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中  文  摘  要

	随着传统的硅技术发展接近极限，寻找替代硅的材料已迫在眉睫。单壁碳纳米管（SWCNT）因其独特的一维纳米结构和优异的物理、化学、机械等特性，被认为是构筑下一代集成电路的理想候选材料。它最重要的应用之一是用来制作碳纳米管场效应晶体管（CNTFET）。SWCNT在制作FET上具有诸多的优越性：载流子可实现弹道传输；无悬键的表面使高K栅介质层的使用不会引起载流子迁移率的退化；对称的导带和价带有利于高性能互补电路的实现；直接带隙结构使得在同一材料平台上集成电子和光电子器件成为可能。相比传统的MOSFET, CNTFET具有尺寸小、速度快、功耗低等优势，有望在后硅CMOS时代作为硅基器件的替代品或有益补充以维持电子工业的持续发展。
目前，CNTFET研究已取得许多进展(Changxin Chen, Yafei Zhang, The Open Nanoscience Journal, 2007,1:13-18；被邀综述文章)，但要实现其应用仍需克服多项关键问题。其一，已有研究大都只使用单根SWCNT作为沟道来制作CNTFET，这使制得的器件存在许多不足，如：最大输出电流和跨导有限，不足以驱动电路中下级的逻辑门和互联线；可靠性和稳定性低，唯一的SWCNT沟道一旦损坏器件将失效，且器件间一致性也差；无法实现沟道宽度的横向缩放。沟道结构的改进受制于常规方法制备的SWCNT往往相互缠结、随机取向、包含金属和半导体两种属性，需要探寻合适的器件结构设计和制作技术来实现。其二，碳纳米管(CNT)与金属电极间牢固、低电阻接触的形成一直是CNT器件制作中的一个难点，阻碍了高器件性能的获得。寻求改善接触性能及工艺可靠性和可重复性好的方法对高性能CNT器件和电路的构筑具有至关重要的作用。其三，一维半导体性SWCNT与金属电极的接触表现出不同于传统块体半导体/金属接触的新特性，需要被深入研究以加以控制和利用。
针对上述关键问题，本论文提出和发展了一种使用分散、定向的SWCNT阵列作为器件沟道的多沟道CNTFET（MC-CNTFET），并发明一种超声纳米焊接技术将SWCNT两端焊到金属电极上以改善它们间的接触。论文对MC-CNTFET的器件结构、制作技术、特性及SWCNT沟道数的影响等开展了深入系统的研究，研究了超声纳米焊接的工艺、界面特性及其对接触、器件性能的改善等，制得了高性能的MC-CNTFET。论文还研究了不同金属接触电极对MC-CNTFET类型的影响以及使用高、低功函数的非对称金属分别作为漏、源极时FET的光电特性及应用。在此基础上，对MC-CNTFET的电路应用进行了探索。论文的主要研究内容和成果如下：
(1) 创新采用一种表面功能化修饰和高频交变电场双向电泳相结合的定向排布技术，成功制得了分散、定向的SWCNT阵列。

通过一种直接缩合反应法将十八烷基胺(ODA)嫁接到纯化的SWCNT上，使SWCNT可在多种有机溶剂中形成分散、长期稳定的溶液，并使大部分SWCNT束离散成单根SWCNT (Changxin Chen, Yafei Zhang, International Journal of Nanoscience, 2006,5:389-394;  Changxin Chen, et al, Physica E: Low-dimensional systems and nanostructures, 2005,28:121-127)。对预修饰后的SWCNT进行交变电场双向电泳排布，可有效避免SWCNT间的缠结，使其相互分开、定向地并联于源漏电极间形成高密度阵列(Changxin Chen, Yafei Zhang, Journal of Physics D-Applied Physics, 2006, 39:172-176)。研究发现，使用频率为5MHz、峰-峰电压为10V/μm的交流偏压在高挥发性溶剂中排布SWCNT可获得最佳的排布效果，SWCNT密度可通过调节排布工艺或SWCNT溶液浓度来控制。使用该方法对溶于氯仿和异丙醇的两种SWCNT溶液进行排布，相邻SWCNT的平均间距可分别达200 nm和150 nm左右仍不发生缠结。对排布过程的电场分布进行理论模拟，可很好地解释这种分散、定向SWCNT阵列的形成机制(Changxin Chen, et al, Nanoscale Research Letters,2009,4:157-164)。
(2)  首次提出和研制一种使用分散、定向的半导体性SWCNT阵列作为器件沟道的高性能MC-CNTFET。

研究了MC-CNTFET的关键制作技术，发现使用相互分开、定向的SWCNT阵列作沟道可使金属性SWCNT的电流选择性烧断去除变得容易，有利于获得高的器件开关比(Changxin Chen, Yafei Zhang, Science in China, Ser. E, 2005,48: 669-678;  陈长鑫, 张亚非, 中国科学,E辑，2005,35:1156-1165)。研究表明，多沟道器件结构的采用使CNTFET不仅在输出电流和跨导等关键性能上有很大提高，而且具有更高的可靠性和成品率(Changxin Chen, Yafei Zhang, Journal of Nanoscience and Nanotechnology, 2006,6:3789-3793;  Changxin Chen, et al, Applied Physics Letters,2009,95:192110; 发明专利: ZL200510024427.6)。为研究沟道数与跨导的关系，我们在同一源漏电极间制作了一系列不同SWCNT沟道数的MC-CNTFET，发现SWCNT密度不太高时两者具有大致正比关系，该结果提供了一个通过控制沟道数来线性调控CNTFET跨导的方法(Changxin Chen, et al, Physics Letters A, 2007, 366: 474-479)。实验通过设计一种指状阵列源漏电极对排布SWCNT以获得间距和数量可控的SWCNT沟道，并优化接触，制得了高性能的MC-CNTFET (Changxin Chen, et al, IEEE Electron Device Letters, 2006, 27(10): 852-855; 获中国真空学会“博士优秀论文奖”)。对于15根SWCNT被焊接到Au电极的MC-CNTFET，在-0.15 V的低源漏电压下开态电流和跨导分别达235 μA和50.2 μS (同方法制作的接触未改善的单根SWCNT-FET的开态电流和跨导只为0.014 μA和0.028 μS)，空穴场效应迁移率高达7160 cm2 V-1 s-1 (在已报道的相近沟道长度CNTFET中最高)，器件显示116 mV/dec的低亚阈值斜率和105 -106的高电流开关比。
(3)  首创一种超声纳米焊接技术对SWCNT和金属电极进行可靠的焊接键合以显著改善接触和器件性能。

对焊接的工艺、键合界面、接触特性及其对CNTFET性能的影响等进行研究。结果表明超声纳米焊接可使SWCNT与电极形成牢固、低电阻的接触, 降低接触电阻3-4个数量级。焊接后，室温下一根1μm长的金属性SWCNT的二端电阻被降低到8-24 KΩ的窄范围(最低值接近有着完美接触的弹道传输金属性SWCNT的理论最小电阻值6.45 KΩ)，半导体性SWCNT与金属的接触在开态时具有很小的有效肖特基势垒高度和宽度(Changxin Chen, et al, Carbon, 2007,45: 436-442)。该技术在常温下即可使SWCNT与电极形成碳化物，使接触形态从“侧面接触”变为“端部接触”，导致CNTFET性能被很大改善。对于制得的背栅单根SWCNT-FET，在0.5 V的源漏电压下开态电流和跨导可分别高达18.9 µA和3.6 µS (该跨导值为已报道的固态背栅单根SWCNT-FET中最大值，比退火法改善接触后的器件跨导高一个多数量级，而焊接前跨导只有10-9S量级)，亚阈值斜率约为180 mV/dec (比已报道的高温退火法处理所得值730 mV/dec要低很多)，电流开关比达106-107。采用一种AFM探针拨动测试法，焊接键合被证明具有高的机械强度 (Changxin Chen, et al, Nanotechnology, 2006,17: 2192-2197)。论文对超声纳米焊接的机理及其对器件、接触性能的改善也进行了初步理论探讨。该技术被Nanowerk科技网的“spotlight” 新闻聚焦栏目、Science Daily科技网等专题报道，发表在Nanotechnology杂志的论文被评为杂志2006年“Top 10 Downloaded Articles”，相应专利(ZL200510028887.6)也获第二十二届上海市优秀发明银奖。
(4)  实现MC-CNTFET从p型到n型的转变，并在国际上首次发现和研究了高功函数金属/SWCNT/低功函数金属结构FET的光伏效应。

研究不同金属与半导体性SWCNT的接触特性。发现使用高功函数金属Au、Pd、Ti和低功函数金属Al与SWCNT焊接接触，可分别制得高性能的p型和n型MC-CNTFET，实现器件从p型到n型的转变。研究了使用Pd和Al分别作为与SWCNT焊接接触的漏极和源极的高功函数金属/SWCNT/低功函数金属结构FET的特性(Changxin Chen, et al, Small, 2008, 4(9): 1313-1318, 封面文章; 发明专利: ZL200710038026.5)。发现通过选择合适的栅绝缘层厚度、栅压和源漏间距，可导致在整根SWCNT中形成强的内建电场以高效分离光生电子-空穴对，使器件显示良好的光伏效应(Changxin Chen, et al, Applied Physics Letters,2009,94:263501,封面文章)。太阳光照射下，器件可获得0.31V的大的开路电压，光生电流的响应时间只有90 mS, 可被应用作太阳能光伏微电池。为评估器件实际功率转换效率，一种高频电磁散射模型被用在有限元模拟方法中对器件中SWCNT阵列光吸收进行估计(Changxin Chen, et al, IEEE Transactions on Nanotechnology,2009,8:303-314,封面文章)。模型中，SWCNT被对待作一个具有频率相关复介电函数的介电圆柱体，器件结构及SWCNT间对光的各种散射和耦合被考虑，这样可较精确计算出SWCNT的光吸收。基于实际吸收的入射功率，器件的功率转换效率高达12.6%左右。该研究在Small杂志发表后即被Nanotechweb.org科技网、科学时报头版等专题报道。相应研究被Nature China杂志选为突出科学研究成果,作为“研究亮点”刊登报道。
(5) 使用MC-CNTFET首次构建了多种高性能多沟道CNT基本逻辑门电路。

研究表明制得的高性能MC-CNTFET在作为功率FET等需要高跨导或者开关大电流的场合具有大的应用潜力。将MC-CNTFET与负载电阻相连接，成功构建了包括电阻负载反相器、或非门、与非门等多种具有良好逻辑功能的多沟道CNT基本逻辑门电路。MC-CNTFET良好的开关性能和低的导通电阻可提高逻辑门的开关速度、使高低电平尽量分开、降低所需的负载电阻值。通过将不同金属作为接触电极制得的p型和n型MC-CNTFET串连，制得了多沟道CNT互补逻辑倒相器，其电压增益高达31.2 (Changxin Chen, et al, IEEE Electron Device Letters, 2006,27:852)。
    综上所述, 本论文在MC-CNTFET及其基本逻辑门电路的提出和构建、超声纳米焊接技术开发、器件光电特性研究以及分散定向SWCNT阵列排布等方面均取得了重要的创新性研究成果。在规定期限内，作为第一作者在国内外核心期刊等上发表论文18篇，其中SCI英文论文12篇、EI英文论文1篇（影响因子大于2.0的论文有10篇，五篇代表论文的平均影子因子为3.9），以第一作者发表的SCI论文累计被SCI引用86次。以本论文主要研究内容，作为第一作者和书稿撰写者在Springer出版社出版外文学术专著1本(Changxin Chen, Yafei Zhang. “Nanowelded Carbon Nanotubes: From Field-Effect Transistors to Solar Microcells”, Springer-Verlag: Berlin, Heidelberg, Publication date:2008.10, ISBN: 978-3-642-01498-7, Hardcover)。申请了七项核心发明专利（排名第一的四项、排名第二的三项），其中三项已获授权。论文的研究工作获得了2008年“TSMC Outstanding Student Research Award”。以该论文的研究内容为主，作为第二完成人（导师为第一完成人）完成了973项目子课题和国家自然科学基金面上项目各一项。以该论文创新研究的进一步深化工作及技术应用，作为课题主持人2008年申请的项目获得了国家自然科学基金青年基金、上海市科委AM基金、教育部博士学科点专项科研基金的资助，作为课题主要参与人2007年申请的项目获得了国家自然科学基金重点项目、国家863项目和上海市纳米科技专项的资助。
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Study on Carbon-Nanotube Multi-Channel Field-Effect Transistors
Chen Changxin 
ABSTRACT
	With traditional silicon technology developing toward its limit, it is exigent for us to seek the substitutes for silicon. Single-walled carbon nanotube (SWCNT) is regarded as an ideal candidate of building block for the next-generation integrated circuit due to its unique one-dimensional nanostructure and excellent physical, chemical and mechanical properties. One of the most important applications for SWCNTs is to be used for constructing carbon-nanotube field-effect transistors (CNTFETs). On this aspect, the SWCNT possesses a lot of advantages as follows: the charge carriers can transport ballistically in it; its surface is free of suspended bonds, which makes the use of high-k gate dielectric not degrade the carrier mobility; the symmetrical conduction band and valence band for it contributes to the fabrication of high-performance complementary circuits; its direct-band-gap structure enables the electronic and optoelectronic devices to be integrated on the same material platform. Compared to traditional metal-oxide-semiconductor FETs (MOSFETs), the CNTFET exhibits many superiorities such as the small device size, rapid operation speed and low power consume, which makes it hopeful to be utilized as a replacement for, or complement to, silicon-based devices in post-CMOS era to maintain the continuous advance of electronic industry. 
At present, the research on the CNTFET has made much progress (Changxin Chen, Yafei Zhang, The Open Nanoscience Journal, 2007,1:13-18; Invited review paper). However, there are still many key problems to be overcome before realizing practical application of CNTFETs. Firstly, only individual SWCNTs were used as the channels mostly in previously reported CNTFETs, which makes the fabricated devices exist the following disadvantages: the maximum current output and transconductance is too limited to drive secondary logic gates and interconnections in the circuits; the reliability and stability is low for that the only SWCNT channel in the device is prone to break down to cause the failure of the device as well as the device identity is poor; the channel width cannot be scaled laterally. The improvement of the channel structure is restricted by the fact that the SWCNTs without specific treatment usually tangle mutually, orientate randomly and include metallic and semiconducting two types, which requires one to adopt the suitable structure design and fabrication technology. Secondly, the formation of firm, low-resistance SWCNT/electrode contact is a difficulty in the fabrication of CNT devices at all times, which cumbers the acquirement of high device performance. It is of great importance to seek reliable, repeatable contact optimization methods for constructing high-performance CNT devices and circuits. Thirdly, the contact between one-dimensional semiconducting SWCNT and metal electrode behaves differently from that between traditional bulk semiconductor and metal, which needs to be studied more detailedly and thereby to be controlled and utilized. 
In order to solve the abovementioned key problems, a multi-channel CNTFET (MC-CNTFET) with dispersively directed SWCNT array as the channel was advised and developed and at the same time a novel ultrasonic nanowelding technology was invented to bond two ends of SWCNTs onto the metal electrodes for improving their contacts in this dissertation. The device structure, fabrication technologies, characteristics and effects of the channel number for the MC-CNTFET had been studied in-depthly and systemically. The process, characteristics of the formed CNT/electrode interface and effects on the contact and device performance for the ultrasonic nanowelding had also been studied in detail. As a result, high-performance MC-CNTFETs were achieved. Besides, we also studied the effect of different contact metals on the MC-CNTFET type and the photoelectric characteristics of the FET with high and low work-function metals as drain and source electrodes respectively and its application. On the basis, the circuit application for the MC-CNTFET was explored. The main research contents and results of the dissertation are presented as follows:
(1) An innovative SWCNT alignment technology combining the surface decoration and high-frequency AC dielectrophoresis was adopted to achieve dispersively directed SWCNT array. 

The octadecylamine (ODA) was grafted onto purified SWCNTs by a direct condensation reaction, which made SWCNTs dissolvable in multifold organic solvents to form dispersive, long-term steady solutions. This decoration treatment also cause the exfoliation of most of SWCNT bundles into individual nanotubes (Changxin Chen, Yafei Zhang, International Journal of Nanoscience, 2006,5:389-394;  Changxin Chen, et al, Physica E: Low-dimensional systems and nanostructures, 2005, 28: 121-127). The pre-decorated SWCNTs were aligned by an AC dielectrophoresis method, which effectively avoided the tanglement between SWCNTs and made them separately and directedly bridge the electrodes to form the high-density array (Changxin Chen, Yafei Zhang, Journal of Physics D-Applied Physics, 2006, 39: 172-176). It was found that the optimal alignment effect could be achieved when an AC bias with the frequency of 5 MHz and the peak-to-peak voltage of 10 V/μm was applied to align the SWCNTs in high-volatility solvents. The SWCNT density could be controlled by regulating the alignment process and the concentration of SWCNT solution. Using our method, the space between neighboring SWCNTs could reach about 200 nm and 150 nm without the tanglement observed. The formation mechanism of this kind of dispersively directed SWCNT array was well illustrated by simulating the electric-field distribution in the alignment process (Changxin Chen, et al, Nanoscale Research Letters, 2009,4:157-164).               
(2) A high-performance MC-CNTFET with dispersively directed semiconducting SWCNT array as the channel was proposed and developed for the first time. 

The key fabrication technologies of MC-CNTFETs were studied. It was found that the use of separated, directed SWCNTs as the channel could facilitate the electrical selective breakdown of metallic SWCNTs and contributed to the acquirement of high device on/off ratio (Changxin Chen, Yafei Zhang, Science in China, Ser. E, 2005,48: 669-678). The multi-channel device structure could not only greatly enhance the current output and transconductance of CNTFETs but also effectively improve the device reliability and yield (Changxin Chen, Yafei Zhang, Journal of Nanoscience and Nanotechnology, 2006,6:3789-3793; Changxin Chen, et al, Applied Physics Letters,2009,95: 192110; Patent: ZL200510024427.6). In order to learn about the relation between the channel number and transconductance, a series of MC-CNTFETs with different SWCNT channel numbers between the same source and drain were fabricated. It was found that the channel number and transconductance had an approximately proportional dependency when the SWCNT density was not too high, which provides a path to linearly regulate the device transconductance by controlling the channel number (Changxin Chen, et al, Physics Letters A, 2007, 366: 474-479). By designing a finger-like array electrode pair to fabricate the space and number controllable SWCNT channels and optimizing the SWCNT/electrode contact, the high-performance MC-CNTFET had been fabricated (Changxin Chen, et al, IEEE Electron Device Letters, 2006, 27(10): 852-855; this article was awarded “Excellent Paper for Ph. D. Student” by Chinese Vacuum Society). For a nanowelded Au-contacted MC-CNTFET with 15 SWCNTs, the on-state current and transconductance were as high as 235 μA and 50.2 μS respectively at a low drain bias of -0.15 V (while they were only 0.014 μA and 0.028 μS for the non-nanowelded individual SWCNT-FET prepared in the same manner), a hole field-effect mobility up to 7160 cm2 V-1 s-1 was achieved (which is the highest among the reported CNTFETs with the similar channel lengths), and a low inverse subthreshold slope of 116 mV/dec and a high current on/off ratio of 105 -106 was also exhibited.
(3) An ultrasonic nanowelding technology was developed for the first time to reliably bond SWCNTs onto metal electrodes for remarkably improving the contact and device performance. 

The process, bonding interface, contact characteristics and effect on the CNTFET performance for the ultrasonic nanowelding were studied. It was shown that the firm, low-resistance contact between SWCNTs and metal electrodes could be achieved and the contact resistance was decreased by 3 to 4 magnitudes with the ultrasonic nanowelding. After nanowelding, the two-terminal resistance was decreased into a range of 8-24 kΩ at room temperature for an 1-μm-long metallic SWCNT (the lowest value approaches the theoretical minimum resistance of 6.45 KΩ for a ballistic conducting metallic SWCNT with perfect contacts) and a small effective Schottky-barrier height and width was obtained in the On state for a semiconducting SWCNT/metal contact (Changxin Chen, et al, Carbon, 2007,45: 436-442). The ultrasonic nanowelding can cause the formation of the carbide at SWCNT/electrode contacts at room temperature and change the contact configuration from “side-bonded” to “end-bonded”, thereby improving the performance of CNTFETs evidently. For a nanowelded back-gate individual nanotube FETs, a high on-state current of 18.9 µA and a transconductance of 3.6 µS could be acquired (this transconductance is maximum among the reported solid-state back-gate individual SWCNT-FETs, which is one order of magnitude higher than that of the device treated by the annealing method, while it is only 10-9 S order of magnitude before nanowelding), and the inverse subthreshold slope (S) of around 180 mV/dec (which was much lower than that of 730 mV/dec obtained after the high-temperature annealing treatment) and the high on/off ratio of 106-107 were also achieved. With an AFM-probe testing method, the bonds formed were demonstrated to be mechanically robust (Changxin Chen, et al, Nanotechnology, 2006,17: 2192-2197). In the dissertation, its mechanism and improvement effects on the device and contact performance for the ultrasonic nanowelding had also been discussed elementarily in theory. This technology was featured on the “spotlight” news subject of Nanowerk website, on Science Daily website, etc. The article published in the journal Nanotechnology fortunately became “Top 10 Downloaded Articles” in 2006. The relative patent （ZL200510028887.6）was also awarded “Silver Award of Shanghai Excellent Invention”. 
(4) The transition of MC-CNTFETs from p type to n type was realized; The photovoltaic effect of the FET with high-work-function metal/SWCNT/low-work-function metal configuration was found and studied for the first time.
The contact characteristics between semiconducting SWCNTs and different metals were studied. It was shown that the high-performance p-type and n-type MC-CNTFETs could be acquired respectively by nanowelding semiconducting SWCNTs onto high-work-function metals such as Au, Pd, Ti and low-work-function metals like Al, which realized the conversion of the device from p type to n type. We also studied the characteristics of the FET with high-work-function metal/SWCNT/low-work-function metal configuration by using the Pd and Al as the drain and source electrodes respectively (Changxin Chen, et al, Small, 2008, 4 (9): 1313-1318, Cover article; Patent: ZL200710038026.5). It was found that by choosing the suitable gate insulator thickness, gate voltage and source-drain gap, a strong built-in electric field can be formed in the whole SWCNT so as to efficiently separate the photogenerated electron-hole pairs and cause the photovoltaic effect for the device (Changxin Chen, et al, Applied Physics Letters, 2009,94:263501,Cover article). Under solar illumination, a large open-circuit voltage of 0.31 V and a short response time of about 90 ms could be achieved by the device, which enables the device to be applied as the solar photovoltaic microcell. In order to evaluate the actual power conversion efficiency, a high-frequency electromagnetic scattering model was adopted in the limited element simulation method to calculate optical absorption of the SWCNT array in the device system (Changxin Chen, et al, IEEE Transactions on Nanotechnology,2009,8:303-314, Cover article). In this model, SWCNTs were treated as dielectric cylinders with frequency-dependent complex permittivity and diversified light scatterings and couplings caused by the device structures and SWCNTs themselves were considered. Thus, the optical absorption of SWCNTs could be calculated more accurately. Based on the actual absorbed incident power, a power conversion efficiency as high as 12.6% was estimated for the device. The research result published in the journal Small was featured on Nanotechweb.org website, Science Times newspaper, etc. The relative research was also chosen as the outstanding scientific research result and featured as “Research Highlight” by the journal Nature China.
(5) Diversiform high-performance multi-channel CNT logic gates were constructed using the MC-CNTFETs for the first time. 
The fabricated high-performance MC-CNTFET exhibits a great application potential on the occasions where high transconductance or large current are required, e.g. as power transistors. By connecting the MC-CNTFETs with load resistances, multiple high-performance multi-channel CNT logic gates including the resistance-load inverter, NOR gate and NAND gate were successfully constructed. The good switch performance and low on-state resistance of the MC-CNTFET contribute to enhancing the switch speed of logic gates, improving the high and low output levels of logic gates and decreasing the needed load resistance. The multi-channel CNT complementary logic inverter was also realized by connecting p-type and n-type MC-CNTFETs with different contact metals in series, which took on a high voltage gain of 31.2 (Changxin Chen, et al, IEEE Electron Device Letters, 2006, 27: 852). 
In summary, important innovative research results had been acquired in many aspects of this thesis, including the proposal and development of multi-channel CNT-based FET and logic gates, the invention of ultrasonic nanowelding technology, the study on the photoelectric characteristics of the device, the alignment of dispersively directed SWCNT array, etc. Corresponding to these researches, the author had published 18 peer-reviewed articles in the international and native core journals of the field as the first author within the stated period of time, thereinto 12 SCI English papers and 1 EI English paper are included (the impact factors of 10 papers are higher than 2.0 and the average impact factor of five representative papers is 3.9). The first author of SCI papers had been cited for 86 times by SCI. With the main research content in the dissertation, the author also composed and published 1 English academic monograph in the Springer press as the first author (Changxin Chen, Yafei Zhang. “Nanowelded Carbon Nanotubes: From Field-Effect Transistors to Solar Microcells”, Springer-Verlag: Berlin, Heidelberg, Publication date: October 2008, ISBN: 978-3-642-01498-7, Hardcover). Seven core invention patents were applied, thereinto three of them had been authorized. The research of the thesis was awarded “TSMC Outstanding Student Research Award” in 2008. With the abovementioned researches, the author had completed the Sub-Project of Major State Basic Research Development Program in China (973 Program) and National Natural Science Foundation of China as the second accomplisher (the tutor was the first accomplisher). With further studies and technical applications of this thesis, the projects applied in 2008 with the author as the principal were supported by National Natural Science Foundation of China, Shanghai-Applied Materials Research and Development Fund and Specialized Research Fund for the Doctoral Program of Higher Education (SRFDP), and the projects applied in 2007 with the author as the primary participator were supported by Major Program of National Natural Science Foundation of China, National High Technology Research and Development Program of China (863 Program) and Nanotechnology Program of Shanghai Science & Technology Committee.
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