
國  立  交  通  大  學 

 

電子工程學系電子研究所碩士班 

 

碩  士  論  文 

 

以感應耦合式電漿系統成長之超薄氮氧化矽薄膜的 

電特性與可靠度研究 

The Electrical Characteristics and Reliability of 

Ultrathin Oxynitride Grown by ICP Plasma 
 
 
 
 
 
 

學生：陳柏寧      Student:Bo-Ning Chen 

指導教授：張國明 博士    Advisor：Dr. Kow-Ming Chang 

          桂正楣 博士                                     Dr. Cheng-May Kwei 

 
 
 

中華民國九十三年六月 



以感應耦合式電漿系統成長之超薄氮氧化矽薄膜的 

電特性與可靠度研究 

The Electrical Characteristics and Reliability of 

Ultrathin Oxynitride Grown by ICP Plasma 
 
 

學生：陳柏寧      Student:Bo-Ning Chen 

指導教授：張國明 博士    Advisor：Dr. Kow-Ming Chang 

          桂正楣 博士                                     Dr. Cheng-May Kwei 

 
 

國立交通大學電子工程學系電子研究所碩士班 

碩士論文 

 
A Thesis 

Submitted to Institute of Electronics 
College of Electrical Engineering and Computer Science 

National Chiao Tung University 
In Partial Fulfillment of the Requirements 

for the Degree of 
Master of Science 

In 
Electronics Engineering 

 
June 2004 

Hsinchu, Taiwan, Republic of China 
 

中華民國九十三年六月 



 i

以感應耦合式電漿系統成長之超薄氮氧化矽薄膜的電

特性與可靠度研究 

研究生：陳柏寧          指導教授：張國明 博士 

                                                桂正楣 博士 

                                          

國立交通大學 

電子工程學系 電子研究所碩士班 

摘  要 

 

 當互補式金氧半場效電晶體的閘極通道長度微縮到 90 奈米以下時，閘極介

電層的有效電性厚度將縮小至 1.5 奈米以下，但是達此超薄厚度之二氧化矽絕緣

膜其直接穿遂電流將大到無可忍受的程度，另外，隨著製程熱預算的降低，低溫

氧化製程技術的必要性也隨之增加。在本論文中，我們首次提出在 300 ℃的低溫

環境下，使用感應耦合式 (ICP) N2O電漿氧化成長1 nm超薄氮氧化矽 (oxynitride) 

薄膜，藉由改變電漿功率和處理時間以獲得最佳的製程條件，又以不同氮氣與氧

氣組成比例的電漿來成長氮氧化矽薄膜並與氧氣電漿形成的二氧化矽薄膜作比

較。接著，我們更進一步的發展感應耦合式氮氣電漿氮化處理的方法以改善原先

形成的氮氧化矽之電特性與可靠度，對氮化處理的製程時間和氣體組成探討以找

出最佳的氮化條件，最後證實，感應耦合式電漿系統在 300 ℃的低溫環境下，以

200瓦的感應耦合式N2O電漿處理 1分鐘後形成的氮氧化矽薄膜有最佳的電性與

可靠度，而且再加以 200瓦的感應耦合式氮氣電漿氮化處理後，可得到進一步的

改善。1.0 nm的氮氧化矽薄膜有 1.8 µF/cm2的高電容值，與在-1 V電壓操作下漏

電僅 0.1 A/cm2的特性，此閘極介電薄膜將可應用在下世代高性能的 65 奈米互補

式金氧半導體電晶體元件中。 
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ABSTRACT 
 

When the gate oxide thickness scales down to 1.0 nm regime, the 

direct-tunneling current becomes main key issue for high-performance CMOS beyond 

90 nm. On the other hand, in order to avoid dopant redistribution, the low-temperature 

oxidation process becomes more important while device size continuously scales 

down. In this study, the high-quality silicon oxynitride (SiON) gate dielectric with 

physical thickness 1.0 nm grown by ICP N2O plasma at a low temperature of 300℃ 

has been developed. The optimum process condition was found by adjusting the 

plasma power, process time and pressure. Then, the experimental results were 

compared with other oxynitrides grown by various gas flow ratios of N2/O2 plasma 

and ICP O2 plasma grown pure SiO2. The experiment results showed that 1.0nm 

oxynitride grown by ICP N2O plasma at RF power of 200 W for 1 min has the highest 

capacitance density of 1.8 µF/cm2 and the lowest leakage current density of 0.1 A/cm2. 

Furthermore, we used ICP plasma nitridation technique to further improve the 
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electrical characteristics and reliability of oxynitride. The process time and the 

composition of N2 and Ar/He mixed plasma were investigated to find the optimum 

nitridation condition. The experiment results showed that the optimum condition of 

plasma nitridation process is ICP N2/He mixed plasma at RF power of 200 W for 5 

min. Hence, the high-quality and low-leakage 1.0 nm ultrathin oxynitride grown by 

ICP-plasma at a low temperature as 300 ℃ is suitable to be applied as gate dielectric 

of next-generation high-performance 65 nm MOSFET devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv

 

致謝 

 

回顧在交大電子所碩士班兩年來的學習生活，首先感謝指導教授張國明教授

與桂正楣教授對我的諄諄教誨，給予我在研究生活中重大幫助。另外感謝一直不

斷指導我實驗的楊文誌學長，楊文誌學長在自己即將畢業而分身乏術時，仍然熱

心地對我的碩士論文及口試提出寶貴的建議，我能夠完成碩士班的研究很大一部

份有賴於此。 

在兩年之中，實驗室的各位學長、同學與及學弟，常在研究與生活上給予我

各種幫助，交大電子所其他實驗室的學長與同學們，對我的友情也讓我獲益良

多。還有國家毫微米實驗室和交大奈米中心各位研究人員在維護實驗環境上的努

力，才使我得以完成實驗。 

最後，我要感謝家人對我的支持，母親、姊姊和妹妹的愛與關懷是我最重要

的寶物，最後，感念我的父親，相信他一定會為我高興。 

 

 



 v

Contents 

Chinese Abstract ...........................................................................................................i 

English Abstract ...........................................................................................................ii 

Acknowledgment ..........................................................................................................iv 

Contents .......................................................................................................................v 

Table Captions ........................................................................................................... viii 

Figure Captions.............................................................................................................ix 

 

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

 

1.1 Overview of ultrathin oxide technology………………….................................……………………...…1 

1.2 Alternative gate dielectrics for advanced CMOS technology..……………..................………3 

  1.2.1 High-k dielectric materials…………………………………………….…………………………………3 

  1.2.2 Silicon nitride, N/O stack, and oxynitride……………………..…………………………………4 

1.3 Others oxynitridation techniques for gate dielectrics………….......................…………………...5 

  1.3.1 Rapid thermal process (RTP)..……………………………………..……………...……………………5 

  1.3.2 Jet vapor desposition (JVD)……………………………...…………..…………………………………5 

  1.3.3 Nitrogen implant……………………..…………………………………………………………………….…6 

  1.3.4 Plasma nitridation treatment……………………..………………………………………………......…7 

1.4 Motivation ……………………………………………………………........................................................……………7 

1.5 Thesis outline…………………………………......................................................………………………………...…9 

1.6 References ………………………………………........................................................…………………………….…11 

 

Chapter 2  The Fabrication of Ultrathin 1.0 nm-thick Oxynitride 

Film...........................................................................................................................................................................................18 



 vi

2.1 The fabrication of capacitor with 1.0 nm oxynitride film.........................................................18 

2.2 Devices measurement method........................................................................................................................20 

  2.2.1 Determination of gate dielectric thickness.................................................................................20 

  2.2.2 C-V and J-V measurement......................................................................................................................22 

  2.2.3 Determination of reliability……….…...................................................................................................25 

2.3 References......................................................................................................................................................................27 

 

Chapter 3 The Study of Ultrathin Oxynitride Grown by Using 

HD-ICP Plasma……….…........................................................................................................................................29 

 

3.1 The dependence of the ultrathin oxynitride thickness..................................................................29 

3.2 The electrical characteristics of 1.0 nm ultrathin oxynitride films.....................................31 

3.2.1 The electrical characteristics of 1.0 nm ultrathin oxynitride films grown by 

different power of ICP N2O Plasma...............................................................................................31 

3.2.2 The electrical characteristics of 1.0 nm ultrathin oxynitride films grown by 

different gas composition.......................................................................................................................32 

3.2.3 The nitrogen concentration of oxynitride grown by high-density ICP N2O 

plasma......................................................................................................................................................................33 

3.3 The reliability of 1.0 nm ultrathin oxynitride films........................................................................34 

3.3.1 The reliability of 1.0 nm ultrathin oxynitride films grown by different power 

of ICP N2O plasma......................................................................................................................................34 

3.3.2 The reliability of 1.0 nm ultrathin oxynitride films grown by different 

composition of ICP plasma...................................................................................................................35 

3.4 Summary.........................................................................................................................................................................36 

3.5 References......................................................................................................................................................................37 

 



 vii

Chapter 4 The ICP-Plasma Nitridation Effect on Electrical 

Characteristics and Reliability of 1.0 nm Ultrathin Oxynitride...........39 

 

4.1 The improvement to the electrical characteristics by different time of ICP N2 

plasma nitridation..............................................................................................................................................................39 

4.1.1 The improvement to the electrical characteristics by different time of ICP N2 

plasma nitridation.........................................................................................................................................40 

4.1.2 The improvement by ICP N2 plasma nitridation to the electrical characteristics 

of oxynitride grown by different plasma....................................................................................41 

4.1.3 The improvement to the electrical characteristics by different concentration of 

ICP N2 plasma nitridation......................................................................................................................41 

4.2 The Improved reliability of 1.0 nm ultrathin oxynitride films...............................................42 

  4.2.1 The improvement of the reliability by different time of ICP N2 plasma 

nitridation...........................................................................................................................................................42 

  4.2.2 The improvement by ICP N2 plasma nitridation to the reliability of oxynitride 

grown by different plasma.....................................................................................................................43 

  4.2.3 The improvement to the reliability by different concentration of ICP N2 

plasma nitridation........................................................................................................................................44 

4.3 Summary.........................................................................................................................................................................45 

4.4 References...................................................................................................................................................................46 

 

Chapter 5 Conclusions.....................................................................................................................................47 

 

 

 



 viii

Table Captions 

 

Chapter 3 

 

Table 3-1 The thickness of oxynitride films versus working pressure 

 

Table 3-2 The thickness of oxynitride versus plasma power 

 

Table 3-3 The thickness of oxynitride versus processing time 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 ix

Figure Captions 

Chapter 2 

 

Fig. 2-1 The ICP system that was used in this experiment. 

 

Fig. 2-2 The experimental procedure of ICP plasma oxynitridation process. 

 

Fig.2-3 The detail fabrication process flow of MOS Capacitor with 1.0 nm oxynitride 

 

Fig 2-4 Principles of an ellipsometric measurement 

 

Fig 2-5 Spectroscopic ellipsometry measured SiO2 film thickness vs. thickness 

measured by, XPS, C–V analysis, and TEM.  

 

Fig 2-6 Schematic illustration of (a) FN-tunneling and (b) direct tunneling 

mechanisms of electron flow through an oxide potential barrier of height ΦB. 

 

Chapter 3 

 

Fig. 3-1 The dependence of oxide thickness on chamber pressure. 

 

Fig. 3-2 The dependence of oxide thickness on RF power. 

 

Fig. 3-3 The dependence of oxide thickness on oxidation time. 

 



 x

Fig. 3-4 High-resolution cross-sectional TEM photograph of MOS capacitor with 1.0 

nm thick oxynitride gate dielectric. The capacitor was formed by depositing 100 nm 

ploy-Si/1 nm oxsynitride on Si substrate. 

 

Fig. 3-5 Enlarged high-resolution TEM micrographs of 1 nm oxynitride sample for 

the polysilicon-oxynitride-silicon structure. 

 

Fig. 3-6 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 

gate dielectrics grown by HD-ICP N2O-plasma at various RF powers. 

 

Fig. 3-7 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 

gate dielectrics grown by HD-ICP N2O-plasma at various RF powers. 

 

Fig. 3-8 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 

gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power 

of 200 W, respectively. 

 

Fig. 3-9 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 

gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power 

of 200 W, respectively. 

 

Fig. 3-10 The SIMS nitrogen profiles of the 1.0 nm gate dielectric films of the 1.0 nm 

gate dielectrics grown by HD-ICP N2O and N2/O2-mixture-plasma at RF power of 

200 W, respectively. 

Fig. 3-11 The charge trapping characteristics by monitoring the change in gate voltage 

(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP 



 xi

N2O-plasma at various RF powers. 

 

Fig. 3-12 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films grown by HD-ICP N2O-plasma at various RF powers. 

 

Fig. 3-13 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 

HD-ICP N2O-plasma at various RF powers under constant current stress (J = -1 

A/cm2). 

 

Fig. 3-14 The charge trapping characteristics by monitoring the change in gate voltage 

(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP N2O, 

O2, and N2/O2-mixture-plasma at RF power of 200 W, respectively. 

 

Fig. 3-15 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power of 200 W, 

respectively. 

 

Fig. 3-16 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 

HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power of 200 W, respectively 

under constant current stress (J = -1 A/cm2). 

 

 

 

 

 

 



 xii

Chapter 4 

 

Fig. 4-1 The experimental procedure of HD-ICP nitridation-plasma process 

 

Fig. 4-2 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 

gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time. 

 

Fig. 4-3 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 

gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time. 

 

Fig. 4-4 The SIMS nitrogen profiles of the 1.0 nm gate dielectric films of the 1.0 nm 

gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time.   

 

Fig. 4-5 The high-frequency (100 kHz) C-V curves of MOS capacitors with the 1.0 

nm gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma with and 

without nitridation, respectively. 

 

Fig. 4-6 The current density versus gate voltage (Jg-Vg) characteristics of 1.0 nm gate 

dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma with and without 

nitridation, respectively. 

 

Fig. 4-7 The high-frequency (100 kHz) C-V curves of MOS capacitors with the 1.0 

nm gate dielectrics nitrided by HD-ICP N2O, N2/Ar-mixture, and 

N2/He-mixture-plasma, respectively. 

 

 



 xiii

Fig. 4-8 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 

gate dielectrics nitrided by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, 

respectively. 

 

Fig. 4-9 The charge trapping characteristics by monitoring the change in gate voltage 

(ΔVg) as a function of stress time for 1.0 nm oxynitride films nitrided by HD-ICP 

N2-plasma with different nitridation-time. 

 

Fig. 4-10 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films nitrided by HD-ICP N2-plasma with different nitridation-time. 

 

Fig. 4-11 Charge-to-breakdown characteristics (Qbd) of the oxynitride films nitrided 

by HD-ICP N2-plasma with different nitridation-time. 

 

Fig. 4-12 The charge trapping characteristics by monitoring the change in gate voltage 

(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP N2O, 

O2, and N2/O2-mixture-plasma with and without nitridation, respectively. 

 

Fig. 4-13 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films grown by HD-ICP N2O-plasma with and without nitridation. 

 

Fig. 4-14 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films grown by HD-ICP O2-plasma with and without nitridation. 

 

Fig. 4-15 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films grown by HD-ICP N2/O2-mixture-plasma with and without nitridation. 



 xiv

Fig. 4-16 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 

HD-ICP N2O, O2, and N2/O2-mixture-plasma with and without nitridation, 

respectively. 

 

Fig. 4-17 The charge trapping characteristics by monitoring the change in gate voltage 

(ΔVg) as a function of stress time for 1.0 nm oxynitride films nitrided by HD-ICP 

N2O, N2/Ar-mixture, and N2/He-mixture-plasma, respectively. 

 

Fig. 4-18 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 

films nitrided by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, 

respectively. 

 

Fig. 4-19 Charge-to-breakdown characteristics (Qbd) of the oxynitride films nitrided 

by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, respectively. 

 
 
 
 



 1

Chapter 1 

Introduction 
 

1.1 Overview of ultrathin oxide technology 

 

The device size of metal-oxide-semiconductor field effect transistors 

(MOSFETs) is still scaling down. And the thickness of gate insulator needs to be 

thinner to maintain the “on” current of the MOSFET [1]-[3]. Silicon dioxide (SiO2) 

is a most important insulating material in metal-oxide semiconductor (MOS) device 

technology. According to the International Technological Roadmap for 

Semiconductors (ITRS) [4], an equivalent silicon dioxide thickness of less than 2.0 

nm will be required for sub-100 nm generation MOS device. Although there was a 

concern proposed in 1998 that TDDB (Time Dependent Dielectric Breakdown) will 

limit the SiO2 gate insulator reduction at the thickness = 2.2 nm [5], recent 

experimental models suggest that TDDB would work until the thickness of SiO2 is 

from 1.5 nm to 1.0 nm [6]-[8]. From the results of above research, SiO2 gate 

insulator would be used until the 30 nm gate length generation for high speed CPUs 

(central processing units). Several physical limiting factors associated with the 

ultrathin gate oxides have been identified, including: (a) the direct tunneling current 

is the most sensitive one to the oxide thickness [9], [10]. As the thickness of the 

oxide layer decreases, the tunneling current increases in an exponential manner. 

This increased leakage current not only adversely affects the performance of MOS 

device but also greatly increases the standby power consumption of a highly 

integrated chip [9], [10]. (b) Quantum mechanical effects in the substrate [11], 



 2

which results from charge confinement in the substrate near the Si/SiO2 interface 

[12]. (c) Polysilicon depletion effects (PDE) [13], it reduces inversion charge 

density and transconductance, especially for very-thin oxide MOS devices. Using 

metallic material for gate electrode should be the most effective way to solve PDE 

[14]. (d) Oxide reliability [15], [16]: Electrons traveling is a contentious issue 

concurrently. Electrons traveling through the SiO2 layer may create defects such as 

electron traps and interface states that in turn, upon accumulation to some critical 

density, degrade the insulating properties of the oxide [17]. (e) Boron penetration 

[18], [19]. p+-polycrystalline silicon (p+-polysilicon) gate electrodes have been used 

instead of n+-polysilicon ones for p-channel MOSFETs to convert the 

buried-channel operations to surface-channel ones [20]. However, boron penetration 

from p+-polysilicon gates through such thin gate oxide layers has become a severe 

problem [21], [22] because of the high carrier activation in the polysilicon is 

simultaneously required to prevent the gate depletion effect, which degrades the 

drivability of devices. Therefore, the limitation of the process window must be 

clarified to fabricate p+-polysilicon gates. And when boron penetration occurs [23], 

[24], transistors were found to suffer from flat-band voltage (Vfb) shift, threshold 

voltage (Vt) instability, drive current reduction, and subthreshold slope degradation. 

So, it is very necessary to study highly reliable ultrathin gate dielectric. In order to 

grow the high quality ultrathin gate dielectric, there are two kinds of main research 

directions: (a) one is focus at the material of the gate dielectric, like high-k (high 

dielectric constant) materials [25], silicon nitride [26], N/O stacks [27], and 

oxynitride [28]. (b) And another is focus at the process technologies, like: rapid 

thermal processing (RTP) [29]-[31], jet vapor deposition (JVD) [32], nitrogen 

implantation [33], and plasma treatment [34], [35], etc. 
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1.2 Alternative gate dielectrics for advanced CMOS technology 

 

1.2.1 High-k dielectric materials 

 

With the continuous downscaling of CMOS device, the gate-oxide thickness 

must decrease accordingly drivability improvement and better short channel effect 

control. Direct tunneling current increases exponentially with the reduction of oxide 

thickness and it becomes a major portion of the off-state current. In order to achieve a 

lower gate leakage current, high dielectric constant materials have been proposed to 

replace SiO2, with greater physical thickness while maintaining the same capacitance 

[35]-[37]. Typically, high-k dielectric layers are deposited using ALD or MOCVD 

with, at present, a prime emphasis on Hf-based high-k dielectrics, either as pure HfO2, 

as silicate or mixed with Al2O3. In some cased nitrogen is added to improve the 

high-temperature stability. Depending on the deposition conditions ALD as well as 

MOCVD show serious deficiencies in terms of film closure and material density for 

ultrathin (< 3 nm) films. Various surface preparation methods and deposition 

conditions are used to improve the film quality. Detailed studies on the film growth 

and its evolution requires the use of many analytical methods such as Rutherford 

Backscattering Spectrometry, Low Energy Ion Scattering, Time-of-flight SIMS, 

(spectroscopic) ellipsometry and X-ray photoelectron spectroscopy. When trying to 

correlate the results in terms of film thickness, apparent discrepancies can be observed 

which relate to nonhomogeneous growth and reduced material density. High-k films 

allow the use of a physically thicker film while acting electrically as a thin dielectric. 

Thus, the leakage could be suppressed obviously. However, a trade-off exists since the 
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band gap, or more importantly the barrier height tends to decrease with increasing 

dielectric constant. Unfortunately, most of these materials are not thermally stable on 

silicon and tend to form an interfacial SiOx film to reduce their effective capacitance. 

Furthermore, there are still these problems of integrating these materials into ever 

more complicated device processing.  

 

1.2.2 Silicon nitride, N/O stack, and oxynitride 

 

Silicon nitride is an attractive candidate for gate dielectric due to its relatively 

high dielectric constant. Further, nitride is an efficient diffusion barrier which can 

minimize the boron penetration problems, encountered for p+-polysilicon gate 

integration. However, a single silicon nitride layer may not be suitable to gate 

dielectric application due to a much degraded device performance as a result of high 

density of defect at the silicon nitride/Si interface. For improving the interface and 

decreasing defects, ultrathin silicon nitride/silicon oxide stacks (N/O stacks) has been 

investigated as an acceptable structure to be gate dielectric. Nevertheless, most of the 

proposed N/O stacks are still thicker than 1.9 nm. So N/O stacks are out sorts for 

application of further ULSI MOSFETs. Ultrathin oxynitride layers, with slightly 

higher dielectric constants than SiO2 (and are therefore physically thicker) due to their 

low N concentration, may replace SiO2 for thickness ≦ 2 nm, since the N offers 

process latitude, reduced leakage, better reliability characteristics, protection against 

boron and other impurity penetration through the gate dielectric [38]. 
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1.3 Others oxynitridation techniques for gate dielectrics 

 

1.3.1 Rapid thermal process (RTP) 

 

RTP offers better absolute thickness control for ≦ 2.0 nm dielectric layers, and a 

greater processing temperature range. RTP chambers are small and do not attain high 

temperature during operation; therefore, integrated processing is readily accomplished. 

An RTP process, clustered to a pregate oxidation clean, is a likely scheme for growing 

ultrathin dielectrics in the near future. As dielectric layers get thinner, the advantages 

of in situ processing should become apparent, since interfacial effects due to 

contamination and surface roughness will start to dominate electrical characteristics. 

Such processing has already succeeded in producing high performance 30 nm 

(minimum feature size) transistors. Various gases can be used to grow SiO2, although 

the common practice is to use O2 or H2O. Ozone (O3) is some retardation of oxidation 

kinetics, since atomic O, an ozone decomposition by-product, is very reactive. Low 

temperature growth (≦ 400 ℃) is achievable in O3. Oxynitride can readily be grown 

using N2O or NO, or be nitrided by using NH3 or N2. However, because B penetration 

also depends strongly on the oxide thickness, incorporating N in the NO or N2O 

ambient might become insufficient when the oxide is thinner than 4 nm [39]. And 

increasing the temperature or time to raise the nitrogen concentration in the oxide will 

result in thicker oxide and redistribution of channel doping profile. 

 

1.3.2 Jet vapor deposition (JVD) 
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The JVD process utilizes a high-speed jet of light carrier gas to transport the 

depositing species onto the substrate to form the desired films [40]. Recently JVD 

silicon nitride has been studied [41] and has shown excellent electrical results [42]. 

JVD silicon nitride films are deposited at room temperature, however, they needs 

high-temperature annealing at 800  to improve their℃  electrical properties. Such a 

high-temperature annealing prevents from precise control of dopant profile formed 

previously in the substrate and enhances unexpected reaction between Si and metal.  

 

1.3.3 Nitrogen implantation 

 

Recent experiment has indicated that oxides grown on N-implanted Si substrates 

could effectively prevent boron penetration [43]. Conventional ion implantation has 

been used to grow ultrathin SiO2, silicon nitride, and oxynitride. Because it is 

desirable to have the implanted species close to the substrate surface to limit damage 

and facilitate subsequent incorporation during a high temperature step, the 

implantation should be done at low energies, for example ≦ 25 keV. Some 

conventional implanters do not afford high ion fluxes at these energies, so 

implantation time may become problematic for production. Besides, this method has 

the ability to grow multiple gate oxynitride thickness simultaneously on the same 

wafer, due to the significantly different oxidation rate caused by different nitrogen 

dosage on the specific regions which is one of the major technological requirements 

of the system-on-chip (SOC) [44]. However, the dielectric layers are grown through 

the incorporation and subsequent reaction of the energetic species with the substrate. 

These techniques may induce damage in the substrate. 

 

1.3.4 Plasma nitridation treatment 
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Recently, the plasma nitrided oxide (PNO), involving nitridation of thermally 

grown oxide with remote helicon-based nitrogen discharge, has emerged as the 

promising alternative to replace conventional SiO2 for ultrathin gate dielectric 

applications. The choice of the PNO process has been driven by its apparent ability to 

introduce sufficient amounts of nitrogen into the SiO2 film with controlled nitrogen 

depth profile, which leads to improve SiO2 resistance to boron penetration in the case 

of p-type MOSFETs [45]. It introduces a high nitrogen concentration at the 

poly/dielectric interface for an effective barrier to suppress boron diffusion, and has a 

light nitridation at the bottom dielectric/Si interface for the improvement to reliability, 

without impact on device performance [46], [47].  

 

1.4 Motivation 

 

    Low temperature process of gate insulators is necessary for greater process 

flexibility. The growth of high quality SiO2 thin films by thermal oxidation techniques 

is well established. And when the scale of semiconductor devices is smaller and 

smaller, the thermal budget would need to be controlled seriously. The temperature of 

processes may have large impact to the channel dopant profile. However, thermal 

growth rates are impractical below 800 ℃. For glass or some substrates made of 

special materials, it is difficult to experience the temperature that is so much high. 

That is the reason why we need different fabrication techniques [48], [49]. 
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Scaling the MOSFET gate dielectric thickness down to 1.0 nm is considerable 

challenges, such as direct tunneling current, quantum effect, polysilicon depletion 

effect, and boron penetration. Reliability of ultrathin dielectric layers is also a concern. 

As a result, transistors with alternative gate dielectrics such as, silicon nitride, silicon 

nitride/oxide stacks, oxynitride, and high-k materials are being investigated as 

possible replacements of SiO2. High-k materials such as ZrO2 and HfO2 have 

advantage over for giving thinner equivalent oxide thickness (EOT) with a given 

physical thickness, but their integration into conventional CMOS process involves 

complicated. Before the emergence of reliable and process-compatible for high-k 

materials, nitride oxides will most likely be the solution of the addressed issues. 

Silicon nitride has been show as one of the candidates, due to almost double 

dielectric constant (~7.5) and strong immunity to boron penetration in p-MOSFET 

device. However, a single silicon nitride layer may not be suitable to gate dielectric 

application due to a much degraded device performance as a result of high density of 

defect at the silicon nitride/Si interface. Therefore, ultrathin nitride/oxide (N/O) stacks 

have been investigated as promising structures to solve this problem, because they 

have the advantage of nitride and still preserve the excellent oxide/Si interface. 

Nevertheless, most of the proposed N/O stacks are still thicker than 1.9 nm, making 

them out of sorts for further ULSI applications. An ultrathin oxynitride is grown by 

nitirdizing the silicon substrate in NH3 and additional N2O treatment suffer from 

hydrogen-related electron trapping problems while N2O-based oxides require a much 

higher thermal budget for sufficient nitrogen incorporation to achieve better oxide/Si 

interface qualities. 

 In this thesis, we have developed a novel and simple technology to grow high 

quality oxynitride by high-density plasma system employing an inductively coupled 
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plasma (ICP) source. The ICP plasma source has significant advantages over other 

types of high-density sources including simpler design, easier scale up, advanced 

automatic tuning for the source, ultra clean processing, and lower cost of ownership. 

A high-density plasma process offers better control of the physical and electrical 

properties of thin films at lower processing temperatures due to high plasma density. 

This technology can grow the gate dielectric with physical thickness is down to 1.0 

nm regime, and EOT is small than 0.86 nm. In addition, the oxynitride grown by this 

method has 2-orders of magnitude leakage current lower than oxide in the same film 

thickness. This technology is also compatible with the submicron CMOS process (i.e. 

low thermal budget, shallow junction formation etc.) because the films grown in 

high-density ICP N2O plasma at a substrate temperature of 300 ℃. Finally, we 

discussed the electrical characteristics of high-frequency capacitance-voltage (HF 

C-V), current-voltage (I-V) characteristics and reliability. 

 

1.5 Thesis outline 

 

In this thesis, we concentrate our efforts on novel 1.0 nm ultrathin oxynitride 

film for nanometer process technologies. Ultrathin 1.0 nm-thick oxynitride was grown 

by high-density ICP plasma. In Chapter 1, a brief overview of ultra thin gate dielectric 

technology is given to describe the various applications and process technologies. In 

Chapter 2, the process flow of fabrication ultrathin oxynitride was grown by 

high-density plasma will be described. The experimental process recipe, dielectric 

parameters extraction methods will also be described in this chapter. In Chapter 3, the 

detail discussion of characteristics of high-density plasma oxynitride includes 
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electrical properties, leakage current mechanism, and reliability. In Chapter 4, the 

plasma nitridation effect on the electrical properties and reliability of oxynitride films 

were investigated. The forming gas and treatment time of plasma nitridation are 

discussed. Finally, in Chapter 5, our conclusions will be described simply and clearly.
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Chapter 2 

The Fabrication of Ultrathin 1.0 nm-thick Oxynitride Film 

 

2.1 The fabrication of capacitor with 1.0 nm oxynitride film 

    In this work, Oxynitride films were grown in a parallel plate high-density plasma 

reactor employing an ICP source. Fig. 2-1 illustrates ICP system that was used in this 

experiment. 13.56 MHz RF power was coupled to the top electrode through a 

matching network. The substrate temperature was maintained at 300 ℃. The ultrathin 

oxynitride films were grown on p-type and n-type Si wafers. The silicon wafers were 

cleaned by the standard RCA cleaning process and dipped in a dilute HF solution 

(HF:H2O = 1:100) prior to loading into the chamber. The effects of system pressure, 

deposition time and power of plasma on the oxynitride growth rate were investigated. 

Fig 2-2 shows the process flow of ICP plasma oxidation process. Film thickness was 

determined by both the C-V and spectroscopic ellipsometry measurements. The 

electrical measurements were conducted on MOS capacitors fabricated 

lithographically by: The 500 Å polysilicon was deposited in a conventional LPCVD 

system at 620 ℃ with SiH4 and doped by phosphorus for heavily n+ poly gate and 

boron for heavily p+ poly gate ion implantation with 5 x 1015 cm-2 at 20 keV to reduce 

poly depletion effect. Then, the dopant was activated by RTA at 1000 ℃ for 20 sec. 

After activation, 50 Å Ni film was deposited by e-gun and followed by Metal RTA at 

600℃ for 30 sec to form Ni silicide in order to reduce the contact resistance. Finally, 

a 500 nm of Al film was deposited by evaporation and MOS capacitors was patterned. 

The gate dielectrics of MOS capacitors with area of 10-4 cm2 were measured. Fig. 2-3 

shows the process flow of ultra thin gate dielectric MOS capacitor. 
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 The detail fabrication process flow was listed as below: 

1. RCA initial clean 

 

2. HF dip 

 

3. The ICP chamber was cleaned by using SiH4 and CF4 at 300 ℃ for 30 min. 

 

4. Different conditions was used to grow ultra thin oxynitride: 

(a) Different working pressure: 10, 30, 50, 100, 150 mTorr  

(b) Different forming gas to grow oxynitride: The working plasma will be 

composed by N2O, O2, or N2/O2 mixed gas at 1:1, 3:1, 5:1, and 10:1 different 

gas flow rate ratio. The total gas flow rate is 100 sccm. 

(c) Different oxynitridation time: 30 sec, 1 min,3 min,5 min,10 min for different 

growth time. 

(d) Different plasma RF power: 100 W, 200 W, 300 W, 400 W, 600 W. 

(e) Different nitridation time: 1 min, 3 min, 5 min, and 10 min. 

(f) Different forming gas to nitride oxynitride: Ar/N2 mixed gas at 9:1 and 1:9 

ratio, He/N2 mixed gas at 9:1 and 1:9 ration, and N2 only. 

 

5. 500 Å thick poly-Si gate deposited by LPCVD at 620 ℃ in SiH4 gas. 

 

6.  Ion implantation: P31, 20 keV, 5 x 1015 cm-2. 

 

7.  Dopant activation uses furnace at 800 ℃ for 10 min and then using RTP with N2 

purged at 1000 ℃ for 20 sec. 
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8.  50 Å thick Ni deposited by e-gun and then silicide formation by Metal RTA with 

N2 purged at 600 ℃ for 30 sec. 

 

9.  5000 Å thick Al deposited by thermal coater for gate electrode. 

 

10.  MOS capacitor pattern. 

(Al wet etch solution: H3PO4: HNO3: CH3COOH: H2O=50: 2: 10: 9) 

(Poly-Si wet etch solution: HNO3: H2O: NH4F =64: 33: 3) 

 

11.  HF dipped for backside native oxide remove. 

 

12.  5000 Å thick Al deposited by thermal coater for backside electrode. 

 

13.  Al sintering at 360 ℃ in N2 for 20 min. 

 

2.2 Devices measurement method 

 

2.2.1 Determination of gate dielectric thickness 

 

The thickness of gate oxide with different conditions was measured with 

ellipsometry immediately just after oxynitride grown. The oxide film optical 

parameters were measured optically using a Bean Profile Ellipsometer [1]. 

Ellipsometry is based on the measurement and subsequent modeling of changes in the 

polarization state of a light beam reflected from a sample surface, as is illustrated in 

Fig. 2-4. The measured parameters are the ellipsometric angles Ψ and ∆, defined from 

the ratio  
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R///R⊥ = tan (Ψ) exp (iΔ)                                          (1) 

 

of the Fresnel reflection coefficients R∥ and R⊥ for the light polarized parallel and 

perpendicular to the plane of incidence. The reflection coefficients are determined by 

the optical properties and composition of the substrate and overlayers, their 

thicknesses, and morphology. The parameters Ψ and Δ can be measured either at a 

given wavelength of light, i.e., single wavelength ellipsometry, or as a function of 

photon energy, i.e., spectroscopic ellipsometry. The single wavelength configuration is 

often used for fast, nondestructive, on-line monitoring of film thickness, provided that 

the refractive index of the film is known. The spectroscopic mode allows 

determination of the refractive index as well as the thickness. For oxynitride films on 

Si, good agreement has been demonstrated, Fig. 2-5, between the ellipsometric oxide 

thickness and thickness values determined by transmission electron microscopy (TEM) 

and x-ray photoelectron spectroscopy (XPS), for films as thin as 2 nm [2]. Since the 

very first publications on Si oxidation, ellipsometry has been the tool of choice to 

measure film thickness. Knowledge of the thickness is critical in modeling oxidation 

kinetics and determining growth mechanisms [3]. The ellipsometric parameters, Ψ 

and Δ, can be detected with very high accuracy, making ellipsometry one of the most 

sensitive thickness measurement techniques. However, the interpretation of the 

measurements is very model dependent, especially in the ultrathin regime where 

refractive index may become, as is the case for SiO2, a function of thickness [4], [5]. 

For more complex gate dielectrics such as Si–O–N or SiO2/Si3N4 multilayer stacks, 

the analysis is further complicated by the fact that refractive index changes with the 

composition of the film [6], [7]. 

 

 



 22

2.2.2 C-V and J-V measurement 

 

The leakage current and the breakdown field strength of high-density plasma 

grown ultrathin oxynitride films were analyzed from the current-voltage (I-V) 

characteristics measured by an HP4156A semiconductor parameter analyzer. Small 

signal capacitance-voltage (C-V) measurements were conducted to investigate the 

interfacial characteristics of ultrathin oxynitride films. The C–V curves were 

measured by an HP 4284A precision LCR meter. The effects of the high-density 

plasma process on the interface state density were also analyzed. The midgap 

interface state density was determined by comparing high-frequency (100 k Hz) and 

quasi-static C–V characteristics. 

 

 C-V measurement 

 

The most frequently used electrical technique to assess the properties of both the 

thin oxide layer and its interface with Si is the C–V measurement. In thicker oxide 

layers C–V curves can be fitted satisfactorily with classical models, described in 

textbooks [8]. The C–V technique can be used to determine flatband and threshold 

voltage, fixed charge, and interface state density. It is also often used to determine the 

oxide thickness. In sub-4 nm oxide layers, C–V measurements provide the same 

information, but the interpretation of the data requires considerable caution. The 

assumptions needed to construct the ‘‘classical model’’ are no longer valid, and 

quantum mechanical corrections become mandatory, thus increasing the complexity 

of the analytical treatment. First, several authors have demonstrated that for ultrathin 

layers, Maxwell–Boltzman statistics no longer describe the charge density in the 
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inversion and accumulation layers satisfactorily, and should be replaced by 

Fermi–Dirac statistics [9]. In addition, band bending in the inversion layer near the 

semiconductor–insulator interface becomes very strong, and a potential well is formed 

by the interface barrier and the electrostatic potential in the semiconductor. This 

potential well may be narrow enough to give rise to electron confinement at discrete 

energy levels [9]. The correct analytical treatment requires solving the coupled 

effective mass Schrodinger and Poisson equations self-consistently. Closed form 

analytical treatments require a simplification of the problem [10], [11], e.g., replacing 

the actual potential well by a triangular well and/or by considering only the lowest 

subbands. One of the main effects of the quantum mechanical treatment of the 

inversion layer is considerable shift of the inversion charge centroid away from the 

semiconductor–insulator interface. This effect can be modeled as an additional 

capacitor in series with the oxide capacitance. A similar effect is generated by 

polycrystalline Si depletion on the gate side of the capacitor of a MOS transistor [12]. 

This effect is related to both the high fields at the insulator surface as well as the 

incomplete activation of the dopants near the polycrystalline Si/SiO2 interface. A 

carrier concentration profile with a finite width, having a centroid several tenths of a 

nanometer away from this interface, results. This effect can also be modeled as an 

additional capacitance in series with the oxide capacitance. As a consequence of 

quantum mechanical effects and polycrystalline Si depletion, the measured 

capacitance is smaller than the physical oxide capacitance, and the difference 

becomes very significant for ultrathin layers. This also implies that oxide thickness 

extraction from C–V measurements becomes more difficult, but not impossible. If 

C–V curves are fitted properly, a good agreement between C–V extracted oxide 

thickness and physical oxide thickness may be obtained [2], [9], [10]. For very thin 

oxides, typically sub-2 nm, the huge leakage current through the oxide, due to direct 
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tunneling of electrons, creates an additional complication in the interpretation of C–V 

curves. A sharp drop in the capacitance is observed as the voltage increases [13], [14]. 

This effect can be modeled by taking into account the tunnel conductance and an 

additional series resistance. 

     

 J-V Measurement 

 

    When a voltage, Vox, is applied across an oxide layer with thickness tox, the 

resulting oxide field, Eox = Vox/tox, gives rise to a current flow through the oxide. This 

current originates from electrons that quantum mechanically tunnel through the 

Si/SiO2 potential barrier from the Si conduction band to the SiO2 conduction band, as 

is illustrated in Fig. 2-5. When the tunneling occurs through a triangular barrier, Fig. 

2-6(a), the conduction mode is called Fowler–Nordheim (FN) tunneling and the 

measured current density, JFN. When the oxide voltage drops below 3.7 V, electrons 

no longer enter the oxide conduction band, but tunnel directly from the anode to the 

cathode, as illustrated in Fig. 2-6(b). In ultrathin oxide technologies, direct tunneling 

is the dominant current conduction mechanism at operating voltage, and for oxide 

layers less than ~3 nm it is also the conduction mode for accelerated oxide wearout 

and breakdown tests. The change from a FN tunneling to a direct tunneling 

mechanism is indicated. The huge increase due to direct tunneling poses a major 

leakage current problem in VLSI technologies and severely limits the scaling of the 

oxide thickness. 
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2.2.3 Determination of Reliability 

 

 CCS and CVS 

 

In oxides of thickness greater than 4 nm, a typical observation during high field 

constant current stressing (CCS) is the initial decrease of the applied voltage needed 

to achieve the required current, followed by a voltage increase which can become 

larger than the initially applied voltage [15]. The voltage shifts are caused by charge 

trapping of initially positive then negative charges, leading to oxide field distortion 

and subsequent change in the tunnel current density. During constant voltage stressing 

(CVS), exactly the opposite current shifts are measured, i.e., an initial increase of the 

current followed by a decrease. 

 

 Stress-Induced Leakage Current (SILC) 

 

    The SILC rises continuously with injected fluence, and its Vg dependence can be 

empirically fitted with a FN expression using a barrier height of 1 eV [16], [17]. 

When the SILC is continuously monitored as a function of time after a given stress, 

two components can be distinguished [18]. Initially, a decaying transient component 

is observed, leading to a steady state SILC after some time. Both components depend 

on oxide thickness. Thick oxides have a large transient component and low steady 

state component, whereas ultrathin oxides have a very small transient component and 

a large steady state component. 
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 Charge to Breakdown (QBD) 

 

The E vs. 1/E model discussion is mainly valid for oxides thicker than 5 nm, 

where the injection of electrons is dominated by nonballistic FN injection; the injected 

electrons enter the conduction band of the SiO2 and interact with it. The oxide field 

mainly determines the electron energy at the anode and consequently, the oxide 

degradation. Since there exists a unique relationship between the FN current density 

and oxide field, QBD should be measured using CCS. For ultrathin oxides, however, 

the injected electrons travel ballistically through the oxide without interacting with the 

SiO2 network. This can be either by FN tunneling above 3.5 V, typically in oxides 

with thicknesses of between 5 and 3.5 nm, or by direct tunneling below 3.5 V, 

typically in oxides with thicknesses of below 3.5 nm. The electron energy at the anode 

is determined by the voltage difference between the cathode and the anode, which 

corresponds to the applied gate voltage [19]. 
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Chapter 3 

The Study of Ultrathin Oxynitride Grown by Using HD-ICP 

Plasma 

 

3.1 The dependence of the ultrathin oxynitride thickness 

 

For achieving the goal of low temperature process, the temperature of all ICP 

plasma process was at 300 ℃. Fig. 3-1 shows the effects of the system pressure on the 

growth rate of oxynitride films. The oxynitride thickness was measured by optical 

ellipsometory. The oxynitride growth time was kept constant at 1 min. The power of 

working plasma was kept constant at 200 W. The system pressure was varied in the 

range of 10-150 mTorr. The N2O and O2 flow rate were kept constantly at 100 sccm. 

The N2/O2 flow rate was kept constantly at 100 and 20 sccm, respectively. The 

oxynitride growth rate increased from 10 mTorr to 30 mTorr but was almost uniform 

from 30 mTorr to 150 mTorr. The observed dependence on the system pressure 

suggests that growth rates of oxynitride would be stable when working at 100 mTorr. 

Based on the observed effect of the system pressure on the oxynitride growth rate, the 

high-density ICP plasma oxidation process was further investigated at a fixed system 

pressure of 100 mTorr. The results of oxynitride thickness versus pressure were 

showed at Table 3-1. 

Fig. 3-2 show oxynitride or oxide film thickness as a function of oxidation power 

for N2O, N2/O2, and O2 high-density ICP plasma at 300 ℃. The oxynitride growth 

time was kept constantly at 1 min. The flow rates of three kinds of gas were set as 

listed above. The oxidation rate of O2 plasma is faster than that of N2/O2 plasma by 

high-density plasma at 300 ℃. This is because of oxidation rate increases with the 
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increases the amount of oxygen radicals. From the same reason, the oxidation rate of 

O2 plasma is faster than that of N2O plasma. The oxidation rate of higher-power 

plasma is faster because the higher-power plasma may produce more radical to react. 

The results of oxynitride thickness versus power of ICP plasma were showed at Table 

3-2. 

Fig. 3-3 shows the oxynitride thickness increased nonlinearly with time in the 

investigated range of 30 sec to 10 min. The power of ICP plasma was kept constantly 

at 200 W. The flow rates of gas were set as listed above. A rapid growth rate of 

oxynitride with a thickness about 10 Å was obtained after a deposition time of less 

than 1 min. And when the thickness of oxynitride has increased, the growth rate of 

oxynitride decreased. At beginning of reaction, the radical would react with surface of 

silicon wafer directly. After thin oxynitride films had formed, radicals must penetrate 

the thin oxynitride to react. So the growth rate of oxynitride was slower when the 

oxynitride was thicker. The results of oxynitride thickness versus oxidation time were 

showed at Table 3-3. 

Generally, the physical thickness of oxide was determined by optical 

elliosometer, but its accuracy cannot be guaranteed for those ultrathin films [2]. 

High-resolution transverse electron microscopy (HRTEM) was also performed to 

observe the thickness of the ultrathin oxynitride film. This method is more accurate, 

but still suffers from high cost and low throughput. Fig. 3-4 shows the cross section of 

1.0 nm oxynitride film. The oxynitride film grown by ICP N2O plasma of 200 W for 1 

min was quite uniform and the interface was smooth. Fig. 3-5 shows the enlarged 

HRTEM micrographs of sample grown by ICP N2O plasma of 200 W for the 

polysilicon-oxynitride-silicon structure. 

 

 



 31

3.2 The electrical characteristics of 1.0 nm ultrathin oxynitride films 

 

As oxide thickness is reduced below 2.5 nm in MOS devices, both series and 

shut parasitic become significant in C-V measurements. The effect of increased direct 

tunneling current on C-V measurements can be analyzed by comparing equivalent 

circuit models. Conventional LCR meters typically calculate the device capacitance 

based on either a parallel or a series capacitance model. The leakage problem may be 

overcome by measuring the capacitance at a very high frequency so that the 

capacitive current is dominant. HP 4284A was used for high-frequency C-V 

measurement. We used capacitors with an area 10-4 cm2 and measurement frequency 

is 100 kHz.  

While the leakage current may be at level negligible compared with on-state 

current of a Si MOSFET, it will fist have an effect on the chip standby power. 

High-performance CMOS logic chips can tolerate a standby power in the 100mW 

range. If one assumes that the total active gate area per chip is of the order of 0.1 cm2 

for future technologies, the maximum tolerable gate leakage current would be of the 

order of 1 A/cm2 for power supply of 1 V [1]. An HP 4156 semiconductor parameter 

analyzer and an HP 4284A LCR meter were used to measure all the relevant 

parameter. Small area and large area capacitors with 1.0 nm oxynitride films were 

used in this study. 

 

3.2.1 The electrical characteristics of 1.0 nm ultrathin oxynitride films grown by 

different power of ICP N2O Plasma 

 

    Fig. 3-6 shows the C-V curves for MOS capacitances with oxynitride by using 

different power of ICP N2O plasma. The oxynitride formed by using ICP N2O plasma 
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power of 200 W was the optimum condition. The maximum capacitance density could 

be achieved at the condition of 200 W. It had no enough energy to produce effective 

bonding by using lower power of ICP N2O plasma. And the effect of nitridation was 

not good to forming reliable gate dielectric. So the capacitance was lower and could 

not be maintained at high voltage. The oxynitride forming by higher power of ICP 

N2O plasma suffered too much plasma-induced damage, so the flatband voltage (VFB) 

increased. The flat band of oxynitride by ICP N2O plasma of 200 W was -0.2 V and 

the flat band of that of 300 W was -0.25 V. The capacitance of oxynitride by ICP N2O 

plasma of higher than 200 W decreased due to the increase of gate leakage current. 

The transitions and flat band voltages of C-V curves increased with the plasma power 

increased. It was the proof of that plasma-induced damage increased. 

Fig. 3-7 shows the I-V curves of the oxynitride by using different power of ICP 

N2O plasma. Clearly, the gate leakage current of oxynitride by ICP N2O plasma of 

200 W was smallest. The gate leakage current of oxynitride by ICP N2O plasma of 

100 W was larger because the nitrogen could not form strong bonds effectively. Thus, 

oxynitride by ICP N2O plasma of 100 W was similar to silicon dioxide. The 

nitridation effect to reduce leakage current was not good as oxynitride by ICP N2O 

plasma of 200 W. The gate leakage current of oxynitride by ICP N2O plasma of higher 

than 200 W increased due to more plasma induced damages. So the oxynitride by ICP 

plasma of higher power, the gate leakage current of oxynitride was larger. It had 

proved that the optimum condition of oxynitride was grown by ICP plasma of 200 W.  

 

3.2.2 The electrical characteristics of 1.0 nm ultrathin oxynitride films grown by 

different gas composition 

 

The C-V characteristics of thin oxynitride grown by various composition of ICP 



 33

plasma are shown in Fig.3-8. These oxynitride were grown by ICP plasma of 200 W 

at 300 ℃. The various conditions were: N2O, O2, N2/O2=1:1, N2/O2=5:1, and 

N2/O2=10:1, the flow rates of various condition were: 100 sccm, 100 sccm, 50 

sccm:50 sccm, 100 sccm:20 sccm, and 200 sccm:20 sccm, respectively. The film 

grown by ICP O2 plasma was just silicon dioxide. The dielectric constant was smaller 

than oxynitride grown by ICP N2O plasma so the capacitance was also smaller. The 

capacitance of oxynitride grown by different ratio of N2 and O2 plasma were also 

small than that by N2O plasma. Growing oxynitride by O2 mixed N2 plasma may 

introduce nitrogen to dielectric, so the gate leakage current decreased and capacitance 

increased [2], [3]. Nitridation effect would revamp structure of oxynitride effectively 

[4], [5]. Appropriate ratio of N2 and O2 plasma would have better performance. Fig. 

3-8 illustrate the C-V characteristics of oxynitride grown by ICP plasma of N2/O2=5:1 

was better than that of N2/O2=1:1 and N2/O2=10:1. 

Fig 3-9 displays the I-V characteristics for thin oxynitride grown by same 

condition as above. It was reasonable that the gate leakage current of silicon dioxide 

grown by ICP O2 plasma was larger than oxynitride [6], [7]. The leakage current of 

the oxynitride grown by ICP plasma of various N2 and O2 plasma was smaller than 

that of silicon dioxide because the nitridation effect of oxynitride could decreased 

leakage current [8]. As results, it was sure that oxynitride grown by N2O plasma of 

200 W at 1 min was the best condition. 

 

3.2.3 The nitrogen concentration of oxynitride grown by high-density ICP N2O 

plasma 

 

Fig. 3-10 shows the nitrogen profile of oxynitride grown by different ICP plasma 

of 200 W. SIMS results shown in Fig. 3-10 demonstrates that the nitrogen 
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concentration was low near both the interface between the dielectric and the 

substrate and the interface under dielectric. So for the oxynitride grown by ICP N2O 

plasma, the leakage current decreased and the device performance could be expected 

to maintain quietly [9], [10].  

 

3.3 The reliability of 1.0 nm ultrathin oxynitride films 

 

    After the electrical characteristics of ultrathin oxynitride grown by ICP plasma, 

had been verified, the reliability of ultrathin oxynitride also should need to be 

examined. 

 

3.3.1 The reliability of 1.0 nm ultrathin oxynitride films grown by different 

power of ICP N2O plasma 

 

Fig. 3-11 shows the results from a constant-current stress experiment of 

oxynitride films that formed by using ICP N2O plasma of different power. The stress 

current was -100 mA/cm2. The gate voltage shift of oxynitride film formed by ICP 

N2O plasma of higher power was more serious. This phenomenon resulted from the 

plasma-induced damage. The gate voltage of oxynitride formed by N2O plasma of 

100 W was larger than that by N2O plasma of 200 W because of no enough energy to 

produce effective bonding by using N2O plasma of 100 W. 

Fig. 3-12 shows the stress-induced leakage current (SILC) of oxynitride formed 

by ICP N2O plasma of different power. The condition of stress was on -1 V at 10 min.  

Charge to breakdown of oxynitride formed by N2O plasma of different power is 

compared in fig. 3-13. The characteristic of charge to breakdown (QBD) was measured 

at constant-current of -1 A/cm2. The oxynitride by using N2O plasma of 200 W also 
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has the best performance on charge to breakdown. From above results, the reliability 

of the oxynitride formed by ICP plasma of 200 W was the best.  

 

3.3.2 The reliability of 1.0 nm ultrathin oxynitride films grown by different 

composition of ICP plasma 

 

Fig. 3-14 shows the results from a constant-current stress experiment of 

oxynitride films that formed by using different ICP plasma of 200 W. The gate voltage 

to maintain a constant-current density of -100 mA/cm2 was monitored. The various 

conditions were: N2O, O2, N2/O2=1:1, N2/O2=5:1, and N2/O2=10:1, the flow rates of 

various condition were: 100 sccm, 100 sccm, 50 sccm:50 sccm, 100 sccm:20 sccm, 

and 200 sccm:20 sccm, respectively. The voltage-shift of oxynitride grown by N2O 

plasma was smaller than all others. That meant that the reliability of oxynitride by 

N2O plasma was better than others.  

Fig. 3-15 shows the SILC experiment of oxynitride grown by different ICP 

plasma of 200 W. The constant stress-voltage was set to -1 V and the stress time was 

10 min. The SILC of oxynitride grown by N2O plasma displayed better reliability.  

Charge to breakdown of oxynitride formed by different ICP plasma of 200W is 

compared in fig. 3-16. The characteristic of charge to breakdown was measured at 

constant current of -1 A/cm2. The charge to breakdown of oxynitride grown by ICP 

N2O plasma was largest. So, from the viewpoint of reliability, we concluded that 

oxynitride grown by N2O plasma was ideal choice.  
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3.4 Summary  

 

We had developed a method to grow ideal ultrathin-oxynitride at low temperature 

as 300 ℃. From the discussions of the electrical properties and reliability, the 

oxynitride grown by ICP N2O plasma of 200 W was the best condition. The 

capacitance density of oxynitride grown at this condition was large. And the leakage 

current density was smaller enough to be used as dielectric of VLSI CMOS. The 

nitrogen concentration of this kind of oxynitride film was high enough to increase 

dielectric constant and resisted boron penetration. The nitrogen concentration of 

oxynitride was low at the interface between oxynitride and silicon and at the interface 

between the poly and oxynitride. So the interface property and reliability of oxynitride 

were good.  
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Chapter 4 

The ICP-Plasma Nitridation Effect on Electrical 

Characteristics and Reliability of 1.0 nm Ultrathin 

Oxynitride  

 

Plasma nitridation was used to increase the dielectric constant of silicon dioxide 

so that the equivalent oxide thickness (EOT) can be reduced. Nitrogen could be 

introduced into the oxynitride film to improve the resistance to boron penetration by 

plasma nitridation [1]. Plasma nitridation precisely engineers the nitrogen profile in 

oxide [2]. It introduces a high nitrogen concentration at the poly/dielectric interface 

for an effective barrier to suppress boron diffusion, and has a light nitridation at the 

bottom dielectric/Si interface for reliability improvements, without impact on device 

performance [1], [3]. But some study shows that increasing nitrogen concentration of 

plasma-nitrided oxide using aggressive plasma nitridation fails to reduce EOT 

because the plasma-induced parasitic oxidation results in a substantial increase in the 

thickness of oxide, does not effectively increase the dielectric constant and 

consequently increases the EOT [4]. A thinner base oxide is more susceptible to the 

plasma-induced damage [5]. This work shows that after optimized, the plasma 

nitridation process was able to reduce the plasma-induced damage so that the EOT 

could be scaled down without penalties.  

 

4.1 The electrical characteristics of nitrided oxynitride films 

 

Fig. 4-1 shows the flow chart of plasma nitridation process. After growing 
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oxynitride by ICP N2O plasma of 200 W at 1 min, the flow chart of plasma nitridation 

began. Plasma nitridation processes were executed by ICP N2 plasma in different 

nitridation time to find the best condition of nitridation. Then, plasma nitridation by 

using N2 mixed inert gas plasma was experimented.  

 

4.1.1 The improvement to the electrical characteristics by different time of ICP 

N2 plasma nitridation 

 

    Fig. 4-2 shows the C-V curves for MOS capacitors with oxynitride nitrided by 

ICP N2 plasma of 200 W at different time. The capacitance density of oxynitride 

nitrided at 5 min was the largest one. Plasma nitridation at 5 min could more 

effectively increased the dielectric constant of oxynitride. The passivation effect of 

plasma nitridation could decrease the flatband voltage of C-V curve. So, after N2 

plasma nitridation of 5 min, the flatband voltage decreased from -0.2 V to 0.06 V. The 

capacitance of oxynitride nitrided at 10 min decreased again due to the large increase 

of physical thickness. Plasma nitridation at less than 5 min did not increase dielectric 

constant effectively. Fig. 4-3 illustrates the I-V curves of oxynitride nitrided by ICP 

N2 plasma at different time. Plasma nitridation could decrease leakage current by 

increasing nitrogen concentration. The leakage current of oxynitride films grown by 

ICP N2O plasma decreased as the time of ICP N2 plasma nitridation. From the C-V 

curve and I-V curve, we concluded the optimum process time of ICP N2 plasma 

nitridation of 200 W was at 5 min. Fig. 4-4 shows the nitrogen concentration of 

oxynitride after plasma nitridation of different time. It proved that the nitrogen 

concentration of oxynitride increased obviously after plasma nitridation treatment. 
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4.1.2 The improvement by ICP N2 plasma nitridation to the electrical 

characteristics of oxynitride grown by different plasma  

 

Fig. 4-5 shows the C-V curves of oxynitride grown by different plasma after ICP 

N2 plasma nitridation of 5 min. The various conditions were: N2O, O2, and N2/O2=5:1, 

the flow rates of various condition were: 100 sccm, 100 sccm and 100 sccm:20 sccm, 

respectively. All capacitance of oxynitride had increased after ICP N2 plasma 

nitridation of 5 min because the plasma nitridation could introduce nitrogen to 

oxynitride to increase the dielectric constant. The flatband voltage had also been 

improved by plasma nitridation due to the passivation effect. Above all, experimental 

results show that the ICP N2 plasma nitridation of 5 min was an effective method to 

improve dielectric films. Fig. 4-6 shows the I-V curves of oxynitride grown by 

different plasma by ICP N2 plasma nitridation of 5 min. All gate current of oxynitride 

had decreased after ICP N2 plasma nitridation of 5 min. From above C-V and I-V 

characteristic, we concluded that ICP N2 plasma nitridation of 5 min was acceptable 

method to introduce nitrogen to dielectric and lower the gate leakage current.  

 

4.1.3 The improvement to the electrical characteristics by different concentration 

of ICP N2 plasma nitridation 

 

    Plasma nitridation by using N2 mixed with inert gas could more effectively 

activate nitrogen radicals [6]. More active nitrogen radicals form tighter bonds to 

decrease accumulation of negative charge that appear in plasma nitridation process [7]. 

Plasma nitridation by N2 mixed inert gas plasma introduces more nitrogen in 

oxynitride than that by pure N2 plasma. The C-V curves of oxynitride nitrided by 

different mixed N2 plasma was shown in Fig. 4-7. The mixing ratio of inert gas to N2 
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gas was fixed at 10 % and 90%, respectively. The working pressure was fixed at 100 

mTorr. The capacitance of oxynitride nitrided by N2 mixed with 10 % inert gas 

increased successively. The capacitance density of oxynitride nitrided by N2 mixed He 

plasma was better than that of oxynitride nitrided by N2 mixed Ar plasma. The flat 

band voltage of oxynitride nitrided by N2 mixed with He plasma was about 0.07 V 

and was almost the same to that of oxynitride with pure N2 plasma nitridation (VFB = 

0.06 V). On the other way, the capacitance density of oxynitride nitrided by N2 mixed 

90 % inert gas decreased. Plasma-induced damage by N2 mixed too much inert gas 

plasma was more than that by pure N2 plasma. Fig. 4-8 shows the I-V curve of 

oxynitride nitrided by different mixed N2 plasma. The leakage current of oxynitride 

nitrided by N2 mixed inert gas plasma was smaller than by pure N2 plasma. From 

above discussion of the electrical characteristics, the optimum condition of plasma 

nitridation was nitride by ICP N2 mixed 10 % He plasma of 200 W at 5 min. 

 

4.2 The Improved reliability of 1.0 nm ultrathin oxynitride films 

 

    The passivation effect of plasma nitridation could improve the reliability of 

oxynitride. After proving the improved effect of high density-ICP plasma nitridation 

to electrical characteristics of ultrathin oxynitride, the improved effect of high 

density-ICP plasma nitridation to the reliability of ultrathin oxynitride still needs to be 

verified.  

 

4.2.1 The improvement of the reliability by different time of ICP N2 plasma 

nitridation 

 

Fig. 4-9 shows the results from a constant-current stress experiment of oxynitride 
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films that nitrided by ICP N2 plasma of 200 W at different nitridation time. The 

oxynitride was grown by ICP N2O plasma of 200 W at 1 min. The gate voltage to 

maintain a constant-current density of -100 mA/cm2 was monitored. The 

constant-current stress characteristics indicate the passivation effect of ICP N2 plasma 

nitridation. The gate voltage shift was decreased with the nitridation time increased. 

But the gate voltage shift varied less for the nitridation time of 5 min to the nitridation 

time of 10 min. So the process time of 5 min was an optimum selection. 

Fig. 4-10 shows the SILC of oxynitride nitrided by ICP N2 plasma at different 

time. The constant voltage to stress was -1 V and the stress time was 10 min. After 

plasma nitridation, the phenomenon of SILC was restrained. It proved the passivation 

effect of plasma nitridation. 

Fig. 4-11 shows the charge to breakdown of oxynitride with ICP N2 plasma 

nitridation at different nitridation time. The measurement condition was constant 

current of -1 A/cm2. The charge to breakdown of oxynitride increased as the 

nitridation time increased and became largest until the nitridation time was 5 min. 

After all, we may conclude that reliability of oxynitride could be improved by ICP N2 

plasma nitridation of 200 W at 5 min. So it was good to set the process time of ICP N2 

plasma nitridation as 5 min. 

 

4.2.2 The improvement by ICP N2 plasma nitridation to the reliability of 

oxynitride grown by different plasma  

 

The constant-current stress characteristic of oxynitride grown by different 

plasma with ICP N2 plasma nitridation of 5 min was compared in fig. 4-12. The 

various conditions were: N2O, O2, and N2/O2=5:1, the flow rates of various condition 

were: 100 sccm, 100 sccm and 100 sccm:20 sccm, respectively. The constant current 
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to stress was set -100 mA/cm2. We may see that all constant-current stress 

characteristics were improved by ICP N2 plasma nitridation. 

Fig. 4-13, Fig. 4-14 and Fig. 4-15 show the SILC of oxynitride grown by 

different plasma with and without ICP N2 plasma nitridation. The constant voltage to 

stress was set as -1 V. The stress time was set as 10 min. We may see the SILC was 

restrained by plasma nitridation.  

Fig. 4-16 shows the charge to breakdown of various oxynitride with and without 

ICP N2 plasma nitridation. The condition of measure was constant current of -1 A/cm2. 

The charge to breakdown of various oxynitride could get improvement by ICP N2 

plasma nitridation. After all, we may conclude that reliability of oxynitride could be 

improved by ICP N2 plasma nitridation of 200 W at 5 min.  

 

4.2.3 The improvement to the reliability by different concentration of ICP N2 

plasma nitridation 

 

Fig. 4-17 shows the results from a constant-current stress experiment of 

oxynitride films that nitrided by different ICP plasma of 200 W at 5 min. The stress 

current was -100 mA/cm2. The improvement to constant-current stress characteristic 

by ICP N2 mixed inert gas plasma nitridation was better than pure N2 plasma 

nitridation. And the improvement of N2 mixed He plasma nitridation was the best. 

Fig. 4-18 shows the Stress-induced-leakage-current (SILC) of oxynitride films 

that nitrided by different ICP plasma of 200 W at 5 min. The condition of stress was 

on -1 V at 10 min. After ICP N2 mixed inert gas plasma nitridation, the SILC of 

oxynitride may be negligible. 

Charge to breakdown of oxynitride films that nitrided by different ICP plasma of 

200 W at 5 min shows in fig. 4-19. The characteristic of charge to breakdown was 
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measured at constant-current of -1 A/cm2. The oxynitride nitrided by using ICP N2 

mixed He plasma of 200 W also had the best performance on charge to breakdown. 

From above results, we may conclude the best method to improve the reliabilities of 

oxynitride was by ICP N2 mixed He plasma of 200 W at 5 min. 

 

4.3 Summary 

 

    After developing an acceptable method to grow ultrathin oxynitride, we tried to 

use HD-ICP plasma nitridation to improve oxynitride to get better performance on 

electrical properties and reliabilities. First, we tried to find the most suitable process 

time of ICP N2 plasma nitridation to get best electrical properties. Then we used the 

method of ICP N2 plasma nitridation to oxynitride or silicon dioxide grown by 

different ICP plasma for verifing this nitridation technology. Furthermore, we changed 

the pure N2 plasma to N2 mixed inert gas plasma for enhance nitridation effect. And 

we discussed the performance of ICP N2 plasma nitridation to reliability. We had 

succeeded to find out an applicable way to enhance original oxynitride grown by ICP 

plasma. Both the electrical properties and reliability could get improvement by ICP N2 

mixed He plasma nitridation. 
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Chapter 5 

Conclusions 

 

In this thesis, we have successfully demonstrated the growth of ultrathin 

oxynitride films at a low process temperature of 300 ℃ by using an inductively 

coupled high-density plasma source. The RF power and gas source of plasma were 

optimized to have enough nitrogen both for suppressing the growth rate and forming 

strong silicon-nitrogen bonds. The uniformity and the smoothness at the 

oxynitride/silicon interface of the ICP plasma ultrathin oxynitride film are acceptable. 

The experimental results showed that 1.0nm oxynitride grown by ICP N2O plasma of 

200 W at 300℃ for 1 min has the highest capacitance and the lowest leakage current 

density of -0.1 A/cm2 at -1 V. In the direct tunneling regime, a higher nitrogen 

concentration leads to less leaky film. Nitridation decreases the effective dielectric 

thickness by increase the dielectric constant of the film. In our study, we have 

developed high-quality silicon oxynitride gate dielectric with physical thickness of 1.0 

nm. The boron penetration was suppressed by increasing nitrogen concentration more 

than 1 x 1021 cm-3 even with ultrathin base oxide. In our experiments, the nitrogen 

concentration of the oxynitride surface was about 8 x 1021 cm-3. The boron penetration 

would be suppressed because of higher nitrogen concentration incorporated in the 

oxynitride surface. 

We have also examined the effect of ICP N2 plasma nitridation on the 

characteristics of oxynitrides grown by ICP plasma. Proper nitridation to the 

oxynitride could reduce the fixed charge density and suppress electron trapping. The 

experimental results showed that leakage current density of 1.0 nm oxynitride grown 
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by ICP N2O plasma of 200 W at 300 ℃ for 1 min following by ICP N2 mixed He 

plasma of 200 W at 300 ℃ for 5 min nitridation is lower than one without plasma 

nitridation. And the capacitance density and reliability of ultrathin oxynitride are also 

improved by plasma nitridation. We also have examined that more nitrogen could be 

incorporated into the base oxynitride effectively without increasing the final physical 

oxide thickness obviously by ICP N2 plasma nitridation technology. 

Finally, we have successfully achieved a low leakage and high quality 1.0 nm 

oxynitride film at a low process temperature as 300 ℃. This 1.0 nm thick oxynitride 

film is suitable to be applied as gate dielectric of next-generation high-performance 65 

nm MOSFET devices.  
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Pure N2O ambient, gas flow = 100 sccm 
Plasma power = 200 W, Oxidation time = 1 min, Temperature = 300 ℃ 
Pressure(mTorr) 10 30 50 100 150 
Thickness(Å) 8 10.2 10 10 10.4 
 
 
N2+O2 ambient, N2 gas flow = 100 sccm O2 gas flow = 20 sccm 
Plasma power = 200 W, Oxidation time = 1 min, Temperature = 300 ℃ 
Pressure(mTorr) 10 30 50 100 150 
Thickness(Å) 7.5 8.3 8.5 8.5 8.5 
 
 
Pure O2 ambient, gas flow = 100 sccm 
Plasma power = 200 W, Oxidation time = 1 min, Temperature = 300 ℃ 
Pressure(mTorr) 10 30 50 100 150 
Thickness(Å) 10 11.3 11.5 12 13 
 
 
 
 
 

Table3-1 
The thickness of oxynitride films versus working pressure. 
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Pure N2O ambient, gas flow = 100 sccm 
Oxidation time = 1 min, Temperature = 300 ℃, Working pressure = 100 mTorr 

Power 30 50 100 200 300 400 600 
Thickness(Å) 8.5 9.2 9.5 10 10.4 12 15 
 
 
N2+O2 ambient, N2 gas flow = 100 sccm O2 gas flow = 20 sccm  
Oxidation time = 1 min, Temperature = 300 ℃, Working pressure = 100 mTorr 
Power 30 50 100 200 300 400 600 
Thickness(Å) 7.8 8 8.3 8.5 9.8 11.5 13 
 
 
Pure O2 ambient, gas flow = 100 sccm 
Oxidation time = 1 min, Temperature = 300 ℃, Working pressure = 100 mTorr 

Power 30 50 100 200 300 400 600 
Thickness(Å) 10.5 10.5 11.2 12 14 15 18 
 
 
 
 
 

Table3-2 
The thickness of oxynitride versus plasma power 
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Pure N2O ambient, gas flow = 100 sccm 
Plasma power = 200 W, Temperature = 300 ℃, Working pressure = 100 mTorr 

Time(min) 0.5 1 2 3 5 10 
Thickness(Å) 8 10 11 12.4 14.8 18.4 
 
 
N2+O2 ambient, N2 gas flow = 100 sccm O2 gas flow = 20 sccm 
Plasma power = 200 W, Temperature = 300 ℃, Working pressure = 100 mTorr 

Time(min) 0.5 1 2 3 5 10 
Thickness(Å) 8 8.5 9 10.8 13.4 15 
 
 
Pure O2 ambient, gas flow = 100 sccm 
Plasma power = 200 W, Temperature = 300 ℃, Working pressure = 100 mTorr 

Time(min) 0.5 1 2 3 5 10 
Thickness(Å) 10 12 13 15 17 22 
 
 
 
 
 

Table 3-3 
The thickness of oxynitride versus processing time 
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Fig. 2-1 The ICP system that was used in this experiment. 
 
 

 

Fig. 2-2 The Experimental Procedure of ICP Plasma Oxynitridation Process. 
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(a)RCA clean 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)Plasma oxynitridation 
 
 
 
 
 
 
 

(c)Deposit polysilicon 
 
 
 
 
 
 
 
 
 
 
 
 

(d)Ion implantation 
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(e)Ni silicide 
 
 
 
 
 
 
 
 
 

(f)Deposit Al 
 
 
 
 
 
 
 

 
 

(g)Pattern upper electrode 
 
 
 
 
 
 
 
 
 
 

(h)Back electrode 
 
Fig.2-3 The detail fabrication process flow of MOS Capacitor with 1.0 nm oxynitride 
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Fig 2-4 Principles of an ellipsometric measurement 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 2-5 Spectroscopic ellipsometry measured SiO2 film thickness vs. thickness 

measured by, XPS, C–V analysis, and TEM. Reference: “SiO2 film thickness 

metrology by x-ray photoelectron spectroscopy,” Appl. Phys. Lett., vol. 71, pp. 

2764-2766, 1990. 
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(a) 

 
 

(b) 
 

Fig 2-6 Schematic illustration of (a) FN-tunneling and (b) direct tunneling 

mechanisms of electron flow through an oxide potential barrier of height ΦB. 
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Fig. 3-1 The dependence of oxide thickness on chamber pressure. 
 
 
 

 
Fig. 3-2 The dependence of oxide thickness on RF power. 
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Fig. 3-3 The dependence of oxide thickness on oxidation time. 

 
 
 
 

 
 

 
 
 
 
 

Fig. 3-4 High-resolution cross-sectional TEM photograph of MOS capacitor with 1.0 
nm thick oxynitride gate dielectric. The capacitor was formed by depositing 100 nm 
ploy-Si/1 nm oxsynitride on Si substrate.  
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Fig. 3-5 Enlarged high-resolution TEM micrographs of 1 nm oxynitride sample for 
the polysilicon-oxynitride-silicon structure. 
 
 

 
Fig. 3-6 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 
gate dielectrics grown by HD-ICP N2O-plasma at various RF powers. 
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Fig. 3-7 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 
gate dielectrics grown by HD-ICP N2O-plasma at various RF powers. 
 

 
Fig. 3-8 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 
gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power 
of 200 W, respectively. 
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Fig. 3-9 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 
gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power 
of 200 W, respectively. 

Fig. 3-10 The SIMS nitrogen profiles of the 1.0 nm gate dielectric films of the 1.0 nm 
gate dielectrics grown by HD-ICP N2O and N2/O2-mixture-plasma at RF power of 
200 W, respectively. 
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Fig. 3-11 The charge trapping characteristics by monitoring the change in gate voltage 
(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP 
N2O-plasma at various RF powers. 

 

 
Fig. 3-12 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films grown by HD-ICP N2O-plasma at various RF powers. 
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Fig. 3-13 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 
HD-ICP N2O-plasma at various RF powers under constant current stress (J = -1 
A/cm2). 

 
Fig. 3-14 The charge trapping characteristics by monitoring the change in gate voltage 
(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP N2O, 
O2, and N2/O2-mixture-plasma at RF power of 200 W, respectively. 
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Fig. 3-15 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power of 200 W, 
respectively. 

Fig. 3-16 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 
HD-ICP N2O, O2, and N2/O2-mixture-plasma at RF power of 200 W, respectively 
under constant current stress (J = -1 A/cm2).  
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Fig. 4-1 The experimental procedure of HD-ICP nitridation-plasma process 

 

 
Fig. 4-2 The high-frequency (100 kHz) C-V curves of MOS capacitors with 1.0 nm 
gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time. 
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Fig. 4-3 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 
gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time. 

Fig. 4-4 The SIMS nitrogen profiles of the 1.0 nm gate dielectric films of the 1.0 nm 
gate dielectrics nitrided by HD-ICP N2-plasma with different nitridation-time.   
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Fig. 4-5 The high-frequency (100 kHz) C-V curves of MOS capacitors with the 1.0 
nm gate dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma with and 
without nitridation, respectively. 

 
Fig. 4-6 The current density versus gate voltage (Jg-Vg) characteristics of 1.0 nm gate 
dielectrics grown by HD-ICP N2O, O2, and N2/O2-mixture-plasma with and without 
nitridation, respectively. 
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Fig. 4-7 The high-frequency (100 kHz) C-V curves of MOS capacitors with the 1.0 
nm gate dielectrics nitrided by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-
plasma, respectively. 
 

 
Fig. 4-8 The current density versus gate voltage (Jg-Vg) characteristics of the 1.0 nm 
gate dielectrics nitrided by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, 
respectively. 
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Fig. 4-9 The charge trapping characteristics by monitoring the change in gate voltage 
(ΔVg) as a function of stress time for 1.0 nm oxynitride films nitrided by HD-ICP N2-
plasma with different nitridation-time. 

 
Fig. 4-10 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films nitrided by HD-ICP N2-plasma with different nitridation-time. 
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Fig. 4-11 Charge-to-breakdown characteristics (Qbd) of the oxynitride films nitrided 
by HD-ICP N2-plasma with different nitridation-time. 

 

 
Fig. 4-12 The charge trapping characteristics by monitoring the change in gate voltage 
(ΔVg) as a function of stress time for 1.0 nm oxynitride films grown by HD-ICP N2O, 
O2, and N2/O2-mixture-plasma with and without nitridation, respectively. 
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Fig. 4-13 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films grown by HD-ICP N2O-plasma with and without nitridation. 

 
Fig. 4-14 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films grown by HD-ICP O2-plasma with and without nitridation. 
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Fig. 4-15 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films grown by HD-ICP N2/O2-mixture-plasma with and without nitridation. 

Fig. 4-16 Charge-to-breakdown characteristics (Qbd) of the oxynitride films grown by 
HD-ICP N2O, O2, and N2/O2-mixture-plasma with and without nitridation, 
respectively. 
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Fig. 4-17 The charge trapping characteristics by monitoring the change in gate voltage 
(ΔVg) as a function of stress time for 1.0 nm oxynitride films nitrided by HD-ICP 
N2O, N2/Ar-mixture, and N2/He-mixture-plasma, respectively. 

 
Fig. 4-18 Stress-induced leakage current (SILC) of capacitors with 1.0 nm oxynitride 
films nitrided by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, 
respectively. 
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Fig. 4-19 Charge-to-breakdown characteristics (Qbd) of the oxynitride films nitrided 
by HD-ICP N2O, N2/Ar-mixture, and N2/He-mixture-plasma, respectively. 


