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中  文  摘  要

	纳米科技作为当今科技发展的前沿领域之一，正推动新一轮的工业革命，给人类生活带来前所未有的变化，备受各国的高度重视。以微纳米量级的测量方法和技术为研究内容的微纳表征技术，是纳米科技获得突破和创新的前提。而最具代表性的例子就是扫描隧道显微技术，它的发明为纳米科技开辟了一个全新的局面，促进了纳米科技在三十年来的高速发展。
反射差分光谱技术是另外一种独特的光学微纳表征技术。它以偏振光学为理论基础，通过测量探测光两个相互垂直方向的偏振分量，经样品反射后变化量的差值与平均值的比值，来表征样品因表面电子态、原子排列等引起的光学各向异性属性，探测灵敏度可达到1/100单分子层，同时，它还具有非接触测量、对环境无特殊要求等优点。这使得该技术已在半导体、金属、有机物、液晶等材料的科学研究和工业生产，以及各种薄膜的表面研究中得到广泛应用。然而，这种传统的反射差分技术也存在缺陷，特别是它无法实现实时多波长并行测量，使之无法满足很多科研和应用需求，因此探索新的测量方法，建立相应的测量理论，开发测量仪器是发展反射差分技术面临的新的研究课题。
本论文以反射差分技术快速全光谱测量的新方法、新理论和新仪器开发为研究内容，分两大部分进行研究。第一部分，在传统的反射差分技术的基础上，发展多通道并行测量技术，力图提高现有技术的扩展能力；第二部分，提出全新的测量方法——旋转补偿器式快速全光谱并行测量技术，从建立测量理论、构建第一台实验样机、分析仪器测量误差和评价仪器性能等方面，详细阐述了该技术的理论依据和实现方法，从科学仪器开发（仪器构成、误差源、误差分析和补偿技术等）角度形成一套完整的研究内容。
论文的主要工作和创新点可分为以下五个方面：

1．提出基于光弹调制器式反射差分技术的多通道并行测量新方案，完成一台双通道并行测量样机。
论文在分析光弹调制器式反射差分技术测量原理的基础上，提出采用多通道高速同步采集板与计算机虚拟技术结合的测量方案，分析多通道数据并行处理的方法，理论分析并实验验证采集板性能和信号处理算法对测试精度的影响，通过与商用机进行测试比对，证明多通道并行测量样机的优良性能。
针对光弹晶体调制幅度随波长变化极大地影响并行测量的数据精度和准确度的问题，论文从光弹调制器产生位相延迟的基本工作原理以及决定位相延迟大小的各种因素入手，提出在数据处理中对调制幅度随波长的变化进行实时修正的方法，给出两种在全光谱范围内适用的位相延迟校正算法：改进的波长校正算法和驱动电压校正算法，指出校正算法与测量精度的依存关系，讨论了算法使用的最优条件。

2．提出新的反射差分光谱测量方法——旋转补偿器式多通道并行测量技术，建立测量理论。
论文以偏振光学的矩阵表达式为基础，建立了代表测量原理的数学模型，提出了基于傅立叶分析和最小二乘优化算法的多通道数据并行处理方法，从理论角度对误差因素进行了全面分析，如光学器件自身缺陷、器件装配与驱动误差、传感器与电子测量误差等，确立误差与测量结果间的数学关系。在此基础上，提出了基于起偏器方位角的系统误差标定方法和旋转线性偏振器消除系统误差的在线校正方法。
3．开发第一台旋转补偿器式多功能反射差分光谱仪。

仪器包括光学测量系统，电子控制系统以及操作软件等部分。论文以实现可在线实时测量的仪器为目标，在光学测量系统方面重点讨论光学器件的选型、光学结构的优化以及一机多种测量功能等内容；在电子控制系统方面，提出了补偿器旋转角度与光谱信号同步采集机制，通过开发同步触发器实现仪器测量的灵活性；在仪器的操作方面则通过计算机虚拟技术，实现对硬件的操控和数据的处理，集测量操作、数据分析、结果显示等功能于一体。

4．分析仪器测量误差，评价仪器性能。
根据对测量误差的理论分析，论文首先对多种光源的输出稳定性进行测试，讨论了抑制氙灯输出光强跳变的方法，实验分析各光源输出光强不稳定性对测量的影响及抑制方法。光强的测量噪声也是影响测量的重要因素，论文讨论了这些噪声的来源，如CCD器件自身噪声和光子噪声，实验比较两种探测器的自身噪声，并通过对比两者采集的反射差分谱的质量，讨论CCD器件噪声对测量的影响。研究表面由光强决定的光子噪声是影响测量的主要因素之一，讨论并根据数学模型模拟了补偿器由于自身旋光特性、内部组件排列误差和内部多层界面干涉等因素对其光学特性，如快轴方位角、位相延迟、透光率等参数带来的影响，以及这些因素对测量的干扰等，提出了修正多波片组合的宽光谱补偿器方位角误差的方法——旋转线性偏振器法。另外，论文讨论了优化测试数据的几种数学方法，通过实验对比给出各方法适用的条件。论文还分析并实验验证了线性偏振器旋转误差对测量的影响。最后，通过比较商用机与旋转补偿式新仪器对Si(110)样品的测量数据，对新仪器的性能做了评价，总结提高仪器测量精度的方法。

5．首次采用反射差分光谱技术测量微加工结构或大尺寸纳米自组装结构，探讨反射差分技术应用的可行性，发现在探测微纳结构呈现的光学各向异性方面的特有优势。
采用旋转补偿器式仪器测试了多种样品，进一步评价仪器性能。研究显示，旋转补偿器式仪器在准确测量反射差分信号的同时，15秒完成一次测量的速度，大大优于传统方法的5-10分钟的测量速度。实验还表明，反射差分光谱技术可应用于亚纳米到亚微米范围内，测量不同因素引起的表面光学各向异性特性，如亚纳米量级的样品表层原子结构、纳米量级表面原子团簇以及亚微米尺度微加工结构。
本论文的研究工作获得了中国-奥地利双边科技合作计划（No. WTZ-VIIB.18），欧亚太平洋大学联盟奖学金（Development of a new reflectance difference spectroscopy (RDS) instrument, 2006.04-2007.03）和奥地利国家科学基金（NSOS, No. NS9002-N02）的资助。
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Study on Novel Fast Full Spectrum Reflectance Difference Spectrometer
Hu Chunguang
ABSTRACT
	Nano-Science and Technology is one of the most promising research fields which could lead us to possible renolutionary technologies. Micro- and nano-measurement and characterization technology provides new tools for Nano-Science and Technology, and therefore plays a key role in the progress of it. Scanning tunneling microscopy (STM) is a good example. Its invention and development has made rapid progress of Nano-Science and Technology during the last 30 years. 
Reflectance difference spectroscopy (RDS), also known as a special micro- and nano-measurement   and characterization technology, measures the normalized difference in the normal incidence reflectivity for two mutually perpendicular orientations of the polarization vectors as a function of photon energy. This technique is extremely sensitive to any kind of the in-plane optical anisotropy of matters, even better than 1/100 single molecular layer. It is also non-contact and has no restrict on measurement environment. So, it has been successfully applied in the studies of semiconductor surfaces, metal surfaces, polymer surfaces, liquid crystal, and many kinds of films. However, the traditional RDS lacks the ability of fast full spectrum measurement at one time. Its low speed and relatively narrow spectrum during measurement restrict itself in many applications. This thesis is aimed to investigate new methods and theories, and based on that, to develop generations RDS for fast full spectrum parallel measurement at one time. 
In general, the thesis is composed of two main parts. In part one, a new method and the related instrumentation for multi-wavelength parallel measurement based on the state-of-the-art photoelastic modulation (PEM) technology RDS are described. In part two, a new measurement methodology, rotating compensator fast full spectrum parallel measurement technique, is promoted. The instrumentation for the realization of fast full spectrum parallel measurement is detailed including the measurement principle, analysis and compensations of measurement errors, instrument calibration and evaluations. 
The main contents and the innovation points of the thesis can be described in the following five aspects.
1. A new multi-wavelength parallel measurement method is proposed and a two-wavelength spectrometer for PEM-based-RDS is developed. 
A new scheme for PEM based multi-wavelength RDS is introduced using a general high speed synchronization data acquisition board and virtual instrumentation technique. And a two-channel spectrometer is built up as a prototype of this new configuration. Then, the algorithm for multi-wavelength data parallel calculation is introduced. The influences of acquisition board performance and two wavelength domain analysis methods, such as FFT and lock-in amplification, on measurement precision are discussed and tested. Compared with the commercial single-wavelength RDS, it is clear that the new spectrometer is well suited for parallel measurements.

Due to the wavelength dependence of the retardation modulation amplitude of photoelastic crystal, the true retardation value for every wavelength must be known. Otherwise, the measurement will be nonsense. In the thesis, an idea to correct the retardation during data analysis is suggested. With the knowledge of the formation of the retardation in PEM, two general retardation corrections fitting for the whole spectrum range are used for locating the exact phase retardation of PEM at each wavelength. At the end, the optimization of the correction formula is discussed and the relationship between measurement precision and the correction is deduced. 
2. A new methodology and principle for fast full spectrum parallel RDS measurement is proposed.
The mathematic model of rotating-compensator based RDS is introduced with polarization optics matrix. Fast Fourier Transform algorithm and least-square optimization method are used for parallel data analysis and calculation. All kinds of measurement errors, including systematic and statistical errors, are collected and analyzed with more attentions given to the following errors: the imperfections of optical elements, azimuth misalignments and signal noises from detector. Following up, two new systematic error calibration / correction methods are suggested. One is referenced on the polarizer’s azimuth and the other is a two-zone online correction method based on polarizer rotation.
3. Instrumentation for the new generation RDS based on rotating compensator is detailed.
A prototype new generation RDS based on rotating-compensator is developed, which composes 3 parts, optical system, electronic control system, and operation software. In optical system, the considerations for selecting the right components, optimizing the optical configuration, and realizing different measurement modes in one system are discussed. In the control system, a synchronization method to read the real time angular position of the compensator during the detector integration is introduced. The operation software is programmed in Labview environment including the functions of instrument control, data analysis and display.
4. Measurement error analysis and instrument performance evaluation are conducted.
With the measurement error analysis described previously, the output stability of light sources is tested followed by a correction algorism for overcoming the intensity jump of Xe lamp. For different light sources, the stabilities are different. The relationship between measurement error and intensity stability is shown by experiment results. For the more, the intensity measurement noise is also an important factor influencing the measurement precision. The sources of intensity noise mainly come from the electronics and detecting chip of detector system, and shot noise by light source. Experiments are conducted to know the influence of detector noise on measurement. It is shown that intensity determined shot noise is a main factor influencing the measurement precision. The test and analysis of compensator optical imperfections, such as optical activity, misalignment along plates, and multi-reflection between interfaces, are also conducted. A correction method, rotating linear polarizer, is introduced for multi-plate combined achromatic compensator. Following up, several mathematical methods for data analysis to improve signal quality are discussed and tested by experiments. At last, the comparisons of measurement quality between the commercial PEM based single-channel RDS and the new spectrometer is performed on the sample of Si (110).

5. Using rotating compensator RDS to measure micro– and nano- structures featured samples

Experiments are conducted for the performance evaluation of the rotating-compensator based system. The results show that the new spectrometer can measure the RD signal with very high precision and high speed. It takes only 15s for one full spectrum measurement, which is much faster than the traditional scanning wavelength measurement mode (5-10 min for one spectrum measurement). The results also indicate that RDS is very sensitive to optical anisotropy in a wide range of surface constructions, no matter how it comes from subnano-scale atom structures, nano-scale clusters, and submicro-scale micro-maching structures.
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