한 

Al2O3와 HfO2의 절연막에서의 기하학적 효과를 확인해봤다. 일반적으로는 반대의 전류의 흐름을 

막아줘야 효율이 좋아지기 때문에 밴드갭이 큰 물질(Al2O3) 일 수록 효율이 좋다. 하지만 

밴드갭이 큰 물질은 터널링 확률이 적어지기 때문에 터널렁 소자에 적합하지 않지만, 이 
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논문에서 제안한 기하학적 효과에 의해서 그 문제가 해결된다. 따라서, 기하학 효과를 사용한 

소자의 경우 밴드갭이 큰 물질이 더 높은 효율을 낼 수가 있다.   

기하학적 MIM 트랜지스터에서 채널의 방향성에 대해서 고려되었다. 소스 전극과 

드레인 전극간의 간격이 중요한 요소인데, 수평적 구조에서는 같은 조건으로 제작을 하여도 

재현성이 떨어지게 된다. 수직적 구조에서는 증착하는 절연막을 두께를 Å단위로 조절이 가능하기 

때문에 훨씬 더 좋은 전기적 특성을 얻을 수 있지만, 효과적인 게이트 효과를 줄 수 있는 위치를 

선정하기가 어렵다. 이 논문에서는 플로팅 전극을 이용하여 효과적인 게이트 효과를 줄 수 

있었으며, 0.75V 정도의 낮은 문턱전압과 37 정도의 높은 스위칭 동작 대조비를 얻을 수 있었다. 

또한 상온에서 398K 까지 온도에서 온도 안정성을 측정하여 터널링 효과가 우세한 것을 

확인하였다. 추정되는 cut-off 주파수는 0.82THz 이며, 이를 통하여 다양한 분야에서 THz 

응용분야에 적용 가능하다.  

 

핵심어: MIM 소자, 터널링, 기하학적 효과, 효율, 스위칭 대조비 
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