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摘要 

本篇論文主要探討金氧半穿隧元件的耦合效應及開路電壓和短路電流感測的

多階態特性，元件的電極結構為四個正方形圍繞著一個長方形。在本論文第二章

中，金氧半元件因有超薄氧化層的設計，因此可以有極小的飽和電流，並且透過

電流-電壓量測後可發現有耦合效應。當外環施加偏壓時，其中心可感應到開路電

壓及短路電流，並且隨著外環的數量不同，中心所感應的開路電壓和短路電流也

有明顯區別，因此可作為多階態展現的金氧半元件。在本論文第三章中，為了較

相容現今的技術節點，因此利用厚薄氧化層的製程將元件微縮，並且採用先生長

厚氧化層再生長薄氧化層的方式，厚薄氧化層的元件會因為厚區不斷提供少數載

子至薄區，因此電流無法達到飽和也無耦合效應。本研究提出了特別的引導式軟

性崩潰操作，可以使氧化層局部薄化，將元件的特性改變，使得電流進入飽和並

且開路電壓有耦合效應，元件也能展現出多階態特性。特別的軟性崩潰方法是利

用感應電場的分布不均，將外環和中心的氧化層局部薄化點盡可能的靠近，因此

能使耦合效應增強。為了能驗證電場和電子濃度的分布，使用了 SILVACO 

TCAD 軟體進行電場和電子濃度的模擬，結果也和所提出的想法相符合。因此，

不論是超薄氧化層或是厚薄氧化層的金氧半穿隧元件，都具有作為多階態特性元

件的潛力。 
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Abstract 

In this thesis, the coupling effect of the metal insulator semiconductor tunneling 

diodes (MIS TD) and the multi-state characteristics of open-circuit voltage and short-

circuit current sensing of the device have been investigated. The electrode pattern of the 

device is four squares surrounding a rectangle. In Chapter 2, due to the design of the 

ultra-thin oxide layer, the device has extremely low saturation current. The coupling 

effect was found through the current-voltage measurement. Applying a bias voltage to 

the outer rings, the open-circuit voltage and the short-circuit current were sensed in the 

center. The magnitude of sensed open-circuit voltage and sensed short-circuit current are 

also significantly different with different number of outer rings, so it can be used as a 

multilevel device. In Chapter 3, in order to be compatible with current technology nodes, 

the device is scaled by the high-low oxide process. The method of growing thick oxide 

first and then thin oxide is used. Because the thick oxide region will provide extra 

minority carriers to the thin oxide region, there would be no saturation current and no 

coupling effect of the device. Therefore, a special method of induced soft breakdown 

operation was proposed, which can create the oxide local thinning (OLT) and change the 

characteristics of the device. The current is saturated and the open-circuit voltage exhibits 

coupling effect. Hence, the device can also exhibit multi-level characteristic. The special 
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soft breakdown operation is based on the uneven distribution of the induced electric field, 

and to make OLT spot of the outer rings and the center as close as possible, so that the 

coupling effect can be enhanced. In order to verify the distribution of the electric field 

and the electron concentration, SILVACO TCAD software is used to simulate the electric 

field and the electron concentration. The result is consistent with the proposed method. 

Therefore, both of MIS tunneling diodes with ultra-thin oxide and high-low oxide have 

the potential to be used as multi-state characteristic devices. 
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1-1 Thesis Organization 

In this thesis, the sensing characteristic of coupling MIS TD were discussed. The 

low power consumption of MIS TD with multi-state characteristic is of interest. In 

Chapter 2, the MIS TD of planar structures having 4 rings, 3 rings, 2 rings, and 1 ring 

were proposed. With different inputs of devices, the sensed open-circuit voltage and the 

sensed short-circuit current of the center can both show multilevel characteristics. In order 

to reduce the area of the device. Chapter 3 proposed the structure of high-low oxide. It 

was noticed that we grew the thick oxide region first and then grew the thin oxide region, 

and both the center and the ring were located at the thin oxide region. It was found that 

the thick oxide region will provide extra minority carriers to the thin oxide region, and 

therefore the high-low structure cannot have a saturation current under the reverse bias. 

In this work, the operation of soft breakdown with current compliance and the operation 

of soft breakdown induced by special negative biasing were proposed. It was found that 

the device can still display the multi-state characteristic. Last but not least, Chapter 4 is 

a conclusion of this thesis, and makes some suggestions and improvements for the future 

work. 

1-2 I-V Characteristics of MIS(p) Tunnel Diodes 

1-2-1 Mechanism of Hole Current Saturation  
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For the device of MIS(p) TD, it was found that the hole current dominates the 

saturation current in the reverse bias, which can be expressed by eq. (1-1) [1], 

   𝐼ℎ = 𝐴∗𝐴𝑒𝑓𝑓𝑃𝑡𝑇2𝑒
−𝑞φℎ

∗

𝑘𝑇   ,   (1-1) 

where Ih is the hole current, A* is the effective Richardson constant, Aeff is the effective 

area, Pt is the tunneling probability, T is the temperature of the device, φh
* is the effective 

Schottky barrier height, q is the electron charge, and k is the Boltzmann constant. When 

reverse bias is large enough to exceed a certain bias, the electric field in the oxide layer 

is strong, and the tunneling rate will be too large so that inversion charges cannot be 

accumulated at the interface of SiO2/Si. This is called deep depletion that the oxide 

voltage will be fixed and any additional voltage will drop on silicon substrate. This is the 

reason why the current will be saturated in the reverse bias. 

1-2-2 Effect of Oxide Thickness 

The accumulation current operating under forward bias will vary with the thickness 

of the oxide layer. Because the electron flow dominates under forward bias, the 

accumulation current is larger for the thinner oxide layer due to the higher electron 

tunneling rate. Therefore, the accumulation current of thicker oxide layer is small. 

Conversely, the saturation current of operating in reverse bias, the saturation current is 

larger in the thicker oxide layer and smaller in the thinner oxide layer [2]. The reason for 
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this phenomenon is due to Schottky barrier height modulation. Schottky barrier height 

can be expressed by the following eq. (1-2) [1], 

            φℎ
∗ = 𝜒𝑠 − Φ𝑚 +

𝐸𝑔

𝑞
− 𝑉𝑜𝑥   ,   (1-2) 

where χs is electron affinity of the semiconductor, Φm is the work function of the metal, 

Eg is the energy band gap of the semiconductor, Vox is the fixed oxide voltage, q is the 

electron charge, respectively. Fig. 1-1 show the energy band diagrams of MIS TDs with 

thinner and thicker oxide in saturation region [2]. When the same voltage is applied on 

the device, the thinner oxide layer has a higher tunneling rate and a smaller voltage 

dropped on the thin oxide layer. Therefore, it was resulting in a larger effective Schottky 

barrier height φh1* and a smaller hole current Ih1 will be obtained; Conversely, the device 

of the thicker oxide layer has a larger voltage, resulting in smaller φh2*and larger Ih2. The 

I-V curves of MIS(p) TD with different oxide thickness was shown in Fig. 1-2 [2]. 

1-2-3 Effect of Additional Minority Carriers Supply 

The Schottky barrier height is related to the supplementation of minority carriers, 

which can be supplied by photo-generation [3] or the neighboring region of thick oxide. 

It can be expressed by the following equation [2]. 

                            φℎ
∗ = φℎ0 − Δφℎ      (1-3) 

                            Δφℎ = 𝐵𝑞|𝐹|𝑑𝑜𝑥      (1-4) 

In eq. (1-3), φ*
h is the effective Schottky barrier height, Δφh is the reduction of the 
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Schottky barrier height, φh0 is the Schottky barrier height without minority carriers. In eq. 

(1-4), B is a constant, q is the electron charge, F represents the lateral minority carriers, 

dox is the oxide thickness. Fig. 1-3 [4] and Fig. 1-4 [2] shows the effect of additional 

minority carriers supply. The more minority carriers accumulate at the Si/SiO2 interface 

will cause a larger Vox and a smaller φ*
h will be obtained [2]. Thus, resulting in a large 

saturation current. According to the above reasons, minority carriers will affect the 

effective Schottky barrier height under the reverse bias, which is also the key to 

determining the saturation current. However, there is no shortage of minority carriers in 

the accumulation region under the forward bias, so there is no such effect. 

1-3 OLT (Oxide Local Thinning) 

When the device was applied with a stress or a sweeping voltage, the I-V 

characteristics of the device will be different. For example, the current will not be 

saturated under the reverse bias of the high-low oxide structure. Sweeping bias voltage 

can be used for the operation of soft breakdown, and the current of the device after soft 

breakdown can also be saturated. The mechanism of soft breakdown is that a local bulk 

trap in oxide will cause the tunneling current to rise [5], and the damaged region can be 

regarded as oxide local thinning (OLT) as shown in Fig. 1-4 [6] [7]. OLT usually occurs 

around the edge of the device because of the fringing field effect [8] [9] [10]. The 
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saturation current usually tunneled by the edge of the device because of the fringing field 

effect. After the OLT formed on the edge of the device, a lot of minority carriers were 

more likely to pass through the oxide local thinning layer [6], and caused the current to 

be saturated easier. 

1-4 TCAD Simulation 

In order to verify the experimental data and prove the electric field distribution of 

soft breakdown, software simulation of SILVACO TCAD including S.EDA tools like 

Deck Build and TonyPlot were used 2D MIS structure was considered in the simulation. 

The device is mainly composed of three adjacent metals for aluminum as the electrode, 

ultra-thin oxide layer as the insulator, and p type Si as substrate. The metal work function 

of aluminum is 4.1 eV and p type substrate doping is 1×1016 cm-3. In addition, the 

segmentation of the mesh is also very important. If the mesh is meticulous, the device 

characteristic can be analyzed more precisely, but it may also cause the process of 

calculation not to converge in the simulation, and the simulation result will fail. Hence, 

the mesh must be finely set at the boundary of the electrode and OLT, and the other mesh 

can be broader to achieve the balance of mesh division. 

1-5 Summary 

In this chapter, the thesis organization including the characteristics of MIS(p) TD, I-
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V curves, mechanism of the hole saturation current, the effect of oxide thickness of 

forward/reverse bias, Schottky barrier height modulation, additional minority carriers 

supply, OLT caused by soft breakdown, TCAD simulation were introduced. After having 

a knowledge of the basic properties of MIS TD, device sensing was explored in the next 

chapters. 
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Fig. 1-1 The energy band diagrams of MIS TDs with thinner and thicker oxide in 

saturation region [2]. 

 

Fig. 1-2 I-V characteristics of MIS(p) TD with various oxide thickness [2]. 
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Fig. 1-3 I-V characteristics of MIS(p) TD with different oxide thickness in dark and 

under light conditions [4]. 

 

Fig. 1-4 The energy band diagrams of MIS TDs with less and more electrons supply in 

saturation region [2]. 
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Fig. 1-5 Schematics of the OLT will at edge of the MIS(p) TD after positive bias [6]. 
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2-1 Introduction 

In Chapter 1, we have discussed the characteristics of MIS TD. When operating in 

inversion region, the current will be saturated and the value is extremely low, which can 

achieve the effect of low power consumption. In this chapter, MIS TD with different 

structures will be explained. They are 4 outer rings, 3 outer rings, 2 outer rings and 1 outer 

ring. Because the area of the outer ring and the central region are small, it must be 

connected to a pad with a large area that can be available for measurement. The open-

circuit voltage and short-circuit current of the central region are considered in this work. 

The phenomenon of multi-state characteristics are discussed. 

2-2 Experimental Procedure 

A boron-doped 1-10 Ω-cm (100) p-type silicon wafer was used as the substrate. At 

first, we use standard Radio Corporation of America (RCA) to remove impurity particles, 

native oxide and organic impurities. A thin oxide layer was grown by anodic oxidation in 

D.I. water and the oxide layer thickness was about 2.3 nm [11]. Rapid thermal process at 

950°C for 15 seconds was used for post-oxidation annealing. The 200 nm Al film was 

deposited on the oxide layer by thermal evaporation. To design the pattern on device, we 

defined the pattern by photolithography and wet etching. The top view of the device was 

shown in Fig. 2-1. The central region is a rectangle and the size is 50 µm × 20 µm. The 
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outer region are four squares and the size are all 15 µm × 15 µm. Both of these are 

connected to a circular pad with a radius of 85 µm as shown in Fig. 2-2. Here, we named 

the central region as center and the outer region as ring. Finally, the back oxide was 

removed by buffered oxide etch (BOE). A 250 nm Al film was evaporated on the back 

side as back contact. The electrical characteristics and analysis were measured by Agilent 

B1500A in dark environment. 

2-3 Results and Discussion 

2-3-1 I-V Characteristics in Planar Structure Operation 

First, we observed the I-V curves of the center. Fig. 2-3 is the top view of the center 

device. In Fig. 2-4, it can be clearly seen that when the device operated in negative bias, 

which is under forward bias (accumulation) region, the current value is very large; and 

when operated in positive bias, which is under reverse bias (inversion) region, the current 

value is much lower and tends to be saturated. This is a typical I-V characteristics of the 

ultra-thin oxide layer of MIS TD. The effect of low power consumption can be achieved 

by operating the device in the reverse bias region. C-V curves of the center region was 

shown in Fig. 2-5. The accumulation capacitance drops to negative value because the 

oxide layer is too thin to cause leakage of current. 

2-3-2 Open-Circuit Operation of Coupling Voltage 
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Next, we will discuss the coupling effect between the center and ring. Fig. 2-6(a) is 

a 3D view of the device with four rings and center, and two of the four rings are near to 

the center, and the other two are farther away from the center. Therefore, it can be 

subdivided into n (near to the center) and f (farther to the center). The 4 rings can be 

regarded as 4 inputs, abbreviated as n2f2. Fig. 2-6(b) and Fig. 2-6(c) showed 3 rings and 

1 ring, which can be subdivided into n2f1, f1, n1f2, and n1. Fig. 2-6(d), and Fig. 2-6(e) 

showed 2 rings, which can be divided into n2, f2, and n1f1. Ring can be used as an input 

and center is a sensor. Fig. 2-7 shows the measurement procedure of applying a bias 

voltage of -1V~5V at ring, and then read the open-circuit voltage sensed by center. 

Because the distance between ring and center is only 5 µm, there will be a coupling effect 

between the two, which will cause the induced open-circuit voltage in the center when 

the bias voltage of ring was swept to 5V. These devices can be divided into different inputs, 

and the results obtained are also different. Figs. 2-8(a)~(h) showed the sensed coupling 

voltage at center Vcenter along with Iring for 4 inputs (4 rings), 3 inputs (3 rings), 2 inputs 

(2 rings), and 1 input (1 ring) operations. It is obvious that the more the number of inputs, 

the larger the open-circuit voltage sensed at center. The multi-state characteristic was 

observed. 

2-3-3 Short-Circuit Operation of Coupling Current 
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In addition to using the open-circuit voltage to display multilevel, we can also 

measure the short-circuit current of device to achieve the same purpose of sensing. The 

schematic diagram is shown in Fig. 2-9. The operation process is similar to the above, 

and a bias voltage of -1 V~5 V is applied to the ring, but the center needs to be short-

circuited and short-circuit current was measured. The short-circuit current is not only 

related to several inputs, but also related to the distance between the ring and the center’s 

pad. For example, the 3 inputs can be divided into n2f1 and n1f2. The short-circuit 

currents of the two will be different. The n2f1 will be slightly larger than n1f2 because in 

this case it will be dominated by n (n2>n1). Figs. 2-10(a)~(h) showed the coupling short-

circuit currents of different devices. Multilevel characteristics can be determined by the 

proper choice of device structure. 

2-3-4 Multistate Voltage/Current by Different Structure 

Fig. 2-11 shows the error bar chart of coupling voltage with different inputs. For the 

open-circuit voltage, the level of sensed voltage is only related to how many inputs the 

device owns, and the distance between the ring and the center does not affect its coupling 

voltage. However, for the measurement of short-circuit current, the distance between the 

ring and the center will have a significant impact. Generally speaking, the closer the 

distance of ring to center, the larger the sensed short-circuit current, and the farther away 
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from the center, the smaller the contribution of the ring. Finally, the following four types 

of 4 rings (n2f2), 3 rings (n1f2), 2 rings (f2) and 1 ring (f1) are focused. As can be seen 

in Fig. 2-12, multi-state characteristics are also displayed. Based on the above discussion, 

both the open-circuit voltage and the short-circuit current have coupling effect and exhibit 

multistate characteristics. 

2-4 Summary 

In this chapter, MIS TD with different novel structures of 4 rings, 3 rings, 2 rings 

and 1 ring are proposed. By using the MIS TD coupling mechanism and ultra-low 

saturation current in the inversion region, different numbers of rings can give the 

multilevel effect. There are two parts to discuss. The first part is to apply a bias voltage 

of 5V at the ring, and the center of 4 rings, 3 rings, 2 rings and 1 ring can sense different 

open-circuit voltages; the second part is to apply a bias voltage of 5V at the ring, and the 

centers of n2f2, n1f2, f2, and f1 can sense different short-circuit currents. Whether it is 

open-circuit voltage or short-circuit current, great linearity was observed. Based on the 

linearity of the induced value, one can use this characteristic as multi-state applications. 
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Fig. 2-1. Schematic top view of the 4 rings MIS TD device. 

 

Fig. 2-2. Schematic top view of the 4 rings MIS TD device with circular pad. 
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Fig. 2-3. Schematic top view of the center MIS TD device. 
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Fig. 2-4. I-V curves of the center MIS TD. 
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Fig. 2-5. C-V curves of the center MIS TD. 
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Fig. 2-6. 3D schematic top view of (a) the 4 rings (n2f2), (b) the 3 rings (n2f1) and the1 

ring (f1), (c) the 3 rings (n1f2) and the 1 ring (n1), (d) the 2 rings (n2) and (f2), and (e) 

the 2 rings (n1f1) MIS TD devices. n means near and f means farther. 
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Fig. 2-7. Schematic of open-circuit voltage operation. 
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Fig. 2-8. Iring & Vcenter versus Vring curves of (a) the 4 rings (n2f2), (b) the 3 rings (n2f1), 

(c) the 3 rings (n1f2), (d) the 2 rings (n2), (e) the 2 rings (f2), (f) the 2 rings (n1f1), (g) 

the 1 ring (n1), and (h) the 1 ring (f1) MIS TD devices. 
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Fig. 2-9. Schematic of short-circuit current operation. 
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Fig. 2-10. Iring & Isc(center) versus Vring curves of (a) the 4 rings (n2f2), (b) the 3 rings 

(n2f1), (c) the 3 rings (n1f2), (d) the 2 rings (n2), (e) the 2 rings (f2), (f) the 2 rings 

(n1f1), (g) the 1 ring (n1), and (h) the 1 ring (f1) MIS TD devices. 
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Fig. 2-11. Error bar chart of coupling open-circuit voltages with different inputs. 
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Fig. 2-12. Error bar chart of coupling short-circuit currents with different devices. 
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3-1 Introduction 

In Chapter 2, MIS TD with multiple outer rings has been discussed, but the device 

size is too large to be compatible with the modern technology node. Devices with reduced 

size and their characteristics are further discussed. The method of shrinking device size 

is achieved by using the high-low oxide process. It is to grow thick oxide first, and then 

grow thin oxide. When the device changes from the planar to high-low, the characteristics 

will be different. When operating in the reverse bias, since the region of thick oxide layer 

will provide extra minority carriers to the region of thin oxide layer, the inversion current 

will not be saturated, which is different from the planar device. If the inversion current is 

not saturated, there is no way to achieve the requirement of low power consumption and 

the wanted coupling effect between the ring and the center. Therefore, we propose a 

method to make the inversion current saturated by using special soft breakdown process. 

To achieve the best performance, the soft breakdown with current compliance and 

induced bias voltage will be used to make the coupling effect between the ring and the 

center to the best. Finally, the electric field distribution of the induced soft breakdown can 

be proven by SILVACO TCAD simulation. 

3-2 Experimental Procedure 

A boron-doped 1-10 Ω-cm (100) p-type silicon wafer was used as the substrate. At 
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first, we use standard Radio Corporation of America (RCA) to remove impurity particles, 

native oxide and organic impurities. A thick oxide layer was grown by anodic oxidation 

in D.I. water and the oxide layer thickness was about 24.7 nm [11]. To design the thin 

oxide region on device, we defined the pattern by photolithography and wet etching. Then 

a thin oxide layer was grown by anodic oxidation in D.I. water and the oxide layer 

thickness was about 2.3 nm [11]. The above steps are the process of thick first and then 

thin, which produces high-low oxide layer. Rapid thermal process at 950°C for 15 seconds 

was used for post-oxidation annealing. Then 200 nm Al film was deposited on the oxide 

layer by thermal evaporation. To achieve the electron pattern on device, we defined the 

pattern by photolithography and wet etching. The top view of the device was shown in 

Fig. 3-1. The central region is a rectangle and the size is 50 µm × 20 µm. The outer 

region are four squares and the size are all 15 µm × 15 µm. Both of these are connected 

to a circular pad with a radius of 85 µm as shown in Fig. 3-2. Here, we named the central 

region as center and the outer region as ring. Center and ring are located in the thin oxide 

layer, while the connected circular pad is located in the thick oxide layer. Finally, the back 

oxide was removed by buffered oxide etch (BOE). A 250 nm Al film was evaporated on 

the back side as back contact. The electrical characteristics and analysis were measured 

by Agilent B1500A in dark environment. 
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3-3 Results and Discussion 

3-3-1 I-V Characteristics in Planar and High-Low Structure 

Operations 

The characteristics of the center region of planar structure and high-low structure are 

compared in the beginning. Planar structures can be divided into thin oxide and thick 

oxide. Thin oxide has been discussed in Chapter 2. In the reverse bias, the current will 

be saturated and is extremely low, which can be used as a multi-state device. For thick 

oxide, because the oxide layer is very thick, the measured current is almost the 

displacement current. Therefore, it can be seen from Fig. 3-3 that the forward/reverse 

sweep currents exhibit significant hysteresis and will not be saturated. The main structure 

of this chapter is the high-low oxide device, Fig. 3-4 shows the top view of the high-low 

center device. In Fig. 3-5, the current has a slight hysteresis phenomenon, but the current 

value is not as low as planar structure of thick oxide. The current will increase linearly 

with the increase of voltage, because the region of thick oxide layer will continuously 

provide extra minority carriers to thin oxide region. Although the center is located in the 

thin oxide region, the connected circular pad is in the thick oxide region. Therefore, there 

will be a continuous supply of minority carriers from thick oxide region to thin oxide 

region, so the current will not be saturated under the reverse bias, and the coupling effect 
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cannot be achieved. Fig. 3-6 is the I-V curves comparison of planar and high-low 

structures. The method of using special soft breakdown to reach current saturation will 

be discussed next. 

3-3-2 Soft Breakdown Mechansim in High-Low Device 

Soft breakdown can be thought of as punching an aisle in the oxide layer, which will 

be called OLT (oxide local thinning) [6]. After the OLT is formed, minority carriers will 

be replenished through the OLT under the reverse bias. Because of the high tunneling rate 

of the OLT due to pinch-off effect, the number of carriers will be limited instead of 

continuously replenishing from the thick oxide region. Hence, the current will be 

saturated. There are many ways to make the device to soft breakdown. Here are two 

methods, the first is to apply stress on the device to break through the oxide layer. For 

example, 6 V with 10 seconds can be applied to the center and the ring. Of course, the 

applied bias voltage and stress time can be adjusted. The method of applying stress can 

easily cause the saturation current of the device to be too large after a soft breakdown, 

which we do not expect. The second method is sweeping bias at the center and the ring. 

For example, sweeping the voltage of -1 V~5 V at the center and ring, when the current 

of forward sweep and reverse sweep have a significant jump and saturation, that means 

there is a soft breakdown on the device. In this chapter, the method of sweeping current 
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to achieve soft breakdown is conducted. In order to control the saturation current more 

concisely, there will be current compliance when sweeping the voltage. During the 

measurement, it was found that soft breakdown will occur at about 3 V~3.5 V, and the 

current is about 100 nA. Hence, we set the current compliance to 100 nA and the sweeping 

range is from 0 V to 3.5 V. That is to say, when the current value is equal to100 nA and 

the soft breakdown will be occur, and keep continuing to sweep the voltage after the soft 

breakdown will not cause further damage because of the current compliance. The above 

operation can better control the degree of soft breakdown. Experiments have found that 

if there is only a soft breakdown of the center, or only a soft breakdown of the outer rings, 

there will be no coupling effect between the two. It is therefore believed that both of them 

must be soft breakdown to exhibit a coupling device. In this experiment, the center will 

perform the operation of soft breakdown first and then the outer rings will continue the 

operation of soft breakdown. Fig. 3-7(a) is the soft breakdown operation of the center 

region. The first step is to sweep -1 V~2 V to confirm that the device is not soft breakdown. 

The second step is the operation of soft breakdown that sweeping 0 V~3.5 V and set a 

current compliance of 100 nA. The third step is to measure the characteristics of -1 V~4 

V after the soft breakdown. After the center being soft breakdown, the outer rings is then 

to be soft breakdown with the same operation. Fig. 3-7(b) is the soft breakdown operation 
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of the ring region. After both the center and the ring finished the soft breakdown process, 

the device will have coupling effect between the center and the ring. However, it is 

expected that the coupling effect is hard to control because the regions of soft breakdown 

are random. 

3-3-3 Ring Soft Breakdown Induced by Center with Negative 

Bias 

In order to further make the coupling effect and coupling voltage more stable, here 

we propose a novel idea of induced soft breakdown. After the soft breakdown operation 

of center, a bias of -1 V was applied to the center when the ring was carried out the process 

of soft breakdown at the same time. This method is to make the electric field distribution 

uneven. It is believed that the OLT of the center is located at the border around the center. 

The reason is that the surrounding electric field is larger due to the fringing field effect, 

so the probability of center’s edge being soft breakdown is higher. The closer the distance 

between the soft breakdown regions of center and the ring, the better the coupling effect. 

The best way is to make two soft breakdown spots be as close as possible. It is known 

that the magnitude of the electric field will affect the probability of soft breakdown. When 

the soft breakdown process was conducted on the ring with -1 V applied to the center, the 

ring region which to closer to the soft breakdown spot of the center will sustain a larger 
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electric field. That is to say, when there are 4 rings around, one of the rings faces to the 

soft breakdown spot of center will have the largest electric field. A soft breakdown spot 

of the ring will occur at the position closest to the soft breakdown spot of the center, and 

two soft breakdown spots will be closet. Fig. 3-8(a) is the soft breakdown operation of 

the center and Fig. 3-8(b) shows that the ring soft breakdown operation with -1 V applied 

to the center. The devices stabilities are compared in Fig. 3-9(a) and Fig. 3-9(b) for 

samples without and with a voltage of -1V applied to the center during ring soft 

breakdown operation. It is noticed that the coupling voltage of the ring was used as the 

sensing parameter in this figure. It is obvious that the coupling voltage without -1 V is 

very unstable. Even at Vc = 2 V and Vc = 1.75 V, the coupled Vring has a staggered 

phenomenon, which means that the coupling effect is not excellent, and it cannot be used 

as a multi-state device; but the coupling voltage with applying -1 V to the center is very 

stable, and the Vring obtained by different Vc is obviously different. The coupled voltage 

is larger than the case without -1 V, so it means that the coupling effect is stronger. It is 

clear that the device is operated by using the center as the input and the ring as the sensor. 

That is to say, a bias voltage was applied to the center, and then the open-circuit voltage 

of the ring was read. It can be seen in the Fig. 3-10(a)~(d) that the voltages sensed by 4 

rings, 3 rings, 2 rings and 1 ring are different. At Vc = 4 V, the corresponding coupled 



 

41 
 

Vring are approximately 3.33 V, 2.81 V, 2.66 V, and 2.46 V. Therefore, the high-low oxide 

structure also have the potential to be multi-state devices by using the novel soft 

breakdown method be used as proposed in this work. 

3-3-4 Electric Field and Electron Concentration in TCAD 

Simulation 

To verify the above expectation about the enhanced electric field in ring due to 

certain OLT and applied bias in center, SILVACO TCAD simulation will be used. The 

first thing to simulate is that the soft breakdown of the center will be occur around the 

center’s edge. The Fig. 3-11 is a schematic of the simulation device for planar oxide. The 

parameters obtained are that the thickness of the oxide layer is about 2.3 nm, the width of 

ring1 & ring2 are equal to 15 µm, the width of center is 20 µm, both Vr1 and Vr2 are 0 V, 

and Vc = 5 V, and set the cutline to be 2 nm below the top of the oxide layer. The magnitude 

of the electric field looks similar in the center in Fig. 3-12(a), but when we zoom in that 

region one can find the electric field at the edge of the center (x = -10 µm & x = 10 µm) 

will be greater than the electric field inside the device in Fig. 3-12(b). The reason is that 

there will be a fringing field near the device’s edge, resulting in the soft breakdown spot 

will probably occur at the center’s edge. Next, we assume that there is an OLT on the 

edge of the center (x = 8.5 ~ 9 µm) as shown in Fig. 3-13. Both ring1 and ring2 were 
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applied with the same bias voltage of 3 V and center was applied with -1 V. It is clearly 

that the electric field of ring2 is larger than ring1 in Fig. 3-14(a). Ering2 is about twice of 

Ering1, so ring2 is more likely to have a chance of soft breakdown than ring1, and ring2 is 

also closer to the OLT of the center, which can make the two OLTs as close as possible. 

Thus, the coupling effect is better and more stable. Similarly, if we apply a bias voltage 

of 4 V or 5 V at ring1 and ring2, we can also clearly see the difference in the electric field 

of ring1 and ring2 in Fig. 3-14(b) and Fig. 3-14(c). In addition to the electric field, the 

electron concentration is also of importance and is related to the electric field. In Fig. 3-

15, it can be seen that the electron concentration distribution of ring2 is higher than ring1 

with Vr1 = Vr2 = 3 V / Vc = -1 V, so the electric field is relatively large. These simulations 

are in line with expected assumption. Next, we set a bias voltage of Vset@I = 0 = Voc(coupled) 

= 0.425 V and Vr1 = Vr2 = 5 V, to simulate the center to approach the floating state 

condition. In the Fig. 3-16(a) and Fig. 3-16(b), the electric field magnitude and electron 

concentration between ring1 and ring2 are almost the same. The probability of soft 

breakdown between the two is about the same, and the location of the soft breakdown is 

random. If one set the positive bias of Vc = 3 V and Vr1 = Vr2 = 5 V, the electric field and 

electron concentration between ring1 and ring2 are still similar as shown in Fig. 3-17(a) 

and Fig. 3-17(b). Therefore, only when a negative bias voltage was applied to the center, 
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the electric field of ring1 and ring2 can be non-uniform. 

3-4 Summary 

Chapter 3 focuses on the design of high-low oxide structure in order to reduce the 

device area to be compatible with the current technology nodes. However, the thick oxide 

region will provide extra minority carriers to the thin oxide region, and therefore the 

current cannot reach saturation in the reverse bias and the device can’t display coupling 

effect. It is necessary to use soft breakdown to improve the device coupling characteristics. 

But, soft breakdown by applying stress or sweeping voltage may make the saturation 

current too large, and the coupling effect is not well controlled. Therefore, we propose 

novel methods of soft breakdown. The current compliance is limited to 100 nA during the 

soft breakdown operation of center, and when ring is under soft breakdown operation, not 

only the current is limited to 100 nA, but also -1 V is applied to the center. So the soft 

breakdown spot of the ring can be controlled at the position close to the soft breakdown 

spot of the center. Finally, the novel soft breakdown can reduce the saturation current in 

the reverse bias, and the coupled voltages of 4 rings, 3 rings, 2 rings and 1 ring can also 

display multi-state characteristics. 
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Fig. 3-1. Schematic top view of the high-low center MIS TD device. 

 

Fig. 3-2. Schematic top view of the 4 rings high-low MIS TD device with circular pad. 
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Fig. 3-3. I-V curves of the thick oxide center MIS TD. 

 

 

 

 

 

 

 

 

 

dox ≈ 24.7 nm 



 

46 
 

 

Fig. 3-4. 3D Schematic top view of the high-low center MIS TD device. 
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Fig. 3-5. I-V curves of the high-low oxide center MIS TD. 
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Fig. 3-6. I-V curves of the planar and high-low center MIS TD. 
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Fig. 3-7. I-V curves of (a) the center MIS TD with soft breakdown operation and (b) the 

4 rings MIS TD with proceeded soft breakdown operation. 
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Fig. 3-8. I-V curves of (a) the center MIS TD with soft breakdown operation and (b) the 

4 rings MIS TD with proceeded soft breakdown operation with -1 V applied to the 

center. 
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Fig. 3-9. Coupled voltage of Vring versus time (a) without and (b) with -1 V induced by 

center during ring soft breakdown operation. 
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(to be continued) 
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Fig. 3-10. Icenter & Vring versus Vcenter curves of (a) the 4 rings, (b) the 3 rings, (c) the 2 

rings, (d) the 1 ring MIS TD. 
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Fig. 3-11. Schematic of the TCAD simulation device for planar oxide. 
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Fig. 3-12. (a) Electric field with Vring1 = Vring2 = 0 V, Vc = 5 V for planar oxide. (b) Zoom 

in electric field of (a). 
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Fig. 3-13. Schematic of the TCAD simulation device with OLT at the edge of center 

oxide. 
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Fig. 3-14. Electric field distributions with (a) Vring1 = Vring2 = 3 V / Vc = -1 V, (b) with 

Vring1 = Vring2 = 4 V / Vc = -1 V, and (c) with Vring1 = Vring2 = 5 V / Vc = -1 V, for device 

with OLT at the edge of center oxide. 
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Fig. 3-15. Electron concentration distribution with Vring1 = Vring2 = 3 V / Vc = -1 V of the 

device with OLT at the edge of center oxide. 
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Fig. 3-16. (a) Electric field and (b) Electron concentration with Vring1 = Vring2 = 5 V for 

center floating condition. The center set voltage is Vset@I = 0 = Voc(coupled) = 0.425 V. 
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Fig. 3-17. (a) Electric field and (b) Electron concentration with Vring1 = Vring2 = 5 V / 

with center bias voltage of Vc = 3V. 
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4-1 Conclusion 

After the discussion in the first three chapters, it can be known that the MIS(p) TD 

with the ultra-thin oxide layer will have a low saturation current under the reverse bias. 

By designing the pattern of electrode, it can be designed as coupling devices. Because the 

saturation current is extremely low, the devices can achieve the purpose of low power 

consumption. The coupling devices are mainly composed of 4 rings and 1 center in this 

work. Applying a bias voltage to the ring can be used as an input, and the center can be 

used as a sensor to sense open-circuit voltage or short-circuit current. The sensed open-

circuit voltage and short-circuit current can display the multi-state characteristic. Further, 

the devices are scaled down to meet the current technology nodes. The center and the 

rings are located in the thin oxide region by using the high-low process. Because the thick 

oxide region will provide extra minority carriers to the thin oxide region, the current will 

not be saturated under the reverse bias. Hence, the devices will have no coupling effect. 

The soft breakdown operation can generate OLT, and the characteristics of the devices 

are changed to have coupling effect. A method of induced soft breakdown is proposed. 

The special method through current compliance and the electric field induced by negative 

bias, one can improve the coupling performance of the devices. Further, the TCAD 

simulation is also used to prove and explain the distribution of the electric field and 
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electron concentration of the induced soft breakdown operation. 

4-2 Future Work 

4-2-1 More Input and Output Combinations for Multi-State 

Characteristic 

Originally, there are two points to measure. One point is used as input and one point 

is used as output. In order to perform better multi-state characteristic, it can be increased 

to three points to measure. Two points are used as input, and one point is used as output. 

That is, two rings can be applied with bias voltage at the same time and the applied bias 

can have different combinations, such as 1 V / 1 V, 2 V / 1 V, 3 V / 2 V. It is believed that 

the sensed open-circuit voltage and the sensed short-circuit current of the center can 

exhibit more multilevel characteristic. On the other hand, one point is used as input, and 

two points are used as output. For example, a bias voltage is applied to the center, and the 

sensed open-circuit voltage and sensed short-circuit current were read on the two rings. 

Consequently, if the number of rings is increased, there will be more combinations. 

4-2-2 Process for High-Low Structure 

In this work, the high-low structure process was done by growing thick oxide first 

and then thin oxide. On the whole wafer, the area occupied by the thin oxide is extremely 

small. The quality of the thin oxide region is critical to the electrical characteristics, 
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because the center and the ring of the device are located in the thin oxide region. The 

thick oxide region is just for measurement. Growing thick oxide first and then growing 

thin oxide may make the interface of the thin oxide region uneven, resulting in the thin 

oxide region not being exactly planar. The junction of the thick oxygen region and the 

thin oxygen region may also have a non-ideal contact surface. The thick oxide region will 

affect the electric field distribution of ANO process, so the thickness of the thin oxide 

region is difficult to control. Therefore, the process of growing thin oxide first and then 

thick oxide can be used in the future. The quality of the thin oxide region can be excellent 

by the process of ANO. By tuning the process time of ANO, the thickness of the thin 

oxide layer can be effectively controlled. When growing the thick oxide layer, only the 

thin oxide region needs to be protected by photoresist. Therefore, the planarity of the thin 

oxide region can be well improved. 

4-2-3 The Pattern of Electrode 

The pattern of the electrode is 4 square rings and 1 rectangular center in this work. 

The pattern of the ring can be changed, such as a rectangle or a circle. Because different 

patterns may contribute different fringing fields, and the coupling effects will also have 

different magnitude. In order to achieve more multi-states, the original 4 rings can be 

increased into more rings, and all the rings can completely surround the center, so that the 
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coupling effect of the ring to the center can be stronger. When the number of rings 

increases, it also means that the input increases. Therefore, there are more combination 

of inputs and outputs, which can show more multilevel than the original devices. 
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