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摘要 

近年來，在各行業數位化和智慧型手機廣泛使用的推動下，對更高數據頻寬的

需求不斷增加，推動了 5G 通訊的快速發展。 此外，環保意識的增強以及電動車

需求的增加，導致市場對功率元件的需求不斷增長。 市場需求的這些變化引起了

人們對氮化鎵（GaN）的極大關注。 由於 GaN 具有高電子遷移率、高熱穩定性以

及高崩潰電壓的優點。GaN 高電子遷移率電晶體（HEMTs）在高頻和高壓應用中

備受期待。 然而，功率轉換系統的運作總是會產生熱量。 這會影響設備的其他部

分，例如中央處理單元。而矽基鰭式場效電晶體(FinFETs)做為最廣泛應用於邏輯運

算的元件，其可靠度劣化機制與環境溫度密切相關。因此，本論文主要從電學特性、

可靠度測試和計算模擬方面來分析 GaN HEMTs 和矽基 FinFETs 的電性及可靠度

問題。 

於章節 3 中，本論文探討了 p-GaN HEMTs 的三階段關態漏電機制。藉由各端

點漏電流貢獻、關態漏電重複量測實驗、低/高電壓關態應力測試及變溫關態應力

測試以釐清各階段漏電機制。第一段到第三段分別由擊穿漏電、閘極電子注入以及

缺陷輔助熱場發射等機制所主導。在釐清漏電機制之後，引入 un-doped GaN (UGaN)

厚度及製程溫度等變因並且為調整漏電特性的製程改進提供了可行的途徑。實驗

結果顯示薄 UGaN 以及較低的製程溫度對於擊穿漏電的抑制效果最好。此外，厚

UGaN 能夠較好地抑制第三階段的產生電流。 

於章節 4 中，本論文探討了在 p-GaN HEMTs 中低/高碳摻雜濃度緩衝層之間
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的異常飽和區電流趨勢。在飽和區下具有高碳摻雜濃度緩衝層的 p-GaN HEMTs 具

有較高的電流。這一結果與碳摻雜會降低 2DEG 濃度的通常認知相違背。藉由變

溫實驗以及飽和區應力測試釐清此異常趨勢背後的原因。這是由於低碳摻雜濃度

緩衝層的 p-GaN HEMTs 中 GaN 層的能障較低。在飽和區條件下較容易於 GaN 層

中發生熱電子注入進而影響電流特性。最後，碳摻雜濃度對能障的影響透過 Silvaco 

TCAD 模擬進行了驗證。 

於章節 5 中，本論文探討了肖特基閘極 GaN HEMTs 的 Drain-induced barrier 

lowering (DIBL) 效應飽和現象。透過 Silvaco TCAD 模擬不同 Vd的電場、能帶以

及 2DEG 濃度，並藉此分析出 DIBL 效應飽和現象是源自於 T 型閘極結構。T 型

閘極結構具有在大 Vd 下空乏額外的 2DEG 的能力。因此能夠在大 Vd 下分散本應

集中於通道的電場，進而抑制 DIBL 效應。最後，從寄生電容的角度探討了抑制

DIBL 的能力與 T 型閘極的幾何間的關係。 

於章節 6 中，本論文探討了 60nm 和 14nm FinFET 中溫度對於熱載子劣化機

制的影響。藉由機制的擬合釐清不同電壓條件下的劣化機制。隨著 Vg 的增加，

HCS 劣化機制從電場相關性相對較高的 Single Vibrational Excitation (SVE) 或

Electron-Electron Scattering (EES) 轉變為電場相關性較低的 Multiple Vibrational 

Excitation (MVE)機制。在 60nm 樣品中，由於聲子散射的影響，隨著溫度的升高，

以 SVE 為主的部分轉變為 EES 機制。 由於溫度對於電子間散射的增幅。高溫下

的 14nm 樣品，在更高的 Vg 從 EES 轉變為 MVE。最後，lifetime (τ) 和溫度
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之間的關係驗證了這個論點。 

關鍵字: 氮化鎵高電子遷移率電晶體、關態漏電、汲極引發位能障降低、鰭

式場效電晶體、熱電子效應 
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Abstract 

In recent years, the growing demand for higher data bandwidth, driven by 

digitalization across various industries and the widespread use of smartphones, has fueled 

the rapid development of 5G communication. Additionally, the increasing awareness of 

environmental concerns and the rising demand for electric vehicles have led to a 

continuous growth in the market's demand for power devices. These shifts in market 

demand have prompted significant attention toward Gallium Nitride (GaN). GaN is 

highly regarded for its advantages, including high electron mobility, excellent thermal 

stability, and a high breakdown voltage. Therefore, GaN High Electron Mobility 

Transistors (HEMTs) are particularly anticipated for high-frequency and high-voltage 

applications. However, power conversion systems always generate heat during operation, 

which can affect other components, such as central processing units. Silicon-based Fin 

Field-Effect Transistors (FinFETs), as the most widely used devices in logic operations, 

exhibit degradation mechanisms closely related to environmental temperature. Therefore, 

this dissertation primarily focuses on analyzing the electrical characteristics and 

reliability issues of GaN HEMTs and silicon-based FinFETs through electrical properties, 

reliability testing, and electrical simulations. 

In Chapter 3, this dissertation explores the three-stage leakage mechanisms in p-

GaN HEMTs. Through the investigation of leakage current contributions at various 
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endpoints, repeated experiments on leakage measurements, low/high voltage off-state 

stress tests, and temperature-dependent off-state stress tests, the mechanisms at each stage 

are clarified. These stages are primarily dominated by punch-through leakage, gate 

electron injection, and defect-assisted thermal field emission. Once the leakage 

mechanisms are elucidated, the introduction of variables like un-doped GaN (UGaN) 

thickness and process temperature provides a feasible pathway for adjusting leakage 

characteristics through process improvements. Experimental results ultimately reveal that 

a thin UGaN layer and lower process temperatures offer the more effective suppression 

of punch-through leakage. Conversely, a thick UGaN layer is more effective in curbing 

current generation. 

In Chapter 4, the dissertation examines the anomalous saturation current trends 

between p-GaN HEMTs with low and high carbon doping concentration buffer layers. 

The p-GaN HEMTs with high carbon doping concentration buffer layers exhibit higher 

current levels in the saturation region. This result contradicts the common understanding 

that carbon doping reduces 2DEG concentration. The reasons behind this anomalous 

trend are clarified through temperature experiments and saturation region stress tests. This 

anomaly is due to the lower energy barrier in the GaN layer of p-GaN HEMTs with low 

carbon doping concentration buffer layers. Under saturation region conditions, hot 

electron injection into the GaN layer occurs more easily, affecting current characteristics. 
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Lastly, the impact of carbon doping concentration on the energy barrier is verified through 

Silvaco TCAD simulations. 

In Chapter 5, this dissertation investigates the Drain-Induced barrier lowering 

(DIBL) effect saturation phenomenon in Schottky-gate GaN HEMTs. Utilizing Silvaco 

TCAD simulations involving electric fields, energy band diagrams, and 2DEG 

concentrations at various drain voltage (Vd), the analysis reveals that the saturation of the 

DIBL effect is rooted in the T- gate structure. This gate structure has the ability to deplete 

additional 2DEG under large Vd, thus dispersing the electric field that would normally 

concentrate in the channel, consequently suppressing the DIBL effect. Finally, the thesis 

examines the relationship between the ability to suppress DIBL and the geometric aspect 

of the T-gate structure from the perspective of parasitic capacitance. 

In Chapter 6, this dissertation explores the influence of temperature on the 

degradation mechanisms in 60nm and 14nm FinFETs. Through fitting the mechanisms, 

the impact of different voltage conditions on degradation mechanisms is clarified. With 

increasing gate voltage (Vg), the Hot Carrier Stress (HCS) degradation mechanism 

transitions from Single Vibrational Excitation (SVE) or Electron-Electron Scattering 

(EES) mechanisms with relatively higher field dependence to the Multiple Vibrational 

Excitation (MVE) mechanism with lower field dependence. In the 60nm sample, due to 

the impact of phonon scattering, the part predominantly governed by SVE transitions to 
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the EES mechanism as the temperature rises. In the 14nm sample at higher temperatures, 

under higher Vg, the transition shifts from EES to MVE. Finally, the relationship between 

lifetime (τ) and temperature validates this argument. 

Keywords: GaN HEMTs, Off-state Leakage, Drain Induced Barrier Lowering, 

FinFETs, Hot Electron Effect 



xi 

 

Contents 

論文審定書 ....................................................................................................................... i 

致謝 .................................................................................................................................. ii 

摘要 ................................................................................................................................. iv 

Abstract ......................................................................................................................... vii 

Contents .......................................................................................................................... xi 

Figure Captions ............................................................................................................ xiii 

Table Captions ............................................................................................................. xix 

Chapter 1 Introduction .................................................................................................. 1 

1.1 Overview of GaN Material ................................................................................. 1 

1.2 Overview of GaN HEMTs .................................................................................. 4 

1.3 Overview of Moore’s Law ............................................................................... 10 

1.4 Overview of FinFETs ....................................................................................... 15 

Chapter 2 Parametric Extraction and Instrument ................................................... 18 

2.1 Parameter Extraction ....................................................................................... 18 

2.1.1 Threshold Voltage (Vth) ......................................................................... 19 

2.1.2 Subthreshold Swing (S.S.) ..................................................................... 20 

2.1.3 Carrier Mobility ..................................................................................... 22 

2.2 Instrument ......................................................................................................... 25 

Chapter 3 Mechanism of Three Stage Off State Leakage on p-GaN HEMTs ....... 28 

3.1 Introduction ...................................................................................................... 28 

3.2 Experiment ....................................................................................................... 30 

3.3 Result and discussion ....................................................................................... 32 

3.4 Conclusion ........................................................................................................ 43 



xii 

 

Chapter 4 Abnormal Tendency in Saturation Current between High Carbon Doped 

and Light Carbon Doped buffer in p-GaN HEMT ................................................... 45 

4.1 Introduction ...................................................................................................... 45 

4.2 Experiment ....................................................................................................... 47 

4.3 Result an disscussion ........................................................................................ 48 

4.4 Conclusion ........................................................................................................ 56 

Chapter 5 Analysis and TCAD Simulation of Saturation Phenomenon of Drain-

Induced Barrier Lowering Effect on Schottky-gate AlGaN/GaN HEMTs .............. 57 

5.1 Introduction ...................................................................................................... 57 

5.2 Experiment ....................................................................................................... 61 

5.3 Result and discussion ....................................................................................... 62 

5.4 Conclusion ........................................................................................................ 77 

Chapter 6 Analysis of Hot Carrier Degradation of Short-channel FinFETs under 

Different Temperatures ................................................................................................ 78 

6.1 Introduction ...................................................................................................... 78 

6.2 Experiment ....................................................................................................... 82 

6.3 Result and discussion ....................................................................................... 83 

6.4 Conclusion ........................................................................................................ 94 

Chapter 7 Conclusion ................................................................................................... 95 

Reference ..................................................................................................................... 100 

 



xiii 

 

Figure Captions 

Chapter 1 

Figure 1-1 Material characteristics of the first, second and third category 

semiconductors. ........................................................................................ 3 

Figure 1-2 The application of silicon, SiC and GaN. ....................................... 3 

Figure 1-3 Wurtzite crystal of GaN [6] ............................................................ 6 

Figure 1-4 Spontaneous polarization shown by this GaN example. ................ 7 

Figure 1-5 The distribution of the energy gap and Group III-V lattice constants.

 .................................................................................................................. 7 

Figure 1-6 An AlN/GaN heterojunction with either Ga (Al)-face or N-face 

polarity that represents the bound sheet charge induced by polarization. [6]

 .................................................................................................................. 8 

Figure 1-7 Energy band diagram and charge distribution of the AlGaN/GaN 

HEMT structure. ....................................................................................... 8 

Figure 1-8 The illustration of the Schottky-gate and MIS HEMTs structure 

(Depletion mode). ..................................................................................... 9 

Figure 1-9 The illustration of p-GaN HEMTs structure and the energy band 

diagram. .................................................................................................... 9 

Figure 1-10 The development of MOSFET scaling with Moore’s Law. ........ 13 

Figure 1-11 The development process and historical timeline of MOSFET 

include strain silicon technology starting in 2003, HKMG technology 

starting in 2007, and FinFET structure starting in 2011. ........................ 13 

Figure 1-12 (a) Energy band diagram of NMOS with poly-silicon gate in the 

gate-substrate direction. (b) The capacitance of the poly-silicon gate 



xiv 

 

NMOS is connected in series. (c) The relationship between the doping 

concentration of poly-silicon gate and the measured capacitance value. 14 

Figure 1-13 The relationship between the electric field and mobility in the 

channel in the case of poly-silicon gate and metal gate. ........................ 14 

Figure 1-14 Electron and Hole mobilities on (110) and (100) surface. .......... 16 

Figure 1-15 The illustration of self-aligned double patterning (SADP) process 

to realize the narrow fin width with high uniformity by the spacer 

patterning technology. ............................................................................ 17 

Chapter 2  

Figure 2- 1 The vertical energy band of the channel region when p-GaN 

HEMTs are in the on state and the markings of 𝜙𝐵n, 𝜙si, VBarrier and VSch.

 ………………………………………………………………………….23 

Figure 2-2 The extracting method of Vth in MOSFETs, (a) extrapolation and (b) 

constant current method.......................................................................... 24 

Figure 2- 3 Agilent B1500A Semiconductor Device Parameter Analyzer  ... 26 

Figure 2-4 Cryogenic semiconductor device measurement and analysis system

 ................................................................................................................ 27 

Figure 2-5 Agilent B1505A Power Device Parameter Analyzer and Formfactor 

EPS150TESLA High power device probe station .................................. 27 

 

Chapter 3 

Figure 3- 1 (a) The p-GaN HEMTs device structure discussed in this chapter. 

(b) The Id-Vg curves as Vd = 0.1 V. Depict logarithmic axes in black and 



xv 

 

linear axes in blue. (c) Id-Vd characteristic with Vg sweep from 0 V to 3 V. 

(d) Off-state drain leakage curve as Vg = 0 V. ........................................ 31 

Figure 3- 2 (a) The leakage current contributed by each electrode as Vg = 0 V. 

(b) The schematic diagram of main leakage path at stage 1. (c) The 

schematic diagram of leakage mechanism at stage 2. (d) The repeated 

measurement of Ioff curves as Vg = 0 V. .................................................. 38 

Figure 3- 3 (a) The result of low-voltage stress. (b) Ioff degradation curves of 

low-voltage stress. (c) The schematic diagram of the horizontal energy 

band and main leakage mechanism at stage 3. (d) The schematic diagram 

of main leakage mechanism and path at stage 3. .................................... 39 

Figure 3- 4 (a) The result of high-voltage stress at 30 ℃. (b) The schematic 

diagram of holes trapping induced by high-voltage stress and leakage path 

of (a). (c) The result of high-voltage stress at 150 ℃. (d) ΔVth caused by 

high-voltage stress at 30 ℃, 60 ℃, and 90 ℃. ................................... 40 

Figure 3- 5 (a) The schematic diagram of thick and thin UGaN devices. (b) The 

Id-Vg curves of thick and thin UGaN devices as Vd equals 0.1 V. (c) Ioff 

curves of thick and thin UGaN devices as Vg equals 0 V. (d) The schematic 

diagram of energy band on thick and thin UGaN devices under low and 

high Vd. ................................................................................................... 41 

Figure 3- 6 (a) The schematic diagram of devices with different UGaN process 

temperature. (b) Ioff curves of HT, MT and LT UGaN devices as Vg equals 

0 V. (c) The schematic diagram of energy band on HT, MT and LT UGaN 

devices under high Vd. ............................................................................ 42 

 Chapter 4   

Figure 4- 1 (a) The device structure discussed in this chapter. (b) The Id-Vg and 



xvi 

 

gm-Vg curves of the LCD and HCD devices as Vd = 0.1 V. ................... 48 

Figure 4- 2 (a) The Id-Vg cureves of HCD and LCD devices as Vd equal 3 V at 

30℃. (b) The Id-Vg cureves of HCD and LCD devices as Vd equal 3 V at 

150℃. (c) The box plot of relationship between saturation current and 

temperature and trendlines of HCD and LCD devices. The data for HCD 

devices is represented in black, while that for LCD devices is shown in 

red. (d)The Id-Vd curves of HCD and LCD device as Vg = 0 ~ 3 V. ...... 52 

Figure 4- 3 (a) The Id-Vg curves of SRS result on the HCD device at 30 ℃. (b) 

The Ioff curves of SRS result on the HCD device at 30 ℃ as Vg = 0 V. (c) 

The Id-Vg curves of SRS result on the LCD device at 30 ℃. (d) The Id-Vg 

curves of SRS result on the HCD device at 150 ℃. .............................. 53 

Figure 4- 4 (a) The vertical energy band and schematic diagram of hot electron 

injection in the HCD device as Vd equal 0.1 V and 3 V. The gray lines 

represent linear region condition, and the black lines represent saturation 

region condition. (b) The vertical energy band and schematic diagram of 

hot electron injection in the LCD device as Vd equal 0.1 V and 3 V. The 

gray lines represent linear region condition, and the black lines represent 

saturation region condition. (c) The schematic diagram of electron 

trapping when HCD device is operated in saturation. (d) The schematic 

diagram of electron trapping when LCD device is operated in saturation.

 ................................................................................................................ 54 

Figure 4- 5 (a) The simulation results for the conduction band in the HCD 

device. (b) The simulation results for the conduction band in the LCD 

device. (c) The Id-Vg curves of HCD and LCD device as Vd as 0.1 V after 

saturation operation. ............................................................................... 55 



xvii 

 

 

Chapter 5 

Figure 5- 1 (a) Device structure of the Schottky-gate GaN HEMT in this chapter. 

The length and height of the T-gate are represented by LTG and hTG, 

respectively. LTG and hTG equal 500 and 75 nm. (b) Measured and 

simulated Id–Vg curves when Vd equal 0.1 V, 10 V, and 28V. (c) Measured 

and simulated ∆Vth distribution as Vd increases from 0.1 V to 28 V. (d) 

Measured and simulated DIBL distribution as Vd increases from 0.1 V to 

28 V. The EXP and SIM of (b), (c), and (d) represent measured and 

simulated data, respectively. ................................................................... 60 

Figure 5- 2 Simulated Id-Vg curve of device without T-gate under Vd equal 0.1, 

10, and 28V. ............................................................................................ 69 

Figure 5- 3 Simulated Id-Vg curve of T-gate device under Vd equal 0.1, 10, and 

28V. ......................................................................................................... 69 

Figure 5- 4 (a) The simulation of electric field with and without a T-gate 

structure when Vg=-3.5 V and Vd=28 V (b) The transverse electric field 

simulation that is along with 2DEG interface with and without T-gate 

structure when Vg=-3.5 V and Vd=28 V.................................................. 70 

Figure 5- 5 (a) Conduction band simulation that is along with 2DEG interface 

with and without a T-gate structure at Vg = -3.5 V, Vd =0.1 V, 10 V, and 28 

V. (b) Conduction band simulation nearby channel with and without the T-

gate structure at Vg = -3.5 V, Vd =0.1 V, 10 V, and 28 V. ....................... 71 

Figure 5- 6 (a) The simulation of 2DEG concentration on the T-gate device 

when Vg = -3.5 V, Vd =0.1 V, 10 V, and 28 V. (b) The simulation of 2DEG 



xviii 

 

concentration with and without the T-gate structure at Vg = -3.5 V, Vd = 28 

V. ............................................................................................................. 72 

Figure 5- 7 The relationship between ∆Vth and Vd on device that LTG are 0 to 

500 nm. ................................................................................................... 73 

Figure 5- 8 (a) Schematic diagram of CTG-drift and resistance of drift region on 

different LTG structures. (b) Cgd-Vg curves Simulation on device that LTG 

are 0 to 500 nm. (c) The simulation of 2DEG concentration on device that 

LTG are 0 to 500 nm when Vg = -3.5 V, Vd = 28 V. (d) Conduction band 

simulation that is along with 2DEG interface on device that LTG are 0 to 

500 nm when Vg = -3.5 V, Vd = 28 V. ..................................................... 74 

Figure 5- 9 The relationship between ∆Vth and Vd with different hTG and without 

T-gate. ..................................................................................................... 75 

Figure 5- 10 (a) Schematic diagram of CTG-drift on different hTG structures. (b) 

Illustration depicting the effective capacitance between the T-gate 

structure and the drift region. The central area is highlighted in red, while 

the extended section is denoted in blue. (c) The simulation of 2DEG 

concentration on device without T-gate at Vg = Vd = 0V and DIBL 

saturation condition. (d) The list of VDS, Vgd,DS, CTG-drift, 2DEG 

concentration and Vdep of different hTG structure as DIBL saturates. ..... 76 

Chapter 6 

Figure 6- 1 Schematics of the Si–H bond breaking modes related to carrier-

induced excitation: SVE, EES, and MVE. Pexc, Pcou, and Pemi are the 

probabilities of resonance excitation of the Nth level occupation induced 

by coupling and of thermal emission from the Nth level, respectively [10].

 ................................................................................................................ 81 



xix 

 

Figure 6- 2 (a) structural diagram and operation mode of the FinFET employed 

in this chapter. (b) the Id-Vg curves and Vth for Vd equal to 50 mV and 1 V. 

(c) Id-Vd curves for Vg ranging from 0 to 1.2 V. (d) the HCS degradation 

results under stress conditions of Vg and Vd set at 2 V. .......................... 90 

Figure 6- 3 The ΔVth-time distribution of HCS degradation under stress 

conditions of Vg and Vd set at 2 V. The inset diagram is schematic diagram 

of relationship between lifetime and operating voltage.......................... 91 

Figure 6- 4The τ-Ib distribution plots of channel length 60 nm and 14 nm 

FinFET under HCS conditions: (a) at Room Temperature (RT, 30°C) and 

(b) at 120°C. ........................................................................................... 91 

Figure 6- 5 The τ-Id distribution plots of channel length 60 nm and 14 nm 

FinFET under HCS conditions: (a) at RT and (b) at 120°C. .................. 92 

Figure 6- 6 The τ ∗ 𝐼𝐵𝐼𝐷2.7 -Id distribution plots of channel length 60 nm 

FinFET under HCS conditions: (a) at RT and (b) at 120°C. .................. 92 

Figure 6- 7 The τ ∗ 𝐼𝐵𝐼𝐷2.7 -Id distribution plots of channel length 14 nm 

FinFET under HCS conditions: (a) at RT and (b) at 120°C. .................. 92 

Figure 6- 8 The τ-Id*Vd
0.5 relationship plots and the fitting results for the MVE 

mechanism: (a) at RT and (b) at 120°C. ................................................. 93 

Figure 6- 9 Distribution of HCS degradation with temperature for FinFETs with 

14 nm channel length. ............................................................................. 93 

 Table Captions 

Table 1 parameter definition and unit table .................................................... 18 

 

  


