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英国伦敦国王学院物理系 Klaus Suhling 博士 
来实验室进行学术交流。 

（2006.6.4-5） 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

美国阿肯色大学物理系肖敏教授来实验

室进行短期工作访问并做学术报告。 

（2006.6.23-25） 
 
 
 
 
 
 

 
 
 
乌 克 兰 国 家 科 学 院 Svetlana 

Bugaychuk 研究员对实验室进行工作访

问并探讨了长期合作问题。 

（2006.8.21-9.3） 
 

 
 
 

 
 



 
 
 
 

甘子钊院士为组长的专家组

对实验室的建设工作进行验收，

专家组听取了实验室主任许京军

教授的实验室建设总结报告。 

（2006.11.18） 
 

 

 

 

 

 

 

美国马里兰大学 Wendell T. Hill III 教授 

对实验室进行工作访问并做学术报告。 

（2006.11.25） 

 
 
 



实验室召开年度学术研讨会，实验室主任及各方向负责人作了 

年度工作总结报告及学术报告。 

（2006.12.30） 
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2006 年弱光非线性光子学教育部重点实验室年报 

实验室概况/Overview of the Laboratory of Weak Light Nonlinear Photonics 

 

本实验室主要由非线性物理与光子技术、光子学材料及先进制备技术、弱光非线性及

量子相干光学、光谱表征及传感技术、半导体生长技术和半导体器件等五个方向组成，有研

究人员 50 人，专职技术人员 4 人。其中教育部长江奖励计划特聘教授 2 名，国家杰出青年

基金获得者 3 人，天津市授衔专家称号获得者 2 人，首批新世纪百千万人才工程国家级人选

1 人，教育部跨世纪/新世纪优秀人才支持计划获得者 8 人，教育部优秀青年教师资助计划入

选者 2 人。团队获得教育部“长江学者和创新团队发展计划”创新团队基金资助。 

2006 年实验室共承担“973”计划，“863”计划，国家自然科学基金等各类科研基金 44 项，

总经费达近一千万元。共发表论文 83 篇，申请国家发明专利 5 项，获得国家发明专利 2 项。

获得天津市技术发明奖二等奖 1 项（2006 年），国家自然科学二等奖 1 项（2005 年），许

京军教授获得第六届“中国青年科学家奖”（2006 年）。 

实验室和国内外学术界开展了广泛的合作与交流，邀请了美国、英国、日本和乌克兰

等国家和地区的学者来实验室讲学，有 8 人次出国访问或者进行合作研究。主办/协办 SPIE 

Photonics West Conference，中国物理学会 2006 年秋季学术会议，第十三届全国凝聚态物质

光学性质学术会议等国际国内学术会议，在国际国内学术会议上作报告 29 人次，其中孔勇

发教授在第十三届全国凝聚态物质光学性质学术会议作大会报告。宋峰、孔勇发、孙骞等多

名教授在国内各种学术组织中担任职务，许京军、张国权、孔勇发、孙骞等教授在多种国际

国内学术刊物担任编委。 

实验室目前有在读博士生 60 人，在读硕士生 149 人。2006 年共有 16 人获得博士学位，

29 人获得硕士学位。其中博士生任相魁获得 2006 年全国博士论坛优秀论文奖，薄方获得泰

达奖教金优秀学生奖一等奖，有多名研究生获得南开大学奖学金。 

实验室在 2006 年共引进各类人才 6 名。 

 

 

 

 

1



Annual Report 2006 

人员结构/Organization 

实验室主任/Director 

许京军  教  授 

实验室副主任/Deputy Directors                      学术秘书/Academical Secretary 

张国权  教  授                                   禹宣伊  副教授 

孙  骞  教  授 

研究方向负责人/Research Group Leaders 

弱光非线性及量子相干光学      许京军  教  授 

非线性物理与光子技术          田建国  教  授 

光子学材料及先进制备技术      孔勇发  教  授 

光谱表征及传感技术            臧维平  教  授 

半导体生长技术和半导体器件    舒永春  教  授 

学术委员会/Academic Committee 

主  任/Chairman 

王占国  院  士 

委  员/ Committee Members 

沈德忠  院  士 

薛其坤  院  士 

姚建年  院  士 

陈志刚  教  授 

龚旗煌  教  授 

陆  卫  研究员 

田建国  教  授 

王慧田  教  授 

徐现刚  教  授 

许京军  教  授 

许宁生  教  授 

资  剑  教  授 

外籍学术顾问委员 

D. Kip        教  授  德国 Cauthburge 大学 

L. Hessenlink  教  授  美国斯坦福大学物理系 

R. A. Rupp    教  授  奥地利维也纳大学实验物理所 

T. Volk       教  授  俄罗斯国家晶体研究所 

Y. Tomita     教  授  日本电气通信大学 
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杰出人才/Intelligent Staff 

教育部“长江奖励计划”特聘教授 
1999  许京军 
2006  陈志刚 
 
国家杰出青年基金获得者 
1998  许京军 
2001  田建国 
 
教育部“优秀青年教师资助计划”入选者 
2002  张国权 
2003  宋  峰 
 
教育部“跨世纪优秀人才培养计划”入选者 
1998  许京军 
2000  田建国 
2001  孙  骞 
2002  孔勇发 
 
教育部“新世纪优秀人才支持计划”入选者 
2004  张国权 
2004  宋  峰 
2005  臧维平 
2005  李宝会 
 
首批新世纪百千万人才工程国家级人选 
2004  田建国 
 
国家海外青年学者合作研究基金获得者 
2005  陈志刚 
 
“天津市授衔专家”称号获得者 
2005  许京军 
2005  田建国 
 
教育部“长江学者和创新团队发展计划”创新团队基金资助 
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弱光非线性光子学重点实验室人员名录/Name List 

研究人员/Scientific Staff（50 人） 
王占国  张光寅  许京军  田建国  Romano A. Rupp  陈志刚  张国权  孔勇发  刘思敏 
郭  儒  孙  骞  宋  峰  臧维平  舒永春  徐章程  姚江宏  赵丽娟  刘士国  张  玲 
李宝会  朱  箭  李任植  曹亚安  张春平  孙甲眀  张天浩  李玉栋  徐晓轩  张心正 
周文远  乔海军  曹学伟  邢晓东  禹宣伊  余  华  吴  强  孙同庆  武  莉  楼慈波 
高  峰  唐柏权  刘智波  李祖斌  范万德  李乙刚  丁  镭  冯  鸣  张万林  冯  敏 
 
技术人员/Technical Staff（4 人） 
黄自恒  陈绍林  马玉祥  梁  建 
 
博士生/Ph.D Students（60 人） 
高  峰  申  岩  楼慈波  高垣梅  黄春福  高国祥  蔡  卫  刘建彬  祁轶舲  唐莉勤 
孙立萍  薄  方  付  博  涂燕飞  潘雷霆  朱登松  李  威  王振华  李  俊  宋道宏 
胡  毅  刘照红  柳永亮  刘  玮  杨  光  李福新  陈树琪  叶  青  孙美秀  程  化 
郝召锋  鄢小卿  李林枫  张  冰  刘智波  李祖斌  温宏胜  阎文博  王文杰  曹永强 
刘宏德  李晓春  张冠杰  皮  彪  贾国治  舒  强  刘如彬  施曙东  于小晨  任相魁 
吴朝晖  苏  静  刘淑静  韩  琳  杨  嘉  黄春福  高垣梅  林海波  武中臣  杨秀芹 
 
硕士生/M.S. Students（149 人） 
王铁铮  车蔚玥  董  嵘  宋  涛  曲  迪  朱  楠  殷长秋  鄢飞润  刘龙昌  杨程亮 
许宁宁  王慎之  钱学波  刘祥明  刘海旭  陈  聪  韩  彬  王  喆  王俊俏  石艳丽 
陈  楠  陈星宇  边  飞  齐新元  周立鹏  李  源  刘莹莹  郭  磊  冯  蕾  贾  峰 
荣  华  胡志健  王  恒  白香港  邵伟伟  徐玉惠  刘  宇  钱  坤  王秉慧  吴  超 
刘春锋  王文娟  孟  扬  潘立彬  杨一宏  付世鹏  邢  冲  张力舟  张校亮  李  行 
安保国  贺珍妮  南晓宇  朱宝刚  潘君成  张  森  张  婷  彭  灏  宋  宇  孙  磊 
赵  迪  王占银  闫卫国  周斌斌  李剑韬  李树奇  孙  亮  胡  茜  窦树岗  陈喜杰 
王磊磊  董江舟  袁继翔  刘  刚  詹  鹤  吕  玮  于晓明  孙建成  肖罗生  吴日雯 
安亚南  林军海  王  超  宁海波  王艳丽  张雅婷  张  玲  马晓明  张兰兰  赵路松 
王玲玲  翟晓辉  王恩君  王栋栋  王淑香  陈天琳  方扩军  谈绍峰  王红旗  赵艳军 
吴胜青  赵延雷  叶志诚  陈  晨  崔  楠  罗青青  薛亮平  刘国梁  陈  琳  李  丹 
柏天国  王  影  刘志伟  张  雁  程振洲  李  腾  曲菲菲  王青如  侯春宵  宋令枝 
李俊梅  弭志强  刘宝荣  孙  健  邹万芳  伍雁雄  闫立华  苏瑞渊  蔡  虹  邹昌光 
田  彬  张  鑫  宋  杰  陈  凯  周凯迪  孙秀峰  范  伟  杨  威  朱  楠  宋  涛 
杨大鹏  张  攀  曲  迪  尹美荣  李奇楠  梁  兴  祁国春  杨正广  梅  灿 
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承担课题/Projects under Researching 

 

序号 项  目  名  称 项 目 来 源 起止时间 负责人 

1 
有机化合物给体受体间弱相互作用光

学非线性的研究 
973 项目 2004.10-2006.10 田建国 

２ 
光泵浦 1064nm 半导体垂直外腔表面发

射激光器芯片材料的制备 
863 项目 2006.12-2008.12 舒永春 

３ 
光波相位耦合过程中的光速变化问题

的研究 
国家自然科学基金 2004.1-2006.12 张国权 

４ 非相干光的非线性光学效应研究 国家自然科学基金 2004.1-2006.12 刘思敏 

５ 
新型结构高活性的纳米 TiO2 可见光催

化剂的制备 
国家自然科学基金 2005.1- 2007.12 曹亚安 

６ 
半导体量子点激光材料瞬态光谱特性

及超快现象研究 
国家自然科学基金 2005.1-2007.12 姚江宏 

7 
光感应阵列波导中的分立衍射与分立孤

子 
国家自然科学基金 2005.1-2007.12 刘思敏 

８ 
掺镁铌酸锂光学微结构级联二阶非线性

频率变换的研究 
国家自然科学基金 2006.1-2007.1 陈云琳 

9 
光强与时间控制的光学图像和信息

处理器件的原理及技术研究 
国家自然科学基金 2006.1-2008.12 张春平 

10 
光感应二维非线性光子晶体及其性能

的研究 
国家自然科学基金 2006.1-2008.12 孔勇发 

11 
卟啉有机超分子激发态光学非线性研

究 
国家自然科学基金 2006.1-2008.12 田建国 
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12 
高活性可见光催化剂界面光生电荷转

移的原位瞬态分析 
国家自然科学基金 2006.1-2008.12 曹亚安 

13 980nm InGaAs 亚单层量子点激光器 国家自然科学基金 2006.1-2008.12 徐章程 

14 

用宽带荧光上转换飞秒时间分辨光谱

技术研究 CdS 纳米体系中超快弛豫过

程 

国家自然科学基金 2006.1-2008.12 赵丽娟 

15 
基于一维光自带隙结构的光限制效应

研究 
国家自然科学基金 2007.1-2009.12 臧维平 

16 
弱关联光子晶格体系中飞秒光传播特

性及其导致的非线性光学效应 
国家自然科学基金 2007.1-2009.12 吴强 

17 
光耦合过程的色散效应及光速变化的

研究 

教育部科学技术研究

重点项目 
2004.1-2006.12 张国权 

18 
空间光孤子与光子微结构的相互作用

及其应用 
海外杰出青年基金 2004.1-2006.12 陈志刚 

19 铌酸锂晶体光子学基质平台的研究 
教育部跨世纪优秀人

才培养计划基金 
2003.1-2007.12 孔勇发 

20 
弱关联光子学晶格体系中光波传播特

性的研究 

教育部新世纪优秀人

才支持计划 
2005.1-2007.12 张国权 

21 
稀土掺杂材料的发光与激光特性的研

究 

教育部新世纪优秀人

才支持计划 
2005.1-2007.12 宋峰 

22 非线性光学机制研究 
教育部新世纪优秀人

才支持计划 
2006.1-2008.12 臧维平 

23 
近红外有机/无机量子点复合材料和器

件 

教育部新世纪优秀人

才支持计划 
2006.1-2008.12 徐章程 

24 
激光二极管泵浦的自适应固体激光器

的研究 

教育部优秀青年教师

资助计划 
2004.1-2006.12 宋峰 

25 
医用生物芯片检测分析系统的研究与

开发 
天津市科技发展计划 2003.4-2006.4 田建国 

6



2006 年弱光非线性光子学教育部重点实验室年报 

26 多功能高分辨率 OCT 成像系统 天津市科技发展计划 2005.4-2007.12 田建国 

27 高增益短长度光纤器件的研究 天津市攻关培育项目 2005.1-2007.12 宋峰 

28 
光泵浦 980nm 半导体垂直外腔表面发

射激光器芯片的制备 
天津市重点基金项目 2006.4-2008.12 舒永春 

29 
若干新型弱光非线性效应及其应用的

研究 

天津市国际科技合作

项目 
2006.4-2009.3 张国权 

30 弱光非线性光学新效应和机制 
天津市科技创新能力

与环境建设平台项目
2006.7-2009.6 孙骞 

31 
双相掺杂高活性纳米 TiO2 可见光催化

剂制备的研究（043612411） 
天津市自然科学基金 2004.4-2006.12 曹亚安 

32 混合光限制器的理论和实验研究 天津市自然科学基金 2004.4-2006.12 臧维平 

33 长江学者启动基金 985 2006.3-2009.2 陈志刚 

34 
钽酸锂晶体的非挥发双色全息存储研

究 

教育部留学回国人员

启动基金 
2003.8-2006.8 张国权 

35 高增益玻璃光学特性的研究 国家留学回国基金 2005.1-2006.12 宋峰 

36 
InGaAs/GaAs 亚单层量子点的分子束

外延生长 

教育部留学回国人员

科研启动基金 
2005.1-2007.12 徐章程 

37 
熔体注入法生长近化学比铌酸锂的工

艺研究 
横向课题 2005.10-2006.10 孔勇发 

38 高品质铌酸锂晶棒产业化工艺研究 横向课题 2005.10-2006.10 刘士国 

39 钽酸锂晶体的生长技术研究 横向课题 2005.10-2006.10 张玲 
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40 
InGaAs/GaAs 亚单层量子点的光学性

质 

中科院上海技物所红

外物理国家重点实验

室开放课题 

2005.10-2007.10 徐章程 

41 
高直流电导钽／铌酸锂晶片制备技术

研究 
南开大学创新基金 2005.4-2006.12 张玲 

42 
新型非线性光学晶体五磷酸镧二钾的

生长与性质研究 
南开大学创新基金 2005.4-2006.12 孙同庆 

43 
无动态扫描傅立叶变换光谱技术的研

究与开发 
南开大学创新基金 2005.4-2006.12 周文远 

44 掺锆铌酸锂晶体抗光折变性能研究 南开大学创新基金 2006.12-2008.12 刘士国 
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仪器设备/Facilities 

仪器设备名称 规格型号 购置时间 

激光器工作站 
飞秒激光器 
皮秒激光器 
纳秒激光器 
光纤激光器 

可调频再生放大器 
时间分辨光谱及瞬态吸收光谱系统

光谱分析仪 
显微拉曼光谱仪 

分子速外延生长炉 
提拉法晶体生长炉 

晶体切割研磨抛光系统 
扫描探针显微镜 

899-29 
VF-T2S 

PY61 
Panther OPO 

PLY-20-M 
Spitfire F-1K 

Spectrapro.300i 
AQ6315A 
MKI2000 

Riber Compact 21T 
研制 

Logitech 系列 
Nanoscope Ⅲa 

2005.09 
2000.08 
2003.11 
2003.11 
2003.11 
2000.04 
2000.04 
2005.09 
1998.09 
2003.09 
2002.04 
2001.06 
2006.08 

 
注：除开放基金外，所有仪器设备均为有偿使用 
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Annual Report 2006 

研究工作报告/Scientific Report 

非线性物理与光子技术/ Nonlinear Physics and Photonics Techniques 

负责人：田建国 

 

1．有机及超分子材料光学非线性研究 

相对于传统的有机化合物，超分子材料不仅有着更丰富的结构形式,而且是一种可编程

的、动态的、组合的材料，从而可以提供更为灵活地改善材料光学非线性的途径。首先，通

过对卟啉自组装分子结构的光学非线性的研究，发现卟啉自组装结构中配位溶剂吡啶的添加

会引起非线性吸收的提高，而锌原子对卟啉的金属化导致了非线性折射的剧烈变化；其次，

我们通过三种不同溴化的锌卟啉与吡啶之间的动态平衡过程实现了对非线性吸收的精细调

整，即利用超分子的动态概念获得了对卟啉光学非线性在一定范围内的控制。 

2．周期性亚波长结构的光学性质的研究 

我们在原有的金属小孔凹槽结构的基础上，引入周期调制介质膜和周期排列介质突起，

提出了两种新的亚波长狭缝结构，研究了这些新结构的增强透过效应及准直光束发射和方向

性光发射效应，并对这些效应提出了理论分析。引入介质结构的意义在于当对于直接在金属

表面制备的结构，介质结构更容易加工，并且可以获得更好的增强透过效果。分析了凹槽周

期性在亚波长狭缝增强透过现象中的作用。发现凹槽周期性不是增强透过现象的必要条件，

在非周期凹槽的作用下同样得到了增强透过现象；凹槽周期性是获得强的增强效果的充分条

件。在近似周期凹槽作用下得到了与绝对周期凹槽时十分相似的结果，特别当凹槽相对于绝

对周期变化较小时。这些结果对现实中的亚波长结构的加工有重要的指导意义。 

3．生物光子学 

(1)利用 532 nm 的半导体激光束作为激发光，利用 632.8nm 的 He-Ne 激光束作为探测

光束，激发光和探测光的偏振方向互相垂直且照射到细菌视紫红质膜的相同位置处。在一定

的光强范围内，在探测光束中加入输入图象，由调节激发光的强度可以开关输入图象并能对

输出图象的强度进行连续调节。(2)利用空间分辨技术无损测量了尼龙棒在不同的表面粗糙

度下的有效散射系数.一般情况下生物组织具有一定的粗糙度,因此由空间分辨无损测量得到

的有效散射系数并不是生物组织真正的有效散射系数,这个有效散射系数需要修正,修正系数

依赖于生物组织的表面粗糙度。（3）用 Z-扫描的方法研究了新合成的一种二芳基乙烯化合

物的光学非线性性质。（4）提出了三种新型激光器光束整形器件：改进的圆锥形光锥导管；

哑铃形导管和牛角形光锥导管。对于牛角形光锥和哑铃形导管的特性进行了测量，讨论了利

用牛角形光锥制作高亮度点光源和通过哑铃形导管合成多束激光束的两个创新设计。 

2006 年毕业博士研究生 3 名，硕士研究生 2 名；2006 年招收博士研究生 3 名，硕士研

究生 5 名。一名博士研究生留校，开展周期性亚波长结构的光学性质的研究。 
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2006 年弱光非线性光子学教育部重点实验室年报 

光子学材料及先进制备技术/ Photonics Materials and Advanced Fabrication Techniques 

负责人：孔勇发 

 

本年度在国内外主要学术期刊上发明论文二十余篇；其中 Appl. Phys. Lett. 2 篇, Opt. 

Express 一篇, J. Phys. Chem.一篇。获得发明专利两项；申请发明专利两项。大尺寸光学铌酸

锂晶体获得 2005 年度天津市技术发明二等奖。完成各类科研基金六项，启动国家自然科学

基金四项。徐章程教授入选教育部新世纪优秀人才培养计划。 

开发了具有自主知识产权的熔体注入式双坩埚技术，生长了直径 3 英寸近化学计量比铌

酸锂晶体。在国内率先生长了具有高抗光折变能力的掺铪铌酸锂晶体。发明了铪铁双掺铌酸

锂晶体，在显著提高晶体响应速度的同时，并不降低其衍射效率，大幅提高了晶体的光折变

灵敏度。发现新化合物NaSrBO3和NaMgBO3，并用粉末从头算法进行了晶体结构解析，构建

了Na2O-SrO-B2O3体系富硼区相图。 

在氟氧化物玻璃陶瓷中发现较宽的 1530nm荧光发射，适于用作光纤材料。制备出

Tm3+/Yb3+的掺杂蓝色上转换发光玻璃陶瓷材料，其上转换蓝色荧光肉眼可见。发现可以通

过热处理的方式在玻璃基体中构造纳米级的微晶，并可通过腐蚀的方式获得粉末状纳米团

簇。 

采用溶胶-凝胶制备方法和掺杂调控技术，研制出系列掺杂复合纳米TiO2紫外-可见光催

化剂，其紫外-可见光催化活性已超过单掺杂可见光催化剂；研制出具有W和N双离子掺杂和

微观表面多元组分协同作用的“新型结构高活性的纳米TiO2可见光催化剂”，该催化剂的紫外

-可见光催化活性已超过N离子掺杂TiO2可见光催化剂。 

研究了亚单层 InGaAs 量子点中的载流子动力学，发现材料中的局域声子模以及量子点

基态的辐射寿命和俘获载流子的时间与量子点尺寸的关系。在国内率先开展了有机/无机量

子点红外复合材料的制备工作。在自制 MEH-PPV 的基础上，采用原位复合技术成功合成了

MEH-PPV/PbS 量子点复合材料。 

采用在热处理条件下结合外加电场极化技术，在 3mm 厚钽酸锂晶体上实现了铁电畴极

化反转，使极化开关电场降低了 3 个数量级；在 1mm 厚掺镁铌酸锂晶体上制备出周期为

1.5μm 的均匀亚微米周期结构。用全固态激光抽运多周期掺镁铌酸锂微结构晶体，实现了

1.45~1.72μm 波段输出。在温度 30℃，抽运光功率 300mW 时，信号光输出功率达 56mW，

斜率效率 18.7%。 

武莉博士以“洪堡学者”身份到德国亚琛工业大学进修一年；陈云琳教授到美国作访问学

者；徐章程教授获得日本丸文国际交流基金的资助，赴日本早稻田大学进行学术访问。参加

学术会议 9 人次；其中孔勇发教授在第 13 届全国凝聚态物质光学性质学术会议作大会报告，

在中国光学学会 2006 年学术大会作邀请报告。招收研究生 14 名，其中博士生 2 名；毕业研

究生 10 名，其中博士生一名。 
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Annual Report 2006 

弱光非线性及量子相干光学/ Weak Light Nonlinear Optics and Quantum Coherent Optics 

负责人：许京军 

 

2006 年度“弱光非线性及量子相干光学”方向主要在以下方面取得了进展。 

张国权教授研究组利用光折变相位耦合的色散效应实现了单脉冲的光速减慢和加快，并

在红宝石晶体中观测到超光速传输现象；研究了掺镁铌酸锂晶体的紫外光激发载流子霍尔效

应，初步证实光激发载流子的霍尔迁移率远大于热激发载流子的迁移率。 

陈志刚教授研究组和许京军教授研究组在多种无机和有机材料中成功制备出各种结构

和缺陷的光子晶格，对光波在各种光子晶格中的传播特性作了详细的研究，实现了反对称离

散孤子、离散涡旋孤子态、旋转式离散孤子以及缺陷孤子态等多种形式的新型离散孤子，相

关结果在 Physical Review Letters、Optics & Photonics News、Optics Letters 等高水平学术刊

物上发表。 

孙骞教授研究组系统研究了磁场对掺铁铌酸锂晶体弱光非线性效应的影响；利用熔体扩

散法成功提高了铌酸锂晶体的锂浓度；利用真空高温强还原缩短了铌酸锂晶体的光折变响应

时间至毫秒量级；并在表面等离激元、基于纳米光纤的纳米尺度定向耦合器光耦合和光镊效

应等方面开展了研究。 

本方向在 2006 年度获得国家自然基金面上项目 1 项，“973”计划 1 项，天津市重点基

金项目 2 项。目前在研经费约 330 万元。2006 年度共有 6 人获得博士学位，8 人获得硕士学

位，毕业生就业去向主要分布在高等院校和高科技产业。本年度新引进教师 2 人（楼慈波博

士，高峰博士），出国进修教师 2 人（乔海军副教授，吴强博士）。许京军教授为《Frontiers 

of Physics in China》、《物理》、《激光技术》、《红外与毫米波学报》等多种专业学术刊

物编委，中国物理学会秋季会议等国内外大型学术会议组委。孙骞教授和张国权教授新增为

《激光技术》第九届编委。 
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2006 年弱光非线性光子学教育部重点实验室年报 

光谱表征及传感技术/Spectral Charaterization and Sensing Techniques 

负责人：臧维平 

 

本年度在国内外主要学术期刊上发明论文十九篇；其中 Appl. Phys. 1 篇, 物理学报 2

篇。申请发明专利两项，完成各类科研基金四项，在研科研项目五项。 

在NaY(WO ) 晶体材料中的上转换特性研究方面发表论文三篇，集中在光谱性能分析和发4 2

光机理方面（宋峰教授小组）。在激光清洗领域发表了三篇论文并在第六届全国清洗行业进

步与发展研讨会上做了大会报告（宋峰教授）。 

在光传播理论方面，臧维平教授发表一篇 Appl.Phys 论文一篇。 

赵丽娟教授小组在光子学材料和生物光子学领域，对荧光探针材料和 DNA 检验方面研究

发表论文两篇。 

周文远副教授小组在光谱仪器领域，对高灵敏度多通道分析仪器研究持续进行，并发表

文章一篇。 

徐晓轩副教授小组在应用光谱学领域，主要涉及近红外光谱学数据处理方法、三维荧光

光谱学方法、乳腺组织拉曼光谱表征、有机半导体材料光谱表征以及材料相变过程光谱表征，

共发表论文 7 篇。 

申请“自适应热透镜焦距变化固体激光器”发明专利一项，“红外激光检测卡及其制备

方法”发明专利一项。 

宋峰教授承担教育部高等学校物理基础课程教学指导分委员会委员以及国家自然科学

资金委信息科学学部四处流动项目主任，并任 SPIE Photnics West 会议执行委员，并在第

六届全国清洗行业技术进步与发展研讨会上做特邀大会报告。 

招收研究生 11 名，其中博士生 3 名；毕业研究生 3 名，其中博士生 1 名。 
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Annual Report 2006 

半导体生长技术和半导体器件/ Semiconductor Growth and Devices 

负责人：舒永春 

 

1、科研进展 

针对 MBE 系统使用固体磷源的技术难题和设备状况，首先对磷回收系统和液氮循环系

统进行改造，改造完成后，立即开展了含磷化合物半导体材料制备的研究工作。通过生长参

数对 InP/InP 材料制备工艺参数和性能与表面状态影响的综合研究，认识到含磷化合物材料

生长的关键是控制背景杂质含量和界面质量，并掌握了这些关键点的控制与工艺参数相互影

响的关系，取得了良好实验结果。随后进行了 InGaP/GaAs、InGaAs/InP、GaAs/InGaAsP 等

含磷半导体材料的匹配生长及其性质进行了细致研究，为下一年度开发新型含磷化合物半导

体器件奠定了基础。 

围绕新获批的国家 863 项目和天津基金重点项目开展研究工作。优化了传输矩阵的方法

计算拟合出多层分布式布拉格反射镜（DBR）和垂直外腔激光器（VECSEL）芯片结构的反

射谱曲线，并研究了结构设计与生长工艺条件，制备出中心波长与理论计算基本吻合的 DBR

和 VECSEL 芯片高反射率（995%）材料。同时开展了 InGaAs/GaAs 量子阱及其应力补偿的

深入研究，并取得了阶段性进展。 

对 InAs/GaAs 量子点材料制备的工艺参数和光学性质的相互影响关系进行了深入研究，

制备出 1200nm 量子点激光器。 

 

2、 获批项目 

（1）国家 863 项目（2006～2008）：“光泵浦 1064nm 半导体垂直外腔表面发射激光器芯片

材料的制备”；项目编号：2006AA03Z413。 

（2）天津市重点基金项目（2006～2008）：“光泵浦 980nm 半导体垂直外腔表面发射激光器

芯片的制备”；项目编号：06YFJZJC01100。 

 

3、学术交流 

2006 年本组人员共参加会议等学术交流活动 3 次，发表会议论文 5 篇。 

4、学生情况 

2006 年毕业研究生 3 人，其中博士 1 人，硕士生 2 人。2006 年新招研究生 4 人，由硕

士转攻博士 1 人。 
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2006 年弱光非线性光子学教育部重点实验室年报 

专利/Patents 

申请专利/ Patents Applied 
[1] 200610013956.0；用于快速生物芯片检测的成像镜头；发明；田建国。 
[2] 200610013955.6；智能大功率半导体激光器驱动装置；发明；田建国。 
[3] 200610129356.0；掺锆铌酸锂晶体；发明；刘士国，孔勇发，赵艳军，许京军，陈绍林，

黄自恒，张玲。 
[4] 200610014585.8；一种自适应热透镜焦距变化的固体激光器；发明；宋 峰，伍雁雄，

张鑫，覃斌，田建国。 
[5] 200710056669.2；红外激光检测卡及其制备方法；发明；赵丽娟，余华。 
 
授权专利/ Patents Approved 
[1] ZL200410019732.1；近化学比铌酸锂晶体制备工艺；发明；孙军，张玲，孔勇发，李兵，

刘士国，黄自恒，陈绍林，许京军。 
[2] ZL200410019454.X；熔体注入法生长近化学比铌酸锂晶体系统及其工艺；发明；孙军，

孔勇发，张玲，许京军，阎文博，黄自恒，刘士国，陈绍林，李剑韬，李兵。 
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Annual Report 2006 

发表论文/Publications in Journal 

1. X. Wang, Z. Chen, P. G. Kevrekidis, “Observation of discrete solitons and soliton rotation in 
periodic ring lattices”, Phys. Rev. Lett. 96, 083904 (2006). 

2. J. Yang, Z. Chen, “Defect solitons in optically-induced photonic lattices”, Phys. Rev. E 73, 
026609 (2006). 

3. I. Makasyuk, Z. Chen, J. Yang, “Bandgap guidance in optically-induced photonic lattices 
with a negative defect”, Phys. Rev. Lett. 96, 223903, 1-4 (2006). 

4. Zhangcheng Xu, Yating Zhang, Jorn M. Hvam, Jingjun Xu, Xiaoshuang Chen and Wei Lu, 
“Carrier dynamics in submonolayer InGaAs/GaAs quantum dots”, Appl. Phys. Lett. 89(1), 
Art.No.013113 (2006). 

5. Shuqi Li, Shiguo Liu, Yongfa Kong, Jingjun Xu and Guangyin Zhang, “Enhanced 
photorefractive properties of LiNbO3:Fe crystals by HfO2 co-doping”, Appl. Phys. Lett. 
89(10), Art.No.101126 (2006). 

6. X. Wang, J. Young, Z. Chen and J. Yang “Observation of lower to higher bandgap transition 
of one-dimensional defect modes”, Opt. Exp. 14, 7362-7367 (2006). 

7. Zhi-Bo Liu, Jian-Guo Tian, Jian-Yu Zheng, Zhi-Yun Li, Shu-Qi Chen and Yan Zhu, “Active 
tuning of nonlinear absorption in a supramolecular zinc diphenylporphyrin-pyridine system”, 
Opt. Exp. 14, 2770-2775 (2006).  
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国际合作与交流/International Cooperation and Exchange 
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of Arizona 

Associate 
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5. 汤上 登 日本 宇都宫大学能量与环
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序

号 
姓名 

国家或

地区 
单位 职称或职位 出访时间 出访目的

1. 张心正 德国 
明斯特大学应用物理

学院 
副教授 

2004.4- 
2006.8 

洪堡研究

学者 

2. 楼慈波 美国 旧金山州立大学物理

天文系 讲师 
2006.10- 
2007.2 

访问学习

3. 徐章程 日本 早稻田大学 教授 2006.3 合作研究

4. 徐章程 日本 早稻田大学 教授 2006.11 合作研究

5. 武  莉 德国 亚琛工业大学 讲师 
2006.7- 
2007．8 

洪堡研究

学者 

6. 吴  强 美国 麻省理工 讲师 2006.12-20
08.4 合作研究

7. 乔海军 加拿大 加拿大维多利亚大学 副教授 2006.04 – 
2008.03 合作研究

8. 陈云琳 美国 阿肯色大学 教授 
2006.11- 
2007.11 

合作研究
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引进人才名单 

序号 姓名 性别 出生年月 职称 研究方向 
1 李祖斌 男 1978.11 讲师 亚波长材料光学性质 
2 高  峰 男 1978.7 讲师 色散调控 
3 楼慈波 男 1979.1 讲师 光子微结构及光动力学 
4 陈志刚 男 1964.1 教授 光孤子 

5 
Romano 
A. Rupp 

男 1952.1 教授 光折变非线性光学 

6 孙甲明 男 1968.11 教授 
硅基光电子材料和器件， 
半导体 THz 材料和物理 
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国内、国际会议报告/Talks at Conferences 

 
1. 孔勇发，许京军，张光寅，“缺陷结构调控与铌酸锂晶体的光折变性能”，第 13 届全国

凝聚态物质光学性质学术会议，厦门（2006.8.4-6）。(大会报告) 
2. 孔勇发，许京军，“光折变全息存储材料的研究进展”，中国光学学会 2006 年学术大会，

广州（2006.9.3-5）。(邀请报告) 
3. 宋峰，“激光在除锈中的应用”，第六届全国清洗行业技术进步与发展研讨会暨企业创新

与产业升级高峰论坛，青岛（2006.6）。（邀请报告） 
4. 张国权，“南开大学物理科学学院光学学科工作报告”，第 13 届全国激光物理讨论会，

湖南，张家界（2006.10.21-23）。 
5. 高峰，“Condensed matter dispersion and light group velocity control”，2006 年第五届亚太

激光研讨会，桂林（2006.11.23-27）。 
6. 崔国新，李玉栋，郭小枝，陈靖，刘洪冰，许京军，孙骞，“铌酸锂铁电畴波导的制备”, 

第十三届全国凝聚态物质光学性质学术会议，厦门（2006.8.4-9)。 
7. 齐继伟，李玉栋，许京军，崔国新，孙骞，“磁场对光折变光栅擦除过程影响的研究”，

第十三届全国凝聚态物质光学性质学术会议，厦门（2006.8.4-9)。 
8. 刘照红，刘思敏，郭儒，齐新元，周立鹏，李源，“二维白光圆形暗空间孤子及其相互

作用”，中国物理学会秋季学术会议，清华大学（2006.9.15-17） 
9. 汪大云，刘思敏，刘照红，郭儒，高垣梅，黄春福，朱楠，宋涛，“高斯光束传播在LiNbO3:Fe

晶体中的时间行为的实验研究 ”，中国物理学会秋季学术会议，清华大学（2006.9.15-17） 
10. 李源，郭儒，刘思敏，刘照红，齐新元，周立鹏，“暗孤子在扩散场中的偏折”，中国物

理学会秋季学术会议，清华大学（2006.9.15-17） 
11. 齐新元，刘思敏，郭儒，刘照红，周立鹏，李源，“光感应一维光子晶格中的缺陷模分

立孤子”，中国物理学会秋季学术会议，清华大学（2006.9.15-17） 
12. 周立鹏，刘思敏，郭儒，刘照红，齐新元，李源，“掺铁铌酸锂晶体中的二维波导阵列

的制作及分立衍射分立孤子的观察”，中国物理学会秋季学术会议，清华大学

（2006.9.15-17） 
13. 黄春福，郭儒，刘思敏，“部分非相干光和白光在抛物型平面波导中的自陷行为”，中国

物理学会秋季学术会议，清华大学（2006.9.15-17） 
14. 张春平,“偶氮染料掺杂聚合物薄膜的全光开关特性”,全国光子—光电子学系列主题学术

与发展战略研讨,三亚（2006.12）。 
15. 张春平,“表面粗糙度对有效散射系数影响的实验研究”,中国光学学会 2006 年学术大会,

广州（2006.9.3－6）。 
16. 孔勇发，孙军，李兵，黄自恒，陈绍林，张玲，刘士国，舒永春，许京军，“大尺寸光

学级铌酸锂晶体”，第 14 届全国晶体生长与材料学术会议，福州（2006.11.5-9）。 
17. 李晓春，孔勇发，安亚南，刘宏德，“近化学计量比双掺铜铈铌酸锂非挥发性全息存储

性能的研究”，中国光学学会 2006 年学术大会，广州（2006.9.3-5）。 
18. 李晓春，孔勇发，刘宏德，许京军，“组分对掺铁铌酸锂晶体光折变中心的影响”，中国

物理学会 2005 年秋季学术会议，北京（2006.9.15-17）。 
19. 刘宏德，孔勇发，李晓春，吴日雯，肖罗生，陈绍林，刘士国，黄自恒，张玲，许京军，

“近化学计量比掺杂铌酸锂晶体的非线性光学性能研究”，中国物理学会 2006 年秋季学

术会议，北京（2006.9.15-17）。 
20. 刘宏德，孔勇发，吴日雯，胡茜，王文杰，陈绍林，刘士国，黄自恒，张玲，许京军，

张光寅，“光诱导铌酸锂晶体畴反转的研究”，第 13 届全国凝聚态物质光学性质学术会
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议，厦门（2006.8.4-6）。 
21. 何龙，赵迪，孙同庆，张康，陈绍林，孔勇发，宋峰，“Er:KLa(WO4)2晶体的生长与光

谱性质”，第 14 届全国晶体生长与材料学术会议，福州（2006.11.5-9）。 
22. 高碧芬，马颖，曹亚安，谷战军，姚建年，“Ti(1-x)ZrxO2 固溶体的制备和光催化性能

的研究”，中国化学会第二十五届学术年会，长春（2006.7.11-15）。 
23. 姚江宏，刘志伟，薛亮平，许京军，张光寅，“准相位匹配掺镁铌酸锂晶体红外光学参

量振荡特性”，第十三届全国凝聚态物质光学性质学术会议，厦门（2006.8）。 
24. 贾国治，姚江宏，舒永春，许京军，王占国，“近红外波段 InAs 量子点 MBE 生长及发

光特性研究”，第十三届全国凝聚态物质光学性质学术会议，厦门（2006.8）。 
25. 贾国治，姚江宏，舒永春，王占国，“生长温度对双模量子点尺寸分布和光学性质的影

响”，第十四届全国化合物半导体材料、微波器件和光电器件学术会议，北海（2006.11）。 
26. 姚江宏，贾国治，舒永春，王占国，“InAs/GaAs 量子点形貌与光学性质研究”，第十四

届全国化合物半导体材料、微波器件和光电器件学术会议，北海（2006.11）。 
27. 贾国治，姚江宏，王占国，“近红外波段 InAs 量子点 MBE 生长及发光特性研究”，光子

－光电子学系列主题学术与发展战略研讨会，主题（Ⅱ）：先进光电子器件及其应用，

海南三亚（2006.12）。 
28. 宋峰，全国光学大会，广州（2006.9）。 
29. 宋峰，第二届国际光纤传感与产业化研讨会，哈尔滨（2006.9）。 
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主办/协办国内、国际会议/Conferences Sponsored by the Laboratory 

 
序号 姓名 会议名称 职位 

１ 宋峰 SPIE Photonics West Conference 
Program Committee 

Member 

２ 许京军 中国物理学会 2006 年秋季学术会议 会议组委 

3 孙骞 中国物理学会 2006 年秋季学术会议 分会主席 

4 孙骞 第十三届全国凝聚态物质光学性质学术会议 分会主席 
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学术组织与期刊任职/Academic Service 

国内学术组织任职/Service to the Domestic Professional Societies 

序号 姓名 任职机构 职位 任期 
1 许京军 天津市物理学会 理事  

2 宋峰 
国家自然科学资金委信息

科学学部四处 
流动项目主任 2006.5~2007.2 

3 宋峰 
教育部高等学校物理基础

课程教学指导分委员会 
委员 2006~2010 

4 孔勇发 天津市硅酸盐学会 
晶体生长与材料专

业委员会副主任 
2005- 

5 孙骞 天津市光电子学会 常委 2006- 

6 孙骞 
中国光学学会光电技术委

员会 
委员 2006- 

 
 
国内期刊任职/Service to the Domestic Journals 

序号 姓名 任职机构 职位 任期 

1 
许京军 Frontiers of Physics in 

China-Selected publications 
from Chinese Universities 

编委 2005- 

2 许京军 《激光技术》 编委 2006-2010 
3 许京军 《红外与毫米波学报》 编委  
4 许京军 《物理》 编委  
5 孔勇发 《激光技术》编委会 编委 2006-2010 
6 张国权 《激光技术》 编委 2007-2011 
7 孙骞 《激光技术》 编委 2006-2010 
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获奖情况/Awards & Honors 

 
大尺寸光学级铌酸锂晶体 
2006 年天津市技术发明奖二等奖（2005FM-2-003-D1） 
获奖者：孔勇发 许京军 孙军 孙骞 张光寅 
 
光折变新效应、机理与器件的研究 
南开大学科技成果特别奖 

获奖者：许京军 张光寅 刘思敏 张国权 孔勇发 
 
 
获奖个人/Award for distinguished scientists 
第六届“中国青年科学家奖” 
获得者：许京军 
 
 
获奖研究生/Award for excellent students 
2006 年全国博士论坛优秀论文奖：任相魁 
 
泰达奖教金优秀学生奖一等奖：薄方 
 
南开大学党员标兵：      薄  方 
南开大学优秀党员：      刘宏德 
南开大学优秀学生干部：  潘雷霆  
南开大学优秀学生干部：  肖罗生  张兰兰  
南开大学优秀毕业生：    孙  亮  董  嵘  曲  迪  申  岩 
南开大学三好学生：      刘宏德  苏  静 
南开大学奖学金： 
一等奖学金  张雅婷 
二等奖学金  王秉慧 
三等奖学金  薄  方  舒  强  刘宏德  苏  静  王  喆  吴日雯  苏瑞渊  刘燕楠 

田  彬  刘宝荣  孙  健  贾  峰  孟  扬  郭  磊 
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学位论文/Dissertations 

1. 博士学位论文 Dissertation for Doctoral Degree 

[1] 吴朝晖，激光二极管抽运 Er-Yb 共掺磷酸盐玻璃激光器的研究；导师：宋峰 

[2] 杨嘉，光折变光学表面波及其在二次谐波产生中的应用；导师：张春平 

[3] 楼慈波，光子晶格微结构及其光传播动力学研究；导师：许京军 

[4] 高峰，时空周期调制与光群速调控；导师：许京军 

[5] 阎文博，近化学计量比铌酸锂晶体的生长与性能研究；导师：孔勇发 

[6] 黄春福，非相干光空间孤子及其相互作用研究；导师：郭儒 

[7] 高垣梅，在 LiNbO3:Fe 晶体中白光暗空间孤子及其应用和由反射光栅引起的二波耦

合的实验研究；导师：刘思敏 

[8] 李祖斌，周期性亚波长结构的光学透过性质研究；导师：田建国 

[9] 刘智波，有机及超分子材料光学非线性研究；导师：田建国 

[10] 张冠杰，GaAs 基多量子阱和自组织量子点材料的 MBE 优化生长及其特性的研究；

导师：王占国 

[11] 高国祥，铌酸锂晶体低温光折变性质研究；导师：许京军 

[12] 申岩，光折变空间电荷场演变与非线性效应的理论研究；导师：许京军 

[13] 林海波，聚合物电致发光器件的老化机理和发光性能光谱研究；导师：俞钢 

[14] 武中臣，复杂凝聚态体系中近红外光谱信号的信息提取及定量表示；导师：俞钢 

[15] 温宏胜，以 Monte Carlo 方法研究粗糙表面效应对生物组织光散射的影响；导师：田

建国 

[16] 杨秀芹，有机光色材料的光学非线性及其应用；导师：张春平 

 

2. 硕士学位论文 Dissertation for Master Degree 

[1] 杨威，液相外延法生长铌酸锂薄膜中助熔剂对衬底材料的影响；导师：孙骞 

[2] 车蔚玥，具有光学缓冲层的周期层叠全息光栅的光学性质及应用；导师：张国权 

[3] 朱楠，铌酸锂晶体中的调制不稳定性与灰孤子的研究；导师：郭儒 

[4] 周斌斌，掺铬镁橄榄石激光器及准相位匹配光学参量振荡器研究；导师：陈云琳 

[5] 李剑韬，熔体注入－双坩埚提拉法生长近化学计量比铌酸锂晶体研究；导师：张玲 

[6] 李树奇，掺铪铌酸锂晶体抗光折变性能研究；导师：刘士国 

[7] 宋涛，光感应一维阵列波导中复合态分立孤子的实验观察；导师：刘思敏 

[8] 杨大鹏，铁电类晶体非线性表面电磁波与表面非线性光学效应研究；导师：张天浩 

[9] 张攀，人体乳腺肿瘤诊断的新技术研究；导师：俞钢 

[10] 孙磊，近化学计量比掺锰铌酸锂晶体光折变特性研究；导师：孔勇发 

[11] 杨正广，DCG 全息在光信息学中的应用；导师：田建国 

[12] 梅灿，光传播与坐标变换方法；导师：田建国 

[13] 赵迪，掺铒钨酸镧钾晶体生长与性质研究；导师：孔勇发 

[14] 曲迪，二维非线性光子晶格中缺陷模的实验和理论研究；导师：刘思敏 

[15] 王占银，大直径铌酸锂晶片化学机械抛光研究；导师：孔勇发 
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[16] 鄢飞润，光学微结构的性质研究；导师：孙骞 

[17] 彭灏，纳秒光学参量振荡系统的激光光束整形研究；导师：田建国 

[18] 孙亮，量子点－量子点光放大器的增益特性；导师：王占国 

[19] 尹美荣，探针－样品间剪切力作用机制的研究；导师：张天浩 

[20] 薛亮平，周期极化掺镁铌酸锂晶体光参量振荡研究；导师：姚江宏 

[21] 闫卫国，掺镁铌酸锂准周期结构的研究；导师：陈云琳 

[22] 刘国梁，GaAs 基 In(Ga,Al)As 量子点材料生长与性质研究；导师：姚江宏 

[23] 李奇楠，微量有机物热解气 FTIR 红外光谱分析研究；导师：俞钢 

[24] 董嵘，光波位相耦合过程中的色散效应及其应用；导师：张国权 

[25] 殷长秋，光折变体三维全息存储器编解码方式和寻址方式的研究；导师：孙骞 

[26] 梁兴，有机光色材料光学性质的研究与应用；导师：张春平 

[27] 宋宇，CCD 在微光成像领域中的应用研究；导师：田建国 

[28] 王铁铮，光折变光栅瞬态特性研究；导师：许京军 

[29] 徐音，电扩散法制备近化学计量比铌酸锂晶体；导师：许京军 
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选录论文/Selected Papers 

[1] Zhangcheng Xu, Yating Zhang, Jorn M. Hvam, Jingjun Xu, Xiaoshuang Chen and Wei Lu, 
“Carrier dynamics in submonolayer InGaAs/GaAs quantum dots”, Appl. Phys. Lett. 89(1), 
Art.No.013113 (2006). 

[2] Shuqi Li, Shiguo Liu, Yongfa Kong, Jingjun Xu and Guangyin Zhang, “Enhanced 
photorefractive properties of LiNbO3:Fe crystals by HfO2 co-doping”, Appl. Phys. Lett. 
89(10), Art.No.101126 (2006). 

[3] Zhi-Bo Liu, Jian-Guo Tian, Jian-Yu Zheng, Zhi-Yun Li, Shu-Qi Chen and Yan Zhu, “Active 
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Carrier dynamics of submonolayer InGaAs/GaAs quantum dots �QDs� were studied by
microphotoluminecence �MPL�, selectively excited photoluminescence �SEPL�, and time-resolved
photoluminescence �TRPL�. MPL and SEPL show the coexistence of localized and delocalized
states, and different local phonon modes. TRPL reveals shorter recombination lifetimes and longer
capture times for the QDs with higher emission energy. This suggests that the smallest SML QDs are
formed by perfectly vertically correlated two-dimensional InAs islands, having the highest In
content and the lowest emission energy, while a slight deviation from the perfectly vertical
correlation produces larger QDs with lower In content and higher emission energy. © 2006
American Institute of Physics. �DOI: 10.1063/1.2219394�

Self-assembled quantum dots �QDs� can be grown either
in the conventional Stranski-Krastanow �SK� mode or via
submonolayer �SML� deposition.1–5 SML InGaAs/GaAs QD
heterostrutures are verified to be a quantum-dot-quantum-
well structure �QDQW�, in which local clusters with higher
In content are embedded in a lateral quantum well with
lower In content.6,7 Although SML InGaAs QD lasers with
high gain or power have been realized recently,5,8,9 very few
works have been carried out on the carrier dynamics of SML
QDs, as compared with SK QDs.1,10–12 The study of the car-
rier dynamics of SML QD structures is of great interest not
only for the understanding of the fundamental physics of
zero-dimensional structures but also for optoelectronic de-
vice applications.

In this letter, we use microphotoluminescence �MPL�,
selectively excited photoluminescence �SEPL�, and time re-
solved photoluminescence �TRPL� to explore the localiza-
tion, capture, and recombination of carriers in SML QD
structures, at low temperature. We found that the capture
time and the recombination lifetime of SML QDs depend
strongly on the emission energy, which could be explained
by analyzing the growth mechanism of SML QDs.

SML InGaAs/GaAs QDs was formed by alternate depo-
sition of 0.5 ML InAs and 2.5 ML GaAs for ten times �see
Ref. 6 for the details of the sample preparation�. The MPL
and SEPL were measured at 10 K, and the TRPL measure-
ments were carried out at 5 K. In MPL, the incident light
from a He–Ne laser at the wavelength of 632.8 nm was fo-
cused on the sample to a spot of around 2 �m in diameter. In

SEPL, a wavelength-tunable Ti:sapphire laser was used for
excitation. In the TRPL setup, the sample was cooled in a
liquid helium cryostat and excited in the GaAs barriers with
120 fs pulses from a Ti:sapphire laser at the wavelength of
800 nm and the PL signal was collected, dispersed, and syn-
chronously detected using a streak camera with 2.5 ps time
resolution. The excitation spots in both REPL and TRPL are
about 50 �m in diameter.

The size distribution of QD ensembles could vary
slightly with the position on the wafer as seen in Fig. 1�a� at
low excitation density. The fine structures for the three spec-
tra are different from each other showing emission from in-
dividual QDs. These features are reproducible so we could
rule out the effect of noise. As the areal density of the SML

a�Electronic mail: zcxu@nankai.edu.cn

FIG. 1. �Color online� Microphotoluminecence spectra at 10 K at three
different points on the wafer �A, B, and C� 1 mm apart, at low excitation
power density �a� and at high excitation power density �b�.
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QDs is about 5�1011 cm−2 as reported in Ref. 6, about
15 000 SML QDs are probed at the same time. This explains
the high density of sharp lines throughout the whole contour
of the QD PL emission. At high excitation power density, a
peak at 1.326 eV dominates the whole spectrum, and the
peak energies for the three excitation points are identical, as
shown in Fig. 1�b�. This indicates that the peak at 1.326 eV
originates from the delocalized states in the studied structure,
corresponding to the QW states.7

In SEPL measurement with the excitation energy Eex
tuned near to the edge of the density of states �DOS� in the
QW �Eex=1.336 eV�, a few sharp resonant lines and a reso-
nant PL band appear within the broad PL band, near to one
longitudinal optical ��LO� 31–36 meV� and 2LO �66 meV�
phonon energies below the excitation energy, respectively, as
shown in Fig. 2. To confirm that these sharp lines are not
attributed to resonant Raman scattering, the polarization di-
rections of the incident laser beam and the detected PL signal

were set to be along the �110� and the �1, 1̄ ,0� directions,
respectively, in the backscattering geometry, as in Ref. 13. A
Raman signal cannot be detected in this geometry, according
to the selection rules.14 When the excitation energy is less
than one GaAs LO-phonon energy above the lateral QW
ground state in the SML-grown QDQW structure, the prob-
ability for the photon-excited carriers �excitons� to relax
within the QW states by emission of only longitudinal acous-
tic �LA� phonons is less than the carrier �exciton� capture
probability from QW to QDs by emission of LO phonons.
Dots which can be accessed by emission of LO phonons are
populated more efficiently, since their delta-function-like
DOS can be accessed directly from the excited energy level
in the QW by LO phonon emission.

The complex structure in the 1LO resonant peaks con-
sists of several optical phonon modes whose energies are
36.7, 34.5, 32.9, and 31.3 meV, respectively, as shown in the
inset of Fig. 2. We assign these lines to the LO phonon
modes in the GaAs barrier, the GaAs/ InAs interface, the
InGaAs lateral QW, and the InGaAs QDs, respectively. The
2LO resonance occurs at the energy of 66 meV below the
excitation energy, nearly two times the LO phonon energies
of QW. The coexistence of several optical phonon modes
indicates the complex structure of SML QDs.

The electron-hole �e-h� pairs �or excitons� generated in
the GaAs barrier are either captured directly into the QW
where they relax and are finally captured by the QDs, or they
are directly captured by the QDs or recombine in the QW.
Then the captured carries will recombine inside the QDs.

Figure 3 shows the PL transient of QD states in SML
InGaAs/GaAs QD structures, at an excitation density of
101 W/cm2 �corresponding to 1017 electron-hole pairs/
cm3 pulse�. On the long timescale �Fig. 3�a��, the PL decay
can be well fitted by a monoexponential function, and the
decay time �d can be evaluated. On the short timescale �Fig.
3�b��, the PL transients can be fitted by the expression15

I�t� � �exp�− t/�r� − exp�− t/�d��/��r − �d� , �1�

where �r is the rise time of PL transients, which can provide
information on carrier capture into the QDs.

Fig. 4 shows the values of �d and �r plotted against the
QD emission energy. With increasing QD transition energy,
�d decreases from 840 to 500 ps, while �r increases from
35 to 60 ps

For SK QDs, QDs with higher emission energy are be-
lieved to be smaller, and stronger electron-hole overlap oc-
curs inside the QDs, resulting in longer lifetime.16 Recently,
a reduction of the radiative lifetime for smaller SK QDs with
higher emission energy has been observed, which was ex-
plained by the reduced electron-hole overlap integral due to
the larger piezoelectric effect in larger QDs.17 However, in

FIG. 2. �Color online� The PL spectra of the SML QD structure at the
excitation energies of 1.959 eV above the GaAs barrier band gap and
1.336 eV just above the edge energy of the QW at 10 K. The inset zooms in
the 1LO parts, and the solid line is a guide for the eye.

FIG. 3. �Color online� TRPL detected at different ground states of SML
QDs at 5 K, �a� in the long time scale for the evaluation of the decay time;
�b� in the short time scale for the evaluation of the rise time.

FIG. 4. �Color online� Dependence of the decay �rise� time with respect to
the QD emission energy for SML QDs. �a� the integrated PL spectra; �b� the
decay time; and �c� the rise time.
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the case of SML QDs, the smallest QDs are formed by per-
fectly vertically correlated two-dimensional �2D� InAs
islands,2,3,6,8 and have the highest In content, while slight
deviation from the perfect vertical correlation produces
larger QDs with lower In content, as schematically shown in
Fig. 5. SML QDs with higher emission energy have larger
lateral dimensions but the same height, as suggested by the
in-plane transmisson electron microscope �TEM� image in
Ref. 6. The contrast of the image comes from the difference
of In contents, the brighter parts have less In contents than
the darker parts. Although it is not easy to distinguish the
difference of In contents between the smaller and larger
QDs, we can clearly see the contrast difference between the
lateral InGaAs QWs �bright parts� with lower In contents and
the QDs �darker papers� with higher In content. The lateral
InGaAs QW structure is formed due to the random distribu-
tion of InAs 2D islands within the GaAs matrix. In some
sense, the QW structure can be regarded as the largest QDs
with the lowest In content. The observed shorter PL decay
time for larger SML QDs with higher emission energy may
thus be due to the enhanced overlap of the electron-hole
wave functions. On the other hand, it is also possible that the
exciton wave function extension increases, due to the cou-
pling to QW states, with the increase of the QD emission
energy, which will make the PL decay time even shorter.

Since thermalization and relaxation processes with the
three-dimensional GaAs and the two dimensional QW occur
on a much faster time scale,18 the measured rise time mainly
reflects the capture process into the QD. When the density of
carriers generated by each pulse is much higher than the QD
density as in the present case, the carrier capture is mediated
by Coulomb scattering �Auger process�. According to Ref.
19, the Auger coefficient �capture time� decreases �increases�
with the increase of the QD diameter, which coincides with
the present result.

In summary, we have explored the carrier dynamics of
an InGaAs/GaAs QDQW structure formed by submonolayer
deposition. The coexistence of the localized states of QDs

and the delocalized states of QWs are revealed clearly in the
MPL spectra. Different local phonon energies of the QDQW
structure are obtained when the excitation energy is tuned
close to the edge of DOS of QWs, indicating the complex
structure of SML QDs. The recombination lifetime of SML
QDs decreases with the increase of QD emission energy.
This can be explained by assuming that SML QDs with
higher emission energy have lower average In content and
larger volume. The Auger carrier capture time for SML QDs
increases with the increase of QD volume, which coincides
with theoretical predictions.19
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Photorefractive properties of congruent lithium niobate crystals codoped with HfO2 and Fe2O3 were
investigated and it was found that Fe ions are still located at Li sites as photorefractive centers when
the doping concentration of HfO2 goes above the threshold value. As a result, their photorefractive
response speed and sensitivity are significantly enhanced. Meanwhile, the high saturation diffraction
efficiency is still maintained. Experimental results definitely show that Hf is now the most effective
doping element for LiNbO3:Fe crystal to improve its photorefractive properties. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2349306�

Lithium niobate �LiNbO3, LN� crystal is one of the most
widely used photorefractive materials in the holographic vol-
ume storage. Transition-metal elements, such as Fe, Cu, and
Mn, are usually added into LiNbO3 to improve its photore-
fractive characteristics.1 Among them, Fe2O3 doped LiNbO3
�LiNbO3:Fe� is one of the most excellent candidate materi-
als for optical data storage due to its high diffraction effi-
ciency, high photorefractive sensitivity, high data storage
density, long storage lifetime, and well-considered thermally
fixing method. However, several problems, such as low re-
sponse speed and strong light-induced scattering, impede the
application of LiNbO3:Fe crystal in holographic volume
storage. Doping with damage-resistant elements, such as Mg,
Zn, In, and Sc, has been found to be a useful way to solve
these problems.2–5 It has been known that there exist thresh-
old concentrations for these dopants. When the doping con-
centrations are above the threshold values, most of the Fe
ions on the Li sites will be repelled by these damage-
resistant ions to the Nb sites. As a result, response speed and
photorefractive sensitivity are remarkably improved, never-
theless diffraction efficiency will apparently decrease.

Recently, hafnium was found to be another optical
damage-resistant element and its doping threshold concentra-
tion is about 4 mol % in the melt.6–8 Dissimilar to Mg2+,
Zn2+, In3+, and Sc3+, Hf4+ is a tetravalent ion and its valence
is higher than that of Fe2+/3+, which suggests that the photo-
refractive properties of LiNbO3:Fe crystals codoped with
HfO2 are likely to be different from those codoped with other
damage-resistant elements. In this letter, the holographic
properties of LiNbO3 codoped with HfO2 and Fe2O3
�LiNbO3:Fe:Hf� are investigated by holographically record-
ing experiments. It is very interesting to find that Fe ions still
locate at Li sites when the doping concentration of HfO2
exceeds the threshold value, and therefore the photorefrac-
tive response speed and sensitivity are greatly improved
while the high diffraction efficiency is maintained.

In the experiments, three congruent LiNbO3 crystals
codoped with 0.03% Fe and different concentrations of HfO2
were investigated. The congruent composition was selected
as �Li� / �Nb�=48.38/51.62. Their HfO2-doping concentra-

tions are 2, 4, and 5 mol %, respectively, with which the
samples are marked as LN:Fe:Hf2, LN:Fe:Hf4, and
LN:Fe:Hf5, as in Table I. The crystals were grown in air by
the Czochralski method along the c axis with the pulling rate
of 1 mm/h and the rotation speed of 12 rpm. After the an-
nealing treatment and artificial polarization, the crystal
sheets with the thicknesses of 1 and 3 mm were cut along the
y faces and optically polished.

Holographic experiment was carried out with the 3 mm
thick plates in a traditional holographically recording con-
figuration, in which a 532 nm diode laser was used. Two
mutually coherent and extraordinary polarized beams with
equal intensity of 250 mW/cm2 were used as writing beams
at a crossing angle of 23° on the incident crystal surface. The
grating vector was aligned along the c axis to utilize the
largest electro-optic coefficient r33. The measured diffraction
efficiency � was defined as Id / �Id+ It�, where Id and It were
the diffracted and transmitted intensities of the readout beam,
respectively.

The recording behavior of the single grating in
LiNbO3:Fe:Hf could be well described by a function of
��t�=�sat�1−exp�−t /�r��, where �r is the recording time con-
stant and �sat is the saturation diffraction efficiency. The pho-
torefractive sensitivity S was defined as S
= �d�� /dt�t=0 / �IL�, where I is the total recording light inten-
sity and L is the crystal thickness. Table I describes the pho-
torefractive properties of LiNbO3:Fe:Hf crystals, in which
the data for Fe doped and Mg and Fe codoped LiNbO3 crys-
tals are also listed for comparison.

Under low illumination intensity �in mW”cm2�, the ho-
lographically recording time in LiNbO3:Fe is usually of the
order of minutes. However, our experimental results in Table
I show that the response rate and sensitivity in our samples
increase greatly with the increase of Hf-doping concentra-
tions. When the HfO2-doping concentration is 2 mol % in
the melt, i.e., below its threshold value, the maximum dif-
fraction efficiency of 68% is obtained. Meanwhile, the re-
sponse time is reduced to 17.2 s. When the HfO2-doping
concentration increased to 5 mol %, the response time de-
creased to 10.7 s while the saturation diffraction efficiency
was kept as high as 55.4%. But for Mg and Fe codoped
LiNbO3,2 when MgO-doping concentration increases from
2 to 6 mol %, namely, from below to above its threshold

a�Author to whom correspondence should be addressed; electronic mail:
kongyf@nankai.edu.cn
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concentration �the threshold concentration of MgO is about
4.6 mol % in melt9�, the recording speed is increased 4
times, while the maximum diffraction efficiency is reduced
4.7 times.

The holographic properties of LiNbO3 crystal mainly de-
pend on its photorefractive centers. In LiNbO3:Fe crystal,
the photovoltaic effect is the dominant charge-transport
mechanism10 and the dominant charge carriers are
electrons.11 Hence in our samples, Hf ions do not participate
in the charge-transport process and Fe ions also play a domi-
nant role. However, the codoped hafnium ions may affect
concentrations and incorporation of other ions, which con-
tribute to the photoconductivity �ph. As for LN:Fe:Hf2,
2 mol % of the Hf-doping concentration is below its thresh-
old concentration, thus there exists a small portion of antisite
Nb ions �Nb on Li sites, NbLi� in the sample, which is the
most probable electron acceptor in a Li-deficient LiNbO3
host. When the HfO2-doping concentration is above its
threshold value, NbLi are completely removed and photocon-
ductivity �ph greatly increases,7 which makes the response
speed and the photorefractive sensitivity enhanced.

The OH− absorption spectra and UV-visible absorption
spectra of our 1 mm thick plates were measured with a
Magna-560 Fourier transform infrared spectrophotometer
and a Beckman DU-8B spectrophotometer, respectively, with
the incident light transmitting along the y axis at room tem-
peratures. Figure 1 shows the OH− absorption spectra of our
samples, in which the absorption band is situated at about
3484 cm−1 for LN:Fe:Hf2 and located near 3487 cm−1 for
LN:Fe:Hf4 and LN:Fe:Hf5. These experimental results are
the same as those obtained in single doped LiNbO3:Hf
crystals,8 where the presence of 3487 cm−1 absorption band
indicates that the Hf-doping concentration has reached its

threshold level and Hf has occupied normal Nb sites. In Mg
and Fe codoped LiNbO3 crystals with its MgO-doping con-
centrations above threshold, besides 3535 cm−1 absorption
band related with MgNb

2+ –OH− complex, another peak corre-
sponding to the vibration of FeNb

3+ –OH− appears at
3507 cm−1.12,13 It should be noted that 3507 cm−1 absorption
band is not present in LN:Fe:Hf4 and LN:Fe:Hf5, which
suggests that the lattice locations of Fe3+ ions are unaltered
and still located at Li sites in spite of HfO2-doping concen-
trations above its threshold value. As we know, when Mg-
doping concentration goes above its threshold, Fe3+ ions will
move from Li sites to Nb sites and the light-induced refrac-
tive index change can be greatly reduced. Some
researchers14,15 attribute this reduction of photorefractive
properties to an abrupt decrease of the capture cross section
of electrons by Fe3+ and therefore the sharp increase of pho-
toconductivity. When the concentration of Hf exceeds its
threshold concentration, all antisite defects NbLi are cleared
up and thus response time is shortened greatly, nevertheless
Fe3+ ions are still located at Li sites acting as electron accep-
tors, therefore, the saturation diffraction efficiency of
LN:Fe:Hf5 crystal does not greatly decrease with respect to
the sample of LN:Fe:Hf2. However, �sat for LN:Fe:Hf4 is
somewhat lower than that for LN:Fe:Hf5, which might be
due to slightly lower Fe concentration in LN:Fe:Hf4, espe-
cially those of Fe2+ ions. This supposition is partly proved by
the UV-visible absorption spectra.

Figure 2 shows UV-visible transmission curves of these
crystals, from which we can see that there is an apparent
absorption band from the absorption edge to the wavelength
of longer than 700 nm for LN:Fe:Hf2 and LN:Fe:Hf5 crys-
tals, corresponding to Fe2+ ion absorption.16 It is easily
shown that the shape for LN:Fe:Hf5 is almost similar to that

TABLE I. Photorefractive properties of Fe doped, Mg and Fe codoped, and Hf and Fe codoped LN crystals.
Incident power density of a single beam used for Hf and Fe codoped samples was approximately 250 mW/cm2.

Sample

Doping concentrations Photorefractive properties

Refs.Fe �wt %� Mg �mol %� Hf �mol %� �sat �%� �r �s� S �cm/J�

LN:Fe 0.01 70 160 2
LN:Fe:Mg2 0.01 2 70 60 2
LN:Fe:Mg6 0.01 6 15 15 2
LN:Fe:Hf2 0.03 2 68.0 17.2 3.99 This work
LN:Fe:Hf4 0.03 4 47.6 12.6 4.36 This work
LN:Fe:Hf5 0.03 5 55.4 10.7 5.23 This work

FIG. 1. OH− absorption spectra of LiNbO3 crystals codoped with 0.03% Fe
and different concentrations of Hf. A, B, and C is for 2, 4, and 5 mol % Hf,
respectively.

FIG. 2. Transmittance curves for as-grown LiNbO3 crystals codoped with
0.03% Fe and 2 mol % Hf �curve A�, 4 mol % Hf �curve B�, and 5 mol %
Hf �curve C�, respectively.
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for LN:Fe:Hf2, which means that the optical properties of
Fe2+ ions are unchanged with the increase of HfO2-doping
concentration up to 5 mol %. As it has been commented
above, Fe3+ ions also remain at Li sites in LN:Fe:Hf5 crys-
tal, and the valence state of Fe2+ is lower than that of Fe3+

ions. We believe that Fe2+ ions are also located at Li sites as
donor centers. But for LN:Fe:Hf4, there is no such an obvi-
ous broadband absorption, and a noticeable blueshift of its
absorption edge can be observed. This observed difference
implies that the involvement of total Fe as well as Fe2+ ions
in LN:Fe:Hf4 is somewhat lower than those of our other two
samples and hence the small number of effective electrons is
available. As a result, LN:Fe:Hf4 crystal shows a lower �sat.

It is known that the photoconductivity and photorefrac-
tive sensitivity of Fe doped LiNbO3 crystals can be opti-
mized for holographic data storage by thermally reducing or
oxidizing treatments. The reduction treatment for our
samples was also accomplished in an argon atmosphere at
750 °C for 30 min. The holographic properties for these re-
duced crystals are shown in Table II. As expected, the maxi-
mum diffraction efficiency slightly decreases, while the re-
sponse speed and sensitivity are further improved by
reduction treatment. It is obvious that photorefractive prop-
erties for LN:Fe:Hf5 are much more excellent than those for
LN:Fe:Mg6. The shortest response time exhibited in
LN:Fe:Hf5 is only 2.6 s while it still shows a large satura-
tion diffraction efficiency of 45.4%. In iron doped LN crys-
tals, the heavy reduction will aggravate absorption, which
results in strong record light energy loss. Doping with HfO2
is a good solution for this problem. In our experiments, the
ratio of the transmitting intensity to the incident intensity
could be as high as 40% for the reduced LN:Fe:Hf5.

In summary, the effects of incorporating Hf4+ ions into
LiNbO3:Fe crystals were studied by holographic measure-
ment. Dissimilar to Mg2+ �or Zn2+, In3+� and Fe codoped
LiNbO3 crystals, Fe ions still remain at Li sites in
LiNbO3:Fe:Hf crystals when the HfO2-doping concentra-
tion goes above its threshold value, as a result, the response
rate and sensitivity are greatly improved. Meanwhile, the
saturation diffraction efficiency remains at a high value.
Therefore, hafnium ion is now the most efficient one among
optical damage-resistant ions to improve the photorefractive
properties of LiNbO3:Fe crystal.
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Changjiang Scholars and Innovative Research Team in Uni-
versity and the National Natural Science Foundation of
China �60578019 and 90501004�.
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Abstract: The transmission from a single subwavelength slit in a metal film 
with periodic dielectric bars on its surfaces has been analyzed numerically 
by the finite-difference time-domain method. Results show that the role of 
the periodic dielectric bars is just the same as that of the periodic grooves 
directly on the surfaces. With the modulations of dielectric bars on the input 
and output surfaces of the metal film, light transmission through the 
subwavelength slit is enhanced extraordinarily and confined to directional 
emission. The CDEW model is employed to explain the mechanism of the 
transmission enhancement and directional emission caused by the periodic 
dielectric bars. 

©2006 Optical Society of America 

OCIS codes: (050.1940) Diffraction; (050.1220) Apertures; (240.6690) Surface waves. 
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It is generally known that light transmission through a subwavelength aperture is very poor 
and diffracted to all directions according to the standard diffraction theory. Recently, 
extraordinarily enhanced transmission was observed through a single subwavelength aperture 
in a metal film if surrounded by periodic corrugations on the illuminating side [1]. With 
periodic grooves on the output side of the metal film, the transmission was confined to be a 
beaming light from a single hole or directional emission from a single slit [2]. These findings 
attracted a lot of interest because of their extensive potential applications such as optimized 
probe for near-field microscopy [3], near-field optical data readout systems [4-5], near-field 
imaging [6], and micro-aperture laser [7]. Furthermore, enhanced transmission and beaming 
light were also reported from annular aperture with grooves surrounded [8-10]. Besides these 
aperture-groove structures, beaming light from a nanoslit surrounded by metallic 
heterostructures [11] and enhanced transmission from an aperture in a multilayered metallic 
film [12] were reported very recently. 

In our previous works [13-14], some new structures of layered metal-dielectric films were 
studied numerically. By the modulation of dielectric film, transmission through the 
subwavelength slit in layered films was enhanced and confined to beaming light. Actually, 
enhanced transmission and beaming light are not the particular properties of pure metallic 
structures, and they were also obtained through a subwavelength waveguide in photonic 
crystal with modulated surface aspects [15-17]. These new findings extend the view of 
transmission enhancement phenomena, and are very important to understand the underlying 
mechanism of transmission enhancement. 

Fig. 1. Sketch maps of a slit in a metal film with periodic dielectric bars (a) on the input surface 
and (b) on the output surface. 

In this letter, we change the dielectric film in structures of Ref. [13-14] to periodic 
dielectric bars with subwavelength width and analyze the transmission from subwavelength 
slits in these new structures numerically by finite-difference time-domain (FDTD) method. 
The sketch maps are shown in Fig. 1. In our simulation, we use metal Ag and its permittivity 
is given by Drude model:  ( ) = 1 − [ p

2  ( 2 + i )] with p = 1.346 × 1016 rad/s and =
9.617 × 1013 rad/s. The geometry of the metal film is fixed for comparison [2] and simplicity 
as thickness hAg = 300 nm and slit width w = 40 nm. The slit is surrounded by 2Ndi dielectric 
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bars and the dielectric is supposed to be isotropic, and without dispersion and absorption. 
Referred to the results in our works [13-14], Ndi is set to be 5. A TM polarized plane wave is 
incident perpendicularly on the structures. The dielectric bars will be put on the input or 
output surface of the metal film respectively to discuss their effects on the transmission 
enhancement or directional light emission.  

At first, we put dielectric bars on the input surface of the metal film and the output 
surface is smooth [see Fig. 1(a)]. Under this condition, the transmission through the slit is 
totally determined by the dielectric bars on the input surface. In Fig. 2, we show area-
normalized transmission spectra of three structures in metal films: a bare slit without any 
structure on its surfaces, a slit with dielectric bars on the input surface, and a slit with periodic 
grooves on the input surface. The parameters of the dielectric bars are period pdi = 500 nm, 
height hdi = 100 nm, width wdi = 40 nm, refractive index n = 2.0, and these parameters are set 
to be default if not mentioned additionally. The slit-groove metal structure has ±5 grooves 
directly on the input surface with period of 500 nm, width of 40nm, and depth of 60 nm. 
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Fig. 2. Area-normalized transmission spectra of a bare slit (red line), a slit with dielectric bars 
(green line) and a slit with periodic grooves (blue line). All three slits are in the same metal 
film with thickness of 300 nm and slit width of 40 nm. The spectra are normalized by the 
fraction of the surface occupied by the slit. 

From Fig. 2, we can see clearly that the transmission through the subwavelength slit in 
our structure is extraordinarily enhanced by the modulation of the periodic dielectric bars on 
the input surface of the metal film. Compared with the enhancement caused by grooves 
directly on the metal surface with same period and width, the peak enhancement by the 
dielectric bars is stronger and the peak wavelength is a little longer. However, despite these 
small differences, the properties of their transmission peaks are very similar, and we suppose 
that the periodic dielectric bars play the same role in the transmission enhancement through 
the subwavelength slit as what the periodic grooves do.  

Although the resonant excitation of surface plasmons was used widely to explain the 
mechanism of transmission enhancement, it doesn’t fit our result obtained from the structure 
of metal slit and dielectric bars. As we know, the frequency of the surface plasmon is 
determined by the permittivities of the metal and the dielectric at the interface. However, with 
large difference of dielectric properties (n = 1 for air grooves and n = 2 for dielectric bars), the 
resonant wavelengths of the slit with grooves and the slit with dielectric bars are very close 
(see Fig. 2). This cannot be explained by the surface plasmons model. In this letter, the 
CDEW (composite diffracted evanescent waves) model presented by Lezec and Thio [18] is 
employed to explain the mechanism of transmission enhancement. In the CDEW model, the 
transmission enhancement is due to the constructive interference of composite diffracted 
evanescent waves generated by subwavelength features on the surface. Just as shown in Fig. 
3, when light illuminates on the metal-dielectric structure, it will be diffracted into evanescent 
waves by subwavelength-scaled dielectric bars. These composite evanescent waves propagate 
to the slit and interfere with the light incident directly on the slit, leading to field enhancement 
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when the interference is constructive at selected wavelength. Based on the CDEW model, the 
stronger enhancement and the little longer peak wavelength can be explained easily. The 
stronger enhancement is because the dielectric bars are transparent, which affect little on the 
propagation of evanescent waves from far side. And the longer peak wavelength is caused by 
the increase of the effective refractive index neff at the interface of the dielectric bars and the 
metal film {see Eq. (4) in Ref. [18]}.  

Fig. 3. The schematic diagram of transmission enhancement by CDEW model. 

Furthermore, we simulate the influences of the characters of dielectric bars on the 
transmission enhancement. In Fig. 4 are shown the normalized transmission and the 
wavelength at peak (Tmax and max) as a function of hdi. As hdi increases, Tmax increases first and 
then trends to saturation. This is attributed to the exponential decay of the evanescent waves 
along the direction perpendicular to the interface. The composite diffracted evanescent waves 
have an imaginary component kz = i(kx

2 − k0
2) along the direction perpendicular to the 

interface [18]. max increases a little with the increment of hdi, which is due to the increase of 
the light path.  

In Fig. 5 are shown Tmax and max as a function of n. As n increases, Tmax increases first 
and then decreases. This is because that when n increases, the diffractive ability of the 
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Fig. 4. (a) Normalized transmittance and (b) wavelength at peak as a function of the height of 
dielectric bars. Other parameters of the dielectric bars are set as default. 
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Fig. 5. (a) Normalized transmittance and (b) wavelength at peak as a function of the refractive 
index of dielectric bars. Other parameters of the dielectric bars are set as default. 
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dielectric bars increases, leading to more evanescent waves and stronger transmission 
enhancement. However, larger n leads to stronger reflection at the dielectric surface, which 
weakens the contribution to enhancement from dielectric bars far away from the slit. These 
two contrary processes act together and lead to this variation finally. max increases as n
increases, which is due to the increase of the effective refractive index neff at the interface.  
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Fig. 6. Area-normalized transmission spectra of a bare slit (red line) and a slit with metal bars 
on the input surface (blue line). The metal bars have a period of 500 nm, height of 40 nm and 
width of 40 nm. 

As a comparison, we change the dielectric bars to metal bars and simulate the 
transmission. As shown in Fig. 6, the transmission through the slit with periodic metal bars is 
also enhanced, but the enhancement is quite low. Actually, the evanescent waves can also be 
generated by the diffraction of the metal bars, but the metal bars interrupt the propagation of 
the evanescent waves and block the contributions to the enhancement from bars out of the first 
pair. Thus the enhancement by metal bars is mostly due to the first pair of bars. The 
enhancement factor of the transmission peak in Fig. 6 is 3.4, which is very similar to the result 
obtained from slit with only one pair of grooves [19]. 

From results above, we know that the transmission through a subwavelength slit is 
extraordinarily enhanced by the modulation of the periodic dielectric bars on the input 
surface. As we already knew [14], the features on the output surface can modulate the 
distribution of the light transmitted through the slit. We simulate the field distributions 
through the slit with periodic dielectric bars on the output surface under different parameters, 
which are shown in Fig. 7. The grooves [see Fig. 1(b)] on the input surface of the metal film 
have period of 500 nm, width of 40 nm and depth of 60 nm. The incident light is 500 nm if 
not mentioned especially. From the plots in Fig. 7, we can see clearly that the transmission 
through the slit is confined to directional emission by the modulation of the dielectric bars on 
the output surface. The plot of pdi = 400 nm presents a beaming light emission. Just same as 
the effect of dielectric film with grooves [14], the dielectric bars diffract the evanescent waves 
(which are generated by the diffraction of the subwavelength slit) into propagating waves and 
these diffracted waves interferes with each other leading to the beaming light or directional 
emission. However, it must be noticed that the dielectric bars are of very small width 
compared with the incident wavelength and the bar period. Thus the variation of the dielectric 
parameters will not affect the field distribution too much. As shown in Fig. 7, although the 
incident wavelength, period, refractive index, and height of the dielectric bars vary greatly, the 
distributions of output fields vary much slowly, especially compared with the results 
modulated by the dielectric film [14]. 

In conclusion, we have analyzed numerically the properties of the transmission from a 
single subwavelength slit in a metal film with periodic dielectric bars on the input and output 
surface respectively by the FDTD method. Results show that the transmission is strongly 
enhanced by the modulation of the dielectric bars on the input surface, and confined to 
beaming light or directional emission by the modulation of the dielectric bars on the output 
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(a)                      = 450 nm                                              = 500 nm                                             = 550 nm 

(b)                   pdi = 300 nm                                         pdi = 400 nm                                          pdi = 500 nm 

(c)                       n = 2.5                                                   n = 2.8                                                    n = 3.0 

(d)                                               hdi = 200 nm                                               hdi = 100 nm 

Fig. 7. Patterns of light emitting from the slit under different incident wavelength and 
parameters of dielectric bars. Other parameters are set as default. 

surface. The dielectric bars play the same role as the periodic grooves directly on the surfaces. 
We employ the CDEW model to explain the mechanism of the transmission enhancement and 
the directional emission. The structure with periodic dielectric particles is very efficient to 
obtain strong transmission enhancement. And we think our results will be very helpful for the 
applications of subwavelength optical devices. 
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We study the dynamics of off-site excitation in an optically induced waveguide lattice. A single beam cen-
tered between two waveguides leads to an asymmetric beam profile as the nonlinearity reaches a threshold.
When two probe beams are launched in parallel into two nearby off-site locations, they form symmetric or
antisymmetric (twisted) soliton states, depending on their relative phase. A transition of intensity pattern
from on-site to off-site locations is also observed as the lattice is excited by a quasi-one-dimensional plane
wave. © 2006 Optical Society of America

OCIS codes: 190.4420, 230.3990.

The dynamics of soliton propagation in coupled opti-
cal waveguides, from two coupled waveguides such as
dual-core fiber couplers and directional couplers to
three coupled waveguides and multiwaveguide ar-
rays, has been studied extensively during the past
decades.1–6 Much of the earlier theoretical work fo-
cused on energy switching and stability of solitons in
coupled waveguide structures. For instance, it has
been shown that, in a dual-core coupler, symmetry
breaking typically occurs such that a symmetric soli-
ton becomes unstable when its energy exceeds a
threshold value.2,3

More recently, closely spaced waveguide arrays
(lattices) have attracted considerable attention owing
to their strong link with photonic crystals as well as
to intriguing phenomena that arise from their collec-
tive wave propagation behavior.7,8 An example is the
formation of discrete solitons and bandgap struc-
tures, which have been demonstrated in a number of
experiments.9–15 In particular, it has been shown
that, in fabricated waveguide lattices with strong
coupling, discrete solitons centered in the center of a
waveguide (on-site excitation) are stable, while those
centered in the middle between waveguides (off-site
excitation) are unstable.14,15 Closely related research
with optically induced photonic lattices16 has shown
that an even-mode soliton or an in-phase dipolelike
soliton is always unstable.12,17

In this Letter we study experimentally off-site ex-
citation in a weakly coupled lattice created by optical
induction. When a Gaussian-like probe beam is
launched between two lattice sites, its energy
switches mainly to the two closest waveguide chan-
nels evenly, leading to a symmetric beam profile.
However, as the intensity of the probe beam exceeds
a threshold value, the probe beam evolves into an
asymmetric beam profile, akin to that which results
from symmetry breaking in a double-well potential.2,3

Should the probe beam experience no or only weak
nonlinearity, such symmetry breaking in the beam
profile would not occur, regardless of the increase in

its intensity. When two probe beams are launched in
parallel into two off-site locations, they form symmet-
ric or antisymmetric (dipolelike twisted12,17,18) soliton
states, depending on their relative phase. A transi-
tion of the intensity pattern from on-site to off-site lo-
cations is also observed as the lattice is excited by a
quasi-one-dimensional plane wave, which may be re-
lated to excitation of symmetric (first band) and an-
tisymmetric (second band) Bloch states in the
lattices.10,19,20

The experimental setup for our study is similar to
that used for creation of spatial soliton pixels.16 A
partially spatially incoherent beam �488 nm� is gen-
erated by use of a rotating diffuser. A biased photore-
fractive crystal (SBN:60, 6 mm�8 mm�5 mm) is
employed to provide noninstantaneous saturable self-
focusing nonlinearity. To generate a two-dimensional
waveguide lattice we use an amplitude mask to spa-
tially modulate the otherwise uniform beam after the
diffuser. The mask is then imaged onto the input face
of the crystal, thus creating a pixellike input inten-
sity pattern. This lattice beam is ordinarily polarized;
thus it induces a nearly linear waveguide array,
which remains invariant during propagation.11–13 An
extraordinarily polarized coherent beam (either 488
or 632.8 nm) is used as a probe beam propagating col-
linearly with the lattice. When required, the probe
beam is split by a Mach–Zehnder interferometer to
create two beams, which we can make either mutu-
ally coherent with a controlled phase relation or mu-
tually incoherent by adjusting a piezoelectric trans-
ducer mirror installed in the interferometer.

First, we launch a single Gaussian beam �488 nm�
as a probe into the middle of two lattice sites located
in the vertical direction (illustrated as P1 in Fig. 1).
The choice of vertical rather than horizontal direction
is made to prevent possible asymmetry of the beam
profile induced by soliton self-bending. When the
e-polarized probe beam propagates collinearly with
the lattice through the crystal, we observe a transi-
tion from a symmetric to an asymmetric beam profile
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as the intensity of the probe beam is increased gradu-
ally while all other experimental conditions remain
unchanged. Typical experimental results are pre-
sented in Fig. 2 (top), which were obtained with a lat-
tice of 35 �m spacing (as shown at the left in Fig. 1).
When the intensity of the probe beam is low, the en-
ergy of the probe tunnels evenly into two waveguides
(Figs. 2a–2c). However, above a threshold value of in-
put intensity, the output intensity pattern becomes
asymmetric (Fig. 2d). The bifurcation from symmet-
ric to asymmetric output is also clearly visible in the
vertical beam profile illustrated at the left in each fig-
ure, which we obtained here by changing only the
beam intensity without offsetting the beam position.
To demonstrate that such a transition was induced
by nonlinearity, all experimental conditions were
kept unchanged, except that the 488 nm probe was
replaced by a 632.8 nm probe. The beam at 632.8 nm
experiences much weaker nonlinearity than does the
488 nm beam, simply because the former is at a
much less photosensitive wavelength for our crystal.
As expected, such a dynamic transition did not occur
with the 632.8 nm probe, regardless of the increase
in its intensity. In fact, even if the intensity of the
probe beam was increased to twice that of the lattice
beam, the probe profile remained symmetric, as
shown in Fig. 2h.

Next, we split the Gaussian probe beam into two
mutually incoherent beams with a Mach–Zehnder in-
terferometer in which one of the mirrors was driven
by a piezoelectric transducer at a frequency much
faster than the crystal can respond to. When only one
of the beams exiting from the interferometer was
sent to an off-site position, we adjusted the beam’s in-
tensity such that a single beam alone did not lead to
an asymmetric beam profile. Adding the other beam
at the same location resulted in an overall asymmet-

ric beam profile. When the two beams were sent into
two separate off-site locations (P1 and P2 in Fig. 1)
rather than overlapped, we effectively had a three-
well potential for the probe beams in the weak-
coupling region. The energy of each probe beam alone
tunneled into two adjacent waveguides evenly, as
shown in Figs. 3a and 3b. We then opened up both
beams and recorded the intensity pattern both imme-
diately and after a new steady state had been
reached. From Figs. 3c and 3d, one can see clearly
that more energy from the probe beams moved to the
central site owing to the noninstantaneous nonlin-
earity experienced by the probe beams. In fact, when
we blocked one beam and quickly recorded the inten-
sity pattern of the other beam, we noted that each
beam profile became slightly asymmetric at this new
steady state, with the preferred direction of energy
tunneling toward the central site. In this case, the
asymmetry of the top beam was similar to that
shown in Fig. 2d, but the beam profile of the bottom
beam had opposite asymmetry simply because the ef-
fective waveguide in the central site was stronger.
Without the pairing beam, each beam alone will
evolve into an asymmetric beam profile such as that
in Fig. 2d once its intensity is increased above a
threshold value. (The corresponding symmetry-
breaking numerical simulation for off-site excitation
of a single beam is shown at the right in Fig. 3; the
waveguides are centered at x=−9,−3,3,9, etc.)

Naturally, one wonders what would happen if the
two probe beams were made mutually coherent with
a different phase relation. By controlling the dc volt-
age applied to the piezoelectric transducer mirror, we
made the two beams exiting the interferometer ei-
ther in phase or out of phase with each other. Keep-
ing all other experimental conditions unchanged, we
obtained quite different steady states between in-
phase and out-of-phase excitation, as illustrated in
Fig. 4. In the in-phase case, most of the energy flows
into the central lattice site (Fig. 4a), whereas in the
out-of-phase case the energy flows mainly into the
two lateral sites in the vertical direction (Fig. 4b). Ra-
diation to other nearby lattice sites owing to wave-
guide coupling is also visible. Intuitively, one may
consider these new steady states to be a result of con-
structive and destructive interference, but they cor-
respond to symmetric (in-phase) and antisymmetric

Fig. 1. Illustration of input locations of probe beams in a
two-dimensional waveguide lattice.

Fig. 2. (Color online) Off-site probing with a single Gauss-
ian beam at 488 (top) and 632.8 (bottom) nm. a–h, Output
intensity patterns of the probe beam at intensities (normal-
ized to the lattice intensity) of a, 0.1; b, 0.2; c, 0.4; d, 0.5; e,
0.2; f, 0.4; g, 1.0; h, 2.0.

Fig. 3. (Color online) Left, off-site probing with two mutu-
ally incoherent beams. a, b, Output of a beam alone; c, d,
output of two combined beams at 1 and 30 s, respectively.
Right, numerical simulation of a single probe beam
launched initially in the middle of two lattice sites located
at x=−3.0 and x=3.0 for 250 spatial steps of evolution (cor-
responding to �50 cm propagation distance).
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(twisted) soliton states as defined for lattice
solitons.17,18 Here the solitons are excited in an effec-
tively three-well potential as embedded in a weakly
coupled waveguide lattice. In fact, we theoretically
investigated this issue, using a continuum model
based on saturable photorefractive nonlinearity with
an effective three-well potential. We found that in
this setting any state with multiple in-phase beams
(all centered on site) is always unstable. However,
both symmetric states (corresponding to a single
beam on site) and antisymmetric states (correspond-
ing to two out-of-phase beams on two different sites)
can be linearly stable. Typical results from simula-
tions are included in Fig. 4 (right), where the top fig-
ure shows the evolution of two Gaussian beams
launched at x=−1.5 and x=1.5 (while the three
waveguides are centered at x=−3,0,3). It can be seen
that the two beams (although they are excited at off-
site locations) evolve quickly into either a single
beam (for the in-phase case) at the central site or two
beams (for the out-of-phase case) at the two lateral
sites.

As mentioned above, for a single beam excitation in
waveguide lattices, the odd solitons (centered on a
lattice site) are stable but the even ones (centered be-
tween two lattice sites) are not.12,14,15 Symmetry
breaking in double-well potentials is well known,2,3

but in a fully periodic potential it may no longer be
possible. Instead, an even-symmetry mode is indeed
unstable, but it can be transformed into an odd-
symmetry mode through an asymmetric beam
profile.14,15 Such a transition is what we observed in
our experiment (Fig. 2). In addition, twisted- (or
dipole-) mode solitons (centered between two lattice
sites but with an out-of-phase relation) were indeed
predicted and found to be stable.12,17,18 Here we ob-

served such antisymmetric solitons by off-site excita-
tion of two probe beams simultaneously.

Finally, we launched a stripe beam (akin to a
quasi-1D plane wave) to cover many lattice sites in
the vertical directioin (shown in Fig. 5a and as P3 in
Fig. 1). When the intensity of the probe beam was in-
creased, we observed a shifting of its intensity peaks
from on-site (Figs. 5b and 5c) to off-site (Fig. 5d) lo-
cations as the beam experienced higher nonlinear
self-action and bending. This may be related
to excitation of different Bloch states in the
lattices.10,19,20
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Fig. 4. (Color online) Off-site probing with two mutually
coherent beams. Shown are the combined output beam pro-
file (left) and the intensity pattern (middle) for, a, in-phase
and, b, out-of-phase excitation. Right, simulation of dy-
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Fig. 5. (Color online) Probing with a stripe beam: a, com-
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stripe beam at normalized intensities of b, 0.2 and 0.8 after
c, 1 s and, d, 30 s.
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Abstract

The ultraviolet photorefractive effect of Mg-doped near-stoichiometric LiNbO3 crystals prepared by vapor transport equilibration
(VTE) technique was studied at 351 nm. It was found in the near-stoichiometric LiNbO3 crystals that the ultraviolet photorefractive
effect could be enhanced greatly with the increase of Mg concentration. Based on the activation energy of dark decay of the photore-
fractive grating, possible centers responsible for the ultraviolet photorefractive effect were also discussed.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Photorefractive; Lithium niobate; Stoichiometric; Ultraviolet

1. Introduction

Lithium niobate (LiNbO3) is one of the most important
photorefractive materials due to its many important appli-
cations, e.g., holographic volume storage, optical image
and signal processing, coherent optical amplification, and
phase-conjugation [1,2]. However, most of these applica-
tions have been studied in the visible. With the development
of the ultraviolet light source, it is possible and necessary to
study the photorefractive effect of LiNbO3 in the ultravio-
let. In 2000, Xu et al. found an enhancement of photorefrac-
tive effect in highly Mg-doped congruent LiNbO3 in the
ultraviolet [3]. Afterwards, Qiao et al. reported highly Zn
and In doped congruent LiNbO3 crystals to have excellent
ultraviolet photorefractive characteristics [4]. These materi-
als were believed to be good materials with optical damage
resistance since 1980 [5–10] and the results of [3,4] extended
the potential applications of them greatly. Nevertheless,
these abnormal phenomena are still not fully understood.

In this paper, we further studied the ultraviolet photorefrac-
tive effect inMg-doped near-stoichiometric LiNbO3 crystals
and discussed possible centers responsible for the ultraviolet
photorefractive effect based on the activation energy of dark
decay of the photorefractive grating.

2. Experiment

Three LiNbO3 crystals doped with 0.2, 1.0, and 2.0 mol%
Mg, hereafter denoted SMg0.2, SMg1.0, and SMg2.0,
respectively, were grown by the conventional Czochraski
method from the congruent melt. The positive direction of
the c-axis was determined by the pyroelectric effect [11].
The vapor transport equilibration (VTE) technique [12,13]
was introduced to increase the [Li]/[Nb] ratio of the crystals
and due to the limitation of VTE technique, the thickness of
the samples was less than 1 mm. The measured [Li]/[Nb]
ratios of three samples by the Raman linewidth of the E

mode (152 cm�1) [14] are listed in Table 1. From the results
of optical damage testing at 488 nm, it was found that the
Mg concentration was above threshold in SMg2.0.

Experiments were performed with an Ar+ laser working
at 351 nm. A schematic representation of the experimental
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arrangement is shown in Fig. 1. The holographic gratings
were written by the signal beam S and reference beam R
with extraordinary polarization. The grating wave vector
was kept parallel to the c-axis of crystal. The formation
and decay process of the gratings were monitored by a
weak He–Ne laser beam (632.8 nm) at the Bragg angle.
The diffraction efficiency g of the holographic grating was
measured by simply blocking the reference beam after sat-
uration and g was defined as

g ¼ Id
Id þ I t

; ð1Þ

where Id and It were the diffracted and the transmitted light
intensity of the signal beam, respectively. The two-wave
coupling gain C was defined as

C ¼ 1

d
ln

I 0SIR
ISI 0R

� �
; ð2Þ

where d was the thickness of the sample and I 0S; I
0
R and IS,

IR were the transmitted intensities of the signal beam S and
reference beam R with and without coupling, respectively.

3. Results

The two-wave coupling experiment was performed with
the setup as shown in Fig. 1. The total incident light inten-
sity I (I = IS + IR) was 191 mW/cm2, the ratio of intensity
between the signal and reference beam IS:IR was 1:11. The
grating period was 0.54 lm corresponding to the intersec-
tion angle of signal and reference beam in air. The measur-
ing coupling gain coefficient C was 11.78 cm�1 in SMg2.0,
7.74 cm�1 in SMg1.0, and 3.26 cm�1 in SMg0.2, which are
listed in Table 1. In the experimental process, for all the
samples, the signal beam S propagates at an incline with
respect to the �c-axis direction. It was found that the inten-
sity of signal beam S increased with time and saturated to a
certain value when the reference beam R was switched on.
Accordingly, the energy was unidirectionally transferred
from +c to �c-axis direction, as also reported in Zn and
In doped LiNbO3 [4,15]. It could be reasonably concluded
that the diffusion was the dominant mechanism and the
dominant charge carriers were electrons during the ultravi-
olet photorefractive processes in the three samples [2].

The diffraction efficiency g was measured according to
Eq. (1). When measuring, we set signal and reference
beams of equal light intensity (IS = IR = 57 mW/cm2) were
used in order to get a large optical modulation. The ultra-
violet photorefractive characteristics of the three samples
are listed in Table 1. The refractive index change Dn was
calculated from the diffraction efficiency, according to [16]

g ¼ sin2 pDnd
k cos hin

� �
; ð3Þ

where 2hin was the intersection angle between the signal
and reference beams in crystal, k was the wavelength of
the probe beam in vacuum. The response time constant
se was defined as the time when the diffraction efficiency de-
cays to 1/e of its initial value with the reference beam R to
erase the grating. The photorefractive sensitivity S was de-
fined as

S ¼ 1

Id
d

ffiffiffi
g

p
dt

jt¼0; ð4Þ
where I (I = IS + IR) was the total incident intensity. From
the experimental results in Table 1, it can be seen that the
ultraviolet photorefractive effect was enhanced greatly with
the increase of Mg concentration in our samples. The sam-
ple SMg2.0 showed the strongest photorefractive effect,
whose refraction index change Dn, the response time se,
the coupling gain C and the photorefractive sensitivity S

were 2.48 · 10�5, 0.69 s, 11.87 cm�1, and 7.80 cm/J, respec-
tively. The results indicated that SMg2.0 was a better
photorefractive material and more suitable for the dynamic
and real-time holographic application than the other two
samples in the ultraviolet.

Table 1
Materials and photorefractive parameters of the samples at 351 nm

Samples SMg0.2 SMg1.0 SMg2.0

Thickness along the
b-axis (mm)

0.70 0.70 0.75

Mg concentration (mol%) 0.2 1.0 2.0
[Li2O] (mol%) 50.18 50.04 49.55
Two-wave coupling
gaina C (cm�1)

3.26 7.74 11.87

Diffraction efficiencyb g (%) 0.52 1.37 3.1
Refraction index
changeb Dn (·10�5)

1.08 1.76 2.48

Photoconductivity
sensitivityb S (cm/J)

0.13 0.32 7.80

Response timec se (s) 27.11 13.20 0.69
Effective carrier density
Neff (·1016 cm�3)

0.55 0.98 1.37

Activation energy EA (eV) 0.29 ± 0.04 0.16 ± 0.02 0.13 ± 0.02

a The intensity ratio between the signal and reference beam IS:IR was
1:11 and the total incident light intensity IR + IS was 191 mW/cm2. The
grating period K was 0.54 lm.
b Two equal recording intensity IS = IR = 57 mW/cm2 and the grating

period K was 0.54 lm.
c The response time constants were measured under the ultraviolet

illumination of 57 mW/cm2.

Crystal

c-axis

Computer

D1

D2

D3

D4

Ar+ laser 351 nm

He-Ne laser 632.8 nm 

M

M

BS
inθ2

Fig. 1. Experimental set-up for ultraviolet photorefractive effect. M,
mirror; BS, beam splitter; D1–D4, detectors; and 2hin, the intersection
angle between the signal and reference beams in crystal.
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Because the diffusion was the dominant mechanism, the
photorefractive effect was mainly affected by the effective
charge density [3,4]. The relation between the two-wave
coupling gain C and the beam-crossing angle was described
by [17].

C ¼ A sin h cos 2hin
ð1þ B�2 sin2 hÞ cos hin

; ð5Þ

where 2h and 2hin were the intersection angle between the
signal and reference beams in air and in crystal, respectively,

A = ceffn(8p
2n3kBT/ek

2) and B = (ek/4p)(Neff/ee0kBT)
1/2,

where n was electron-hole competition factor, n was the
refractive index, e was the elementary charge and Neff was
the effective charge density. The dependence of two-wave
coupling gain C on the grating period K (K = k/2sinh)
was measured and is shown in Fig. 2. By fitting the results
with Eq. (5), we could obtain the effective carrier density
Neff. The fitting curves are also shown in Fig. 2. The fitting
results yielded the Neff was 0.55 · 1016 cm�3 for the sample
SMg0.2, 0.98 · 1016 cm�3 for SMg1.0, and 1.37 · 1016 cm�3

for SMg2.0. The results indicated a noticeable increase of
Neff with increase ofMg-doped concentration, which caused
a greater ultraviolet photorefractive effect in SMg2.0. This
conclusion is consistent with the previous result in Mg,
Zn, and In doped congruent LiNbO3 [3,4].

In order to clarify the possible photorefractive centers
responsible for the ultraviolet photorefractive effect, the
activation energy was calculated from measurements of
the temperature dependence of the dark decay time. The
dark decay time constant s of the grating was defined as
the time when Dn decayed to 1/e of its initial value in the
darkness. The crystal temperature was set from 23 �C to
140 �C. The temperature dependence of s obeyed the
Arrhenius law:

s�1 ¼ s�1
0 exp � EA

kBT

� �
; ð6Þ

where T was the absolute temperature of the crystal, kB was
the Boltzmann constant, and EA was the activation energy.
Fig. 3 shows the curves of s versus T for SMg0.2, SMg1.0,
and SMg2.0. The solid lines are the least-square fits of our
experimental results by Eq. (6). The fitting results yielded
the activation energy, EA being 0.29 ± 0.04 eV for
SMg0.2, 0.16 ± 0.02 eV for SMg1.0, and 0.13ev ± 0.02 eV
for SMg2.0, which are listed in Table 1. The results indi-
cated that EA may correspond to shallow photorefractive
centers due to its small value.

4. Discussion

Up to now, whether the dominant carrier in LiNbO3 in
ultraviolet is hole or electron is still under dispute [4,15,18–
20]. In our samples, the energy was unidirectionally trans-
ferred from +c to �c-axis direction, and a large coupling
gain coefficient C was observed. This indicated that diffu-
sion was the dominant mechanism and the dominant
charge carriers were electrons. Shallow photorefractive
centers in LiNbO3 have been studied extensively because
of recent interests in non-volatile two-color recording.

In light of the Li-site vacancy model [21], Mg ions would
replace the antisite Nb (NbLi) and force them to their ori-
ginal sites. For SMg0.2, because of the low concentration
of Mg, in term of Ref. [22], it was thought that Mg ions
would primarily replace the antisite Nb (NbLi) and force
them to their original sites, Fe ions remain at Li sites. As
the concentration of NbLi antisite defects decreased greatly;
electrons would be trapped by NbNb and formed the small
free polaron Nb4þ

Nb [23]. The Nb4þ
Nb could act as the shallow

photorefractive center and the activation energy of Nb4þ
Nb

was 0.29 ± 0.04 eV according to the Arrhenius plot. This
value was close to the thermal activation energy of
0.24 eV and 0.29 eV for small free polaron Nb4þ

Nb in reduced
Mg doped and Zn doped LiNbO3, respectively [24]. Sun-
arno et al. also reported that in In doped congruent
LiNbO3 there was small free polaron Nb4þ

Nb which was
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Fig. 2. Grating period K dependence of gain C. The intensity ratio
between the signal and reference beam IS:IR was 1:11 and the total incident
light intensity IR + IS was 191 mW/cm2. Symbols: measured results; solid
lines: theoretically fitting curves.
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responsible for the observed monoexponential decay
behavior [25].

Ref. [26] reported that Fe ions also changed their sites
and formed Fe2�=3�

Nb with the concentration of NbLi decreas-
ing. For SMg1.0 and SMg2.0, it was thought there was
Fe2�=3�

Nb defect as the shallow photorefractive center and
its average activation energy was about 0.15 ± 0.02 eV
according to the Arrhenius plots. Winnacker et al. reported
that Fe2�=3�

Nb serves as a hole donor whose energy level is
located at 0.11 eV below the conduction band [27].

Our results showed that the shallow photorefractive cen-
ter with an increase of concentration of Mg would change
from Nb4þ

Nb to Fe2�=3�
Nb . It should be noted that in Ref. [22]

Fe2�=3�
Nb defect could be formed at above threshold concen-

tration. In Ref. [26], however, it could be formed under
threshold concentration. From what had been discussed
above, it was thought that Fe2�=3�

Nb was not formed in
SMg0.2, whereas it was formed in SMg1.0 where concen-
trations of Mg were both under threshold concentration.

5. Conclusion

In summary, we have studied the ultraviolet photore-
fractive effect of Mg-doped near-stoichiometric LiNbO3

crystals produced by the Czochralski method and VTE
treatment. We found that the ultraviolet photorefractive
effect could be enhanced greatly with the increase of Mg
concentration in the near-stoichiometric LiNbO3. The
analysis of the activation energy indicated that under ultra-
violet light, the shallow photorefractive center with an
increase of concentration of Mg would change from
Nb4þ

Nb to Fe2�=3�
Nb .
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Abstract

By use of the highly dispersive phase coupling effect in a photorefractive wave mixing process, we have observed ultraslow propaga-
tion of a single Gaussian light pulse with a group velocity �0.5 m/s in a photorefractive Bi12SiO20 crystal at room temperature. The ultra-
slow Gaussian pulse is amplified due to an intensity coupling effect but keeping its Gaussian profile with high fidelity. The group velocity
of the Gaussian pulse can be controlled to a large extent. This technique is useful for controllable optical delay lines.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Ultraslow; Phase coupling; Photorefractive; Dispersive; Group velocity

1. Introduction

Due to an overwhelming desire for a fundamental under-
standing of physical laws governing light propagation and
the promise of many applications, such as controllable
optical delay lines, optical memories and information
processing, great endeavors have been made to develop
techniques to manipulate light propagation. Both superlu-
minal [1,2] and subluminal [2–16] light propagation have
been demonstrated via various techniques. A breakthrough
on ultraslow light was accomplished first by Hau et al. [4]
in an ultracold sodium atomic gas by use of the electromag-
netically induced transparency (EIT) effect. Later ultraslow
light propagation and even completely stopped light pulses
were demonstrated in the Bose–Einstein condensates [4,5],
in the atomic vapors [6,7] and in Pr-doped Y2SiO5 crystals

[8] using the EIT effect. However, complicated and rigor-
ous experimental requirements, such as single-frequency
lasers with a bandwidth � MHz or less and an extremely
narrow operating spectral range put serious limitations
onto such techniques for practical applications. Techniques
based on mechanisms other than the EIT effect were pro-
posed recently [2,9–13]. Among them the most representa-
tive ones are the ultraslow light propagation in solids at
room temperature via the coherent population oscillation
effect [2,10] and that via the temporal evolution of the
photorefractive (PR) grating buildup in a degenerate two-
wave mixing process [11,12]. The system requirements of
these techniques are relatively simple as compared with
those based on the EIT effect. On the other hand, the out-
put signal pulse usually experiences serious distortion
because the frequency components of the pulse are not
uniformly delayed and attenuated/amplified. Podivilov
et al. [11] showed that the delayed Gaussian pulse dura-
tions followed linearly the input pulse durations when the
input Gaussian pulse durations were much longer than
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the response time of the PR degenerate two-wave mixing
process. Deng et al. [12] tried to eliminate the distortion
of the ultraslow light pulse by use of the multiple pump
beams, in which each pump beam was tuned to the different
frequency component of the signal pulse so that every fre-
quency component of the signal pulse was delayed and
amplified with the same amount by the corresponding
pump beam. Recently, Odoulov et al. [13] delayed Gauss-
ian pulses without severe broadening effect by using pump
pulses of identical temporal profile as that of signal pulses.
The pulses were delayed through a degenerate PR two-
wave mixing with a negligible intensity coupling effect
using electron-hole competition in Sn2P2S6 and CdTe
crystals.

In the previous papers [14,15], we proposed a simple
technique to produce steady-state ultraslow light based
on a dispersive phase coupling (PHC) effect. As an exam-
ple, we demonstrated an amplified ultraslow light with a
group velocity Vg � 0.05 m/s by using the highly disper-
sive PR-PHC effect in a Bi12SiO20 (BSO) crystal [16]. This
technique offers a large controllability over the group
velocity and a broad effective operating spectral range.
Furthermore, a conventional laser can be used to achieve
such PHC-induced ultraslow lights. We achieved the ultra-
slow light in the quasi-continuous-wave (quasi-cw) regime,
therefore, a sinusoidally modulated probe light was used
in the experiments. Nevertheless, it would be more inter-
esting to slow down a single pulse in view of practical
applications. In this paper, we have demonstrated the
PHC-induced ultraslow single Gaussian pulse with high
profile fidelity in a PR BSO crystal even with a cw pump
beam. The factors that may induce the pulse profile distor-
tion have been discussed. We have also discussed the dif-
ferences in the propagation properties of the ultraslow
lights between the quasi-cw and the pulse cases.

2. Experimental setup

Two mutually coherent and vertically polarized 532-nm
beams, a strong cw pump beam and a weak signal Gauss-
ian pulse, were overlapped and coupled in a BSO crystal
(5.2 · 5.7 · 5.7 mm), as shown in Fig. 1. The pump was
shifted in angular frequency by X using a sawtooth-volt-

age-driving piezo-mirror, and then expanded and colli-
mated in order to illuminate the BSO crystal uniformly
[17]. The signal Gaussian pulse was generated via an elec-
tro-optic modulator and its duration T (defined as the time
constant of the Gaussian pulse) was controlled by a per-
sonal computer. Both the signal pulse and the pump prop-
agated approximately along the 1�10-direction of the BSO
crystal (along the 5.7-mm side). The time-delay Dt experi-
enced by the transmitted signal pulse was measured by
monitoring and comparing the temporal trace of the trans-
mitted signal pulse and that of a reference pulse which was
a portion of the incident Gaussian pulse reflected by a
beam splitter before the entrance facet of the BSO crystal.
A direct current (DC) voltage was applied along the 001-
direction of the BSO crystal.

3. Results and discussion

Fig. 2 shows typical temporal traces of the transmitted
signal pulse (the solid curves) and the reference pulse (the
dashed curves) with the pump off (a) and on (b), respec-
tively. In the experiments, we used a pump intensity
Ip = 34 mW/cm2, an input intensity ratio of the pump to
the peak of the signal pulse c = Ip/Ismax = 1400, an external
DC electric field E = 8 kV/cm, a grating spacing K =
21.3 lm, a pulse duration T = 34 ms and a frequency-shift
of the pump X/2p = 18 Hz, respectively. It is evident that
the transmitted signal pulse is substantially delayed (see
Fig. 2(b)) when the cw pump is on because of the highly
dispersive PR-PHC effect. The time-delay Dt was measured
to be �11.2 ms, corresponding to a Vg � 0.5 m/s. It was
found that, although the delayed signal pulse was amplified
because of an energy transfer from the pump via the PR
intensity coupling effect, it was of high Gaussian profile

DC voltage

transmitted signal pulse

signal pulse

beam splitter

reference pulse expanded pump beam

Fig. 1. Schematic diagram of the experimental setup.

Δ

Δ 

a

b

Fig. 2. Typical temporal traces of the reference pulses (dashed curves) and
the transmitted signal pulses (solid curves) with the pump off (a) and on
(b), respectively.

350 F. Bo et al. / Optics Communications 261 (2006) 349–352

68



fidelity with only a slight ripple and broadening effect (see
Fig. 2(b)). The slight profile ripple may come from an
imperfect profile of the driving sawtooth voltage and the
environmental vibration. The profile broadening effect of
the delayed pulse originates mainly from the high order dis-
persion of the PHC effect and the broad frequency band-
width of the Gaussian pulse itself. It is substantially
suppressed when the frequency bandwidth of the input
Gaussian pulse is much narrower than the bandwidth of
the frequency window of the PHC effect with a positive dis-
persion slope. The bandwidth of the frequency window
depends on the response rate of the PHC process. The fas-
ter the response rate of the PR-PHC process, the broader
the bandwidth of the frequency window of the PR-PHC
effect with a positive dispersion slope. Therefore, the profile
broadening effect can be eliminated by employing a pulse
with a long pulse duration T or a PR material with a fast
response rate, as will be discussed in more detail in the fol-
lowing. In addition, the beam amplification effect and the
memory effect of the PR gratings may also contribute to
the pulse broadening partially. Note that the high fidelity
of the ultraslow pulse was achieved with a cw pump beam,
in contrast to that in Ref. [13] in which a pump pulse with
an identical temporal profile as that of the signal pulse was
used in order to suppress the broadening effect of the
delayed pulse.

As is the quasi-cw case [14–16], the group velocity of a
single pulse is also controllable to quite a large extent
through adjusting experimental parameters, such as Ip, E
and T. Fig. 3(a) shows the dispersion curves of Vg for the

signal pulse at different Ip with E = 8 kV/cm, c = 1400,
K = 21.3 lm and T = 34 ms, respectively. It is clearly seen
that ultraslow pulse propagation is limited within a narrow
effective X-window DX, where the PHC coefficient disper-
sion curve has a steep positive slope [14,15]. It is the nar-
rowness of this spectral window DX that results partially
in the profile broadening and distortion of the delayed
pulse in the case of a short pulse, as discussed in the previ-
ous paragraph. Also, a lower Ip usually leads to a smaller
achievable minimal Vg and a narrower DX because of the
proportionality of the response rate of the PHC to Ip
[15]. Nevertheless, it is worthy of mention that it is possible
to have a smaller Vg at a higher Ip in the short pulse case,
where the coupling between the signal pulse and the pump
is more effective at a higher intensity because of a larger
ratio of pulse duration T to the response time constant s
of the PHC process [15]. The PHC between the signal pulse
and the pump was found to be more effective at a higher E.
This results in a lower Vg at a higher E, as shown in
Fig. 3(b). As expected, DX is broader at a lower E because
of a faster response rate due to a shorter drift length of
photoexcited electrons.

The pulse duration T also has an effect on Vg because of
the slow response rate of the PHC process. The PHC is
more effective with a longer pulse duration (especially when
T is much less than s) but it finally saturates when T is com-
parable to or much longer than s. Fig. 4 shows a typical
dependence of Vg on T with Ip, c, E, K and X/2p set to
be 152 mW/cm2, 1400, 8 kV/cm, 21.3 lm and 60 Hz,
respectively. As expected, Vg decreases with the increase
of T but finally reaches the minimal with T longer than
�30 ms. Similar dependence of Vg on T was also observed
by Podivilov et al. [11]. We notice that the pulse profile dis-
tortion grows with the decrease of T and it becomes serious
when T is much less than s. In this case, the spectral band-
width of the Gaussian pulse is much broader than DX,
therefore, the frequency components of the pulse cannot
be uniformly delayed and amplified [12]. To delay short
pulses while keeping their profile fidelity, high pump inten-
sities or fast-response-rate PR materials, such as quantum
well and semiconductor should be employed. We also note
that the group velocity of a single pulse is much larger than

Ω/2π

Ω/2πb

a

Fig. 3. Measured dispersion curves of Vg for a single Gaussian pulse at
different conditions. (a) shows the results for E = 8 kV/cm with Ip to be
34 mW/cm2 (squares), 68 mW/cm2 (circles) and 152 mW/cm2 (triangles),
respectively. (b) is the results for Ip = 152 mW/cm2 with E set at 8 kV/cm
(squares), 6 kV/cm (circles) and 4 kV/cm (triangles), respectively. Other
parameters c, K and T for both cases were set to be 1400, 21.3 lm and
34 ms, respectively. The curves are guided by the experimental data.

Fig. 4. Measured T-dependence of Vg for a single Gaussian pulse. The
values for Ip, c, E, K and X/2p were set at 152 mW/cm2, 1400, 8 kV/cm,
21.3 lm and 60 Hz, respectively. The curve is guided by the experimental
data.
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that in the quasi-cw case under the similar experimental
conditions. This may be due to the fact that the interaction
duration between the pulse and the pump in the single
pulse case is determined entirely by the pulse duration,
while the PHC effect accumulates one pulse after another
because of the memory effect of the PR gratings and there-
fore is enhanced in the quasi-cw case. In addition, the PR-
PHC process is more complicated in the single pulse case
than that in the quasi-cw case because the frequency com-
ponents of a single Gaussian pulse are more complicated
than those of a sinusoidally modulated wave in the quasi-
cw case. To describe the dynamic propagation properties
of a single pulse in the presence of a dispersive PHC effect,
a modification to the theory of the PHC-induced ultraslow
light in the quasi-cw case is necessary, which is currently
under way in our laboratory.

4. Conclusions

In summary, we have decelerated a single Gaussian
pulse down to �0.5 m/s while keeping its high profile
fidelity with a cw pump beam in BSO crystals at room tem-
perature by using the highly dispersive PR-PHC effect. The
group velocity of a Gaussian pulse is proved to be control-
lable to a great extent by changing the experimental condi-
tions, such as the pump intensity, the strength of the
externally applied electric field and the pulse duration.
The delayed Gaussian pulse keeps its temporal profile
when the pulse duration is comparable to or much longer
than the response time of the dispersive PR-PHC process.
The ultraslow Gaussian pulse is amplified due to an inten-
sity coupling effect. Such a technique may be useful for
optical delay lines as well as acousto–optic devices.
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Abstract

We investigate the group velocity of light in a one-dimensional volume grating inside lithium niobate crystals doped
with different impurities. The superluminal and slowdown light propagations are both observed in the crystals. The rela-
tionships between the group refractive index and the grating amplitude and phase shift are presented and discussed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 42.25.Fx; 42.40.Eq; 42.25.Gy; 42.40.Lx; 42.40.Pa

Keywords: Group velocity; Volume grating; Lithium niobate

Optical waves in a volume grating behave sim-
ilarly to electrons in the energy-band structure.
For example, their group velocity is lowered to
zero at the band edge [1]. Such a periodic struc-
ture exhibits strong group velocity dispersion, as
studied on a GaAs–AlAs periodic-layered med-
ium [2] and on a fiber Bragg grating [3]. There
is also study on the slowing down of the group
velocity of light by a volume grating in a photore-
fractive crystal of lithium niobate [4], which can

be explained by a change in the effective refractive
index due to the grating [4]. Gratings with differ-
ent origins may affect propagation behaviors of
light in different ways, so in this paper we exper-
imentally investigate the group velocity in the
volume gratings with different origins as a result
from different dopants in the crystal and try to
find how gratings with different origins affect the
results.

According to the coupled-mode theory [5,6], the
complex amplitude of an optical wave passing
though a reflection grating under the off Bragg
condition is

0030-4018/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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AðzÞ ¼ Að0Þ exp �i
Dk
2
z

� �

� s cosh sðL� zÞ � i Dk
2
sinh sðL� zÞ

s cosh sL� i Dk
2
sinh sL

; ð1Þ

where A(z) is the complex amplitude of the trans-
mitted beam and L is the interacting length along
the direction of grating wave vector. s is given by
s ¼ ½j2 � Dk

2

� �2�12 inwhichj ¼ pn1
k is the coupling con-

stant, n1 is the index modulation of the grating, and
Dk defined as Dk ¼ 2n x

c cos h� 2p
K is the phase mis-

match, where h is themismatch angle, n is the refrac-
tive index of the crystal, x is the angular frequency
of the incident beam and K is the grating period.
Eq. (1) follows immediately that the phase shift of
the beam transmitting out of the crystal�s grating by

UðzÞ ¼ p
K
zþ tan�1 �Dk

2s
tanh sðL� zÞ

� �

þ tan�1 Dk
2s

tanh sL
� �

; ð2Þ

The phase shift at z = L is then given by [4]

U ¼ p
K
Lþ tan�1 Dk

2s
tanh sL

� �
. ð3Þ

By differentiating the phase shift per unit length
with respect to x, we obtain the effective group
velocity of light propagating through the grating
as [4]

V gðLÞ ¼ vg
Dk
2

� �2 � j2cosh2sL
Dk
2

� �2 � j2 sinh sL
sL cosh sL

; ð4Þ

where vg defined as vg = c/n is the group velocity of
electromagnetic waves in the host medium in the
absence of the volume grating. We also define
the effective refractive index neff as neff = c/Vg. If
neff is larger than n, it corresponds to the slowdown
light propagation, while if smaller, it is the case of
superluminal light propagation. Because we record
the reflection grating in a small incident angle to
avoid the surface back reflection affecting the re-
sult of the experiment, according to the Kogelnik
formula, the diffraction efficiency g in our experi-
ment could be given by

g ¼ tanh2 jL
cos a

� �
; ð5Þ

where a is the incident angle of the recording
beams outside the crystal relative to the normal
of crystal surface. From Eqs. (4) and (5), we can
easily get the relationship of Vg as a function of
g and Dk.

In Fig. 1, we present the normalized effective
group velocity Vg/vg depending on g and Dk.
Vg/vg is lager than 1 or smaller than 1 correspond-
ing to the case of superluminal light propagation
and the case of slowdown light propagation,
respectively. In Fig. 1, we take L as 10 mm, which
corresponds to the length of the samples #a and
#b in the z-axis direction. It can be seen that the
normalized group velocity is not obviously deviant
from 1 when g is small, i.e., no obvious propagat-
ing time change can be observed, for example,
point A in Fig. 1. At a certain Dk, a fairy large
change of the normalized group velocity should
be observed when g is high enough, for example,
at point B. It is also seen clearly that the result is
sensitive to the phase mismatch. From Fig. 1, we
can also see that the linear properties between
the normalized group velocity and g can be
roughly fulfilled when g is small and Dk is fixed,
and if the fixed phase mismatch Dk is large
enough, g can be up to 0.8 and this quasi-linear
properties still keeps. Therefore, it could be
roughly described as Vg/vg = n/neff = ag + 1,
where a is fitting constants. When a < 0, it is corre-
sponding to the case of slowdown light propaga-
tion, otherwise to the case of superluminal light

Fig. 1. The dependence of the normalized group velocity (
V g

vg
)

on the diffraction efficiency g and the phase mismatch Dk.
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propagation. This formula can be transformed to
neff = n/(ag + 1). We should find that the temporal
evolution of the effective refractive index neff is
coincident with the diffraction efficiency g in the
case of slowdown light propagation, while it is
opposite to that of g in the case of superluminal
light propagation in the experiment.

In the experiment, we measured the diffraction
efficiency and the effective refractive index. It is a
very common and useful method of measuring
the propagating time difference of the probe beam
to get the probe beam�s group velocity, and a sin-
gle pulse usually serves as a probe beam if its
group velocity is low enough to ignore the system
error from the dispersive pulse broadening, for
example, in the experiment of EIT (Electromag-
netically induced transparency) [7,8]. The volume
grating in our experiment has chromatic dispersion
large enough to cause obviously dispersive pulse
broadening, but the group velocity can not be re-
duced as low as that in EIT materials, in which
the probe beam�s propagating time difference is
at least 10�8 s [7] and even 10�4 s [8]. Therefore,
it is not suitable to choose a single pulse as a probe
beam in our experiment, and we have to introduce
an optical wave with a narrow bandwidth other

than use a single pulse as in EIT, so as to avoid
the system error from the dispersive pulse broad-
ening and ensure the measurement accuracy of
the propagating time change from the difference
of the light�s group velocity in the crystal. In the
experiment, we used a temporal beat beam, which
was obtained by means of optical non-degenerate
coherence between two beams at different frequen-
cies out of an acousto-optic modulator (AO). The
experimental setup is shown in Fig. 2. An output
laser beam from an Ar+ laser at 514.5 nm was split
into two beams. One of them directing in the way
of path2 was used to record a photorefractive
reflection volume grating in the crystal. The
other beam in the direction of path1 was diffracted
by an acousto-optic modulator (AO) operating at
�70 MHz. The first order diffracted beam and
the undiffracted beam out of acousto-optic modu-
lator were recombined via a beam splitter (BS2).
Thus, at the same modulation frequency of
�70 MHz, two sinusoidally modulated beat beams
were formed by means of the non-degenerate
coherence. One acted as a reference, the other as
the probe beam passing through the volume grat-
ing under the off-Bragg condition. The probe beam
transmitting out of the crystal (the signal) and the

Fig. 2. Experimental configuration: AO is operating at the frequency of �70 MHz. M1–M6, mirrors; BS1–BS3, beam splitters;
A1–A2, attenuators; D1–D2, detectors; shutter1–shutter2, shutter; prism, act as a mirror; OS, oscilloscope.
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reference beam were detected and the waveforms
of them were monitored by an oscilloscope (OS).
In this way, the time change of the probe beam
propagating through the crystal during the grating
building could be observed by the phase difference
between the reference and the signal, from which
the effective refractive index (consequently the
group velocity) in the propagating direction of
the probe beam inside the crystal could be deter-
mined. It is also seen clearly that the result is sen-
sitive to the phase mismatch, and it is important to
make sure that the change of the phase mismatch
consequently the change of the group velocity
comes from the building of the grating. In the
experiment, we prepared different initial phase
mismatch conditions by tuning the incident angle
of the beating beam in order to observe both the
slowdown and superluminal light propagations.
Once an incident angle was chosen, we kept all
the components in Fig. 2 fixed to preserve an un-
changed phase mismatch except for the additional
influence from the building process of the grating.
During the grating building process we blocked
one of the recording beams from time to time
and measured the transmitted and diffracted
beams of the other recording beam to calculate
the diffraction efficiency. Then, we blocked the
two recording beams and turned on the probe
beam immediately to measure the phase difference
of the signal and the reference beam. The probe
beam was opened only for a very short interval
to minimize the erasure of the grating. The typical
time lag between the two measurements is less than

5 s in the experiment. All above is to ensure the
accuracy of the measurement.

To study the relationship between gratings with
different origins and the effective refractive index,
we chose three lithium niobate crystals with differ-
ent dopants. These crystals are referred as crystal
#a doped with 0.025 wt% Fe, #b codoped with
0.05 wt% Fe and 0.8 mol% Mg, and #c codoped
with 0.15 wt% Fe and 0.01 wt% Mn, respectively.
The linear dimensions (x · y · z) of the three
crystals were 10 mm · 10 mm · 10 mm, 20 mm ·
5 mm · 10 mm, and 5 mm · 5 mm · 25 mm, respe-
ctively. Typical experimental results of slowdown
and superluminal light propagation in the three
samples are shown in Figs. 3–5 in which time
dependences of the effective refractive index neff
and diffraction efficiency g in the build-up process
of the gratings are both presented. In the experi-
ment, the time counter is stopped when the two
recording beams are blocked, thus the time lag
between the diffraction efficiency and the effective
refractive index is much smaller than the total time
of the build-up process. We neglect the time lag in
the figures. In the process, n1 is growing with time
which results in the changes of both g and neff.
Figs. 3(a), 4(a) and 5(a) show the case of slowdown
light propagation while Figs. 3(b), 4(b) and 5(b)
indicate the case of superluminal light propaga-
tion. The result of the superluminal case is
achieved with the probe beam introduced at the
Bragg angle of the grating and the Dk is almost
zero. The result of the slow light case is achieved
with the probe beam in the direction where its

Fig. 3. Time dependence of the effective refractive index neff and the diffraction efficiency g during the building of the grating in the
sample #a. (a) The data of slowdown light propagation at the Dk � 628 m�1; (b) The data of superluminal light propagation at the
Dk � 0 m�1. The lines are just guides to eyes.
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transmission is the largest in the immediate vicinity
of the Bragg angle when the grating has been built
up, for example, point B in Fig. 1, where sL = ip,

i.e., Dk ¼ 2 j2 þ p=Lð Þ2
	 
1

2

. In the theory, this

direction corresponds to the Dk which gives almost
the slowest group velocity [4]. It is also noticed
that j is much smaller than p/L, thus D k � 2p/L.

From Figs. 3 and 5, i.e., in the crystals #a and
#c, It is seen that the temporal evolution of the
effective refractive index neff is more or less coinci-
dent with the diffraction efficiency g in the case of
slowdown light propagation, while it is opposite to
that of g in the case of superluminal light propaga-
tion. This agrees the theoretical prediction of
neff = n/(ag + 1). We also note that there is obvi-
ous difference among the results of the three LiN-
bO3 crystals. The largest neff, the highest saturation
diffraction efficiency g, and the slowest light

velocity as low as c/6 are observed in the crystal
#a, and during the grating building process, the
temporal evolution of neff rises or falls with g as
the theoretical prediction. The change of the nor-
malized group velocity is larger than the theoreti-
cal result shown in Fig. 1. This remains unclear
now. Since the crystal #a is doped with iron, a
fairy strong bulk photovoltaic field is always in-
duced during the grating buildup process. There-
fore, the grating is probably driven to move by
the photovoltaic field, which may bring an addi-
tional phase shift due to the Doppler effect other
than this mechanism. This may possibly bring
some influence on the measurements. In addition,
It is also found that the fanning effect in the crystal
#a is another affecting factor. For example, due to
the fanning, g slightly falls down during the
growth of neff grows at the end of the curves in
Fig. 3(a), which does not agree with the theoretical

Fig. 4. Time dependence of the effective refractive index neff and diffraction efficiency g in the crystal #b. (a) The data of slowdown light
propagation at the Dk � 628 m�1; (b) The data of superluminal light propagation at the Dk � 0 m�1. The lines are just the guide to
eyes.

Fig. 5. Time dependence of the effective refractive index neff and diffraction efficiency g in the crystal #c. (a) The data of slowdown light
propagation at the Dk � 251 m�1; (b) The data of superluminal light propagation at the Dk � 0 m�1. The lines are just the guide to
eyes.
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analysis. On the other hand, we obtained a mono-
tonic temporal buildup result for g in the crystal
#b. But it is also found that neff oscillated some-
what chaotically in both slowdown light propaga-
tion and superluminal light propagation cases in
this crystal. The crystal #b is co-doped with iron
and magnesium, and we suppose that both the
bulk photovoltaic field and the diffusion field con-
tribute to the formation of the grating. As it is well
known, the photovoltaic effect and the diffusion
fields are related to the local and non-local re-
sponses, respectively. Therefore, the phase shift be-
tween the interference fringe and the light-induced
index grating is more complicated so that such a
result is obtained. It has been investigated that
the group velocity changes in photorefractive two
wave mixing [9]. We take it as one of the other
mechanisms involved into the group velocity
change with both larger phase shift and more obvi-
ous coupling between the probe beam and its
reflection from the grating, which are both due
to the non-local responses from the existence of
magnesium. It is suggested that this mechanism to-
gether with the mechanism of Eq. (4) took effect in
the crystal and made the temporal change of group
velocity irregular whilst the temporal change of g
is regular. Also, we observed the vibrating g during
the grating buildup process in the crystal #c. We
attribute it to the result of the co-existence of a
phase grating created by the photorefractive effect
and a photochromic grating due to co-doping with
iron and manganese [10]. The phase grating has
relative movement to the photochromic grating
temporally dependent due to photovoltaic field
which makes n1 oscillate temporally and influence
the g and the neff to oscillate temporally. It is seen
from the Fig. 5 that neff mainly shows correspon-
dences to the temporal evolution of g for some
time ahead in the build-up process the grating.
We can describe the above relationship as neff(t) =
n/(ag(t + t0) + 1), where a is fitting constants, t0
(positive in the result) means that the neff is some
time ahead relative to the g. This is probably
caused by the difference that neff is phase-sensitive
to the probe beam while g is amplitude-sensitive to
the probe beam. At the beginning, the two gratings
are overlapped. When the relative movement
happens between the two overlapped gratings,

the change of the total refractive index modula-
tion will affect the phase of the probe beam earlier
than the amplitude of it, which results in t0. The
detail process of the relative movement of the grat-
ing is too complex to analysis and need further
investigation.

In summary, we have experimentally investi-
gated the superluminal light and slowdown light
propagations through photorefractive volume
gratings in lithium niobate crystals doped with
different dopants. Besides the diffraction efficiency
and the phase mismatch due to the off-Bragg angle,
we found that the gratings with different mecha-
nism origins are also of great influence on the
results. The relationships between the effective
refractive index and the gratings with different
origins are also studied and discussed, which
deserve further investigation.
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ABSTRACT A high-accuracy finite-difference beam-propaga-
tion method (HAFD-BPM) based on high-accuracy divided-
difference formulas is presented. The truncation error in this
HAFD-BPM is reduced to o (Δr)4in the transverse direc-
tion, whereas the error in a conventional FD-BPM is typically
o (Δr)2. Gaussian beam propagation in vacuum and nonlinear
medium is simulated by this new method and conventional one.
The comparison between them in computing time and accuracy
reveals the advantage of this new method. As an example, this
method is applied to the simulation of blow-up in self-focusing
of a Gaussian beam.

PACS 42.65.Hw; 42.25.Bs; 02.70.Bf

1 Introduction

The beam-propagation method (BPM) has been es-
tablished well as a versatile numerical tool for simulation and
analysis of electromagnetic wave propagation in guided-wave
photonic devices and nonlinear media [1–6]. Owing to its
high accuracy and computing efficiency, the finite-difference
BPM (FD-BPM) is currently more widely used than the fast-
Fourier-transformation BPM [7, 8]. It has been shown that the
accuracy of conventional FD-BPM strongly depends on the
number of transverse grid points [3] due to the typical trans-
verse discrete errors of o (Δr)2.

In this paper, we present a new FD-BPM that is based on
the high-accuracy divided-difference formulas to reduce the
truncation error to o (Δr)4 in transverse direction. Its com-
puting time will increase because the matrix changes from
tridiagonal matrix to pentadiagonal matrix, but it is worthy
since a greater improvement in computing accuracy can be
obtained. Numerical simulations of a Gaussian beam propa-
gation in nonlinear media reveal the advantage of this new
method. As an application, we have used this new scheme to
simulate the blow-up in self-focusing of a Gaussian beam.

2 Numerical methods

We write the field envelop as E = E0ψ, and E0 is
the field amplitude at (z, r) = (0, 0). Applying slow varying

� Fax: 86-22-23499981, E-mail: jjtian@nankai.edu.cn

envelope approximation, we can write the partial differential
equation that describes the propagation of the electric field en-
velope in a nonlinear medium as:

∂ψ

∂z̄
= 1

4i
Lr + 1

4i
p (ψ) ψ , (1a)

with

Lr =
(

∂2ψ

∂r̄2
+ 1

r̄

∂ψ

∂r̄

)
, (1b)

where the transverse components are normalized to the beam
waist radius in r direction, r̄ = r/w0, the longitudinal distance
is normalized to the Rayleigh length, z̄ = z/z0, z0 = kw2

0/2 the
Rayleigh length is, k is wave-vector, and p (ψ) is nonlinear
coupling function.

Let ψl(r̄) be the complete solution to (1) at z̄ = z̄l , so the
solution at z̄l = z̄l +Δz̄ can be written in terms of ψl(r̄) as

ψl+1 = exp

⎡
⎢⎣Δz

4i
Lr + 1

4i

zl+1∫
zl

p(ψ) dz

⎤
⎥⎦ψl . (2)

Above equation can be rewritten in a second-order accuracy
form by symmetrical split operator

ψl+1 ≈ exp

[
Δz̄Lr

8i

]
exp

[
p̄(ψ)Δz̄

]
exp

[
Δz̄Lr

8i

]
ψl, (3a)

p̄(ψ) = 1

4iΔz̄

zl+1∫
zl

p(ψ) dz̄ . (3b)

The symmetry in (3) is actually very important since after the
first upgrading of the phase the half steps of propagation can
be combined into single propagation step according to the fol-
lowing rule:

exp

(
Δz̄Lr

8i

)
exp

(
Δz̄Lr

8i

)
= exp

(
Δz̄Lr

4i

)
. (4)

The algorithm for propagating the field over a distance Δz̄
thus consists of an incrementing of the phase in accordance
with nonlinear medium changes, followed by a vacuum
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propagation of the resulting field over a distance Δz̄, i.e. solv-
ing the equation

∂ψ

∂z̄
= 1

4i
Lrψ . (5)

Using the Crank–Nicholson scheme, the (5) can be derived as
follows:(

1 − LrΔz̄

8i

)
ψl+1 =

(
1 + LrΔz̄

8i

)
ψl . (6)

The discrete field at the lattice point r̄ = mΔr̄ and z̄ = lΔz̄
will be represented by ψl

m . The first derivative term and sec-
ond derivative term for r̄ with the accuracy of o

(
Δr̄

)2
can be

derived as follows [9]:

∂ψ

∂r̄
= ψm+1 −ψm−1

2Δr̄
, (7a)

∂2ψ

∂r̄2
= ψm+1 −2ψm +ψm−1

Δr̄2
. (7b)

Meanwhile, the first derivative term and second derivative
term for r̄ with the accuracy of o

(
Δr̄

)4
are

∂ψ

∂r̄
= −ψm+2 +8ψm+1 −8ψm−1 +ψm−2

12Δr̄
, (8a)

∂2ψ

∂r̄2
= −ψm+2 +16ψm+1 −30ψm +16ψm−1 −ψm−2

12Δr̄2
. (8b)

For the conventional FD-BPM, substituting (7) into (6) and
collecting terms, the following finite-difference equations can
be derived:

Amψl+1
m−1 + Bmψl+1

m +Cmψl+1
m+1 = Fl

m , (9a)

Fl
m = A∗

mψl
m−1 + B∗

mψl
m +C∗

mψl
m+1 . (9b)

The coefficients in the last equations are expressed as follows:

Am =
(

2m −1

2m +1

)
, Bm = 2m

(2m +1)

(
1

iρ
−2

)
, Cm = 1 ,

(10)

where ρ = Δz̄
8(Δr̄)2 .

To avoid the singularity at r̄ = 0 L’Hospital rule must be
applied, and ψl

−1 = ψl
1(first derivative with r̄ is zero at r̄ = 0)

is assumed. The expressions for A0, B0, C0 become:

A0 = 0, B0 = 1

4iρ
−1, C0 = 1 . (11)

To satisfy the boundary conditions for r̄ = (N −1)Δr̄ , we
set ψl

N = 0, which is equivalent to adding a sharp reflecting
boundary at the edge of the numerical window. In order to
keep ψl

N = 0, the size of numerical window has to be at least
four times larger than beam size for Gaussian beams.

The numerical scheme described by (9)–(11) is the
essence of the Crank–Nicholson method, and when numer-
ically implemented involved solving (9), the matrix of coeffi-
cients for (9) is the so-called tridiagonal matrix; and therefore
the computation of (9) can be easily performed analytically

using Thomas algorithm and involves only (2N −1) floating-
point operations of multiplications and divisions [10].

Meanwhile, for the HAFD-BPM, substituting (8) into (6)
and collecting terms, the following finite-difference equations
can be derived:

Omψl+1
m−2 + Pmψl+1

m−1 + Qmψl+1
m + Rmψl+1

m+1 + Smψl+1
m+2 = Tl

m,

(12a)

Tl
m = O∗

mψl
m−2 + P∗

mψl
m−1 + Q∗

mψl
m + R∗

mψl
m+1 + S∗

mψl
m+2.

(12b)

The coefficients in the above equations are expressed as
follows:

Om =
(

2m −1

2m +1

)
, Pm = −16

(
2m −1

2m +1

)
,

Qm = 2m

2m +1

(
30 + 1

ρP

)
, Rm = −16, Sm = 1 ,

ρP = Δz̄

96i
(
Δr̄

)2 . (13)

To avoid the singularity at r̄ = 0 L’Hospital rule must be ap-
plied, and assume that ψl

−1 = ψl
1 and ψl

−2 = ψl
2. The expres-

sions for O0, P0, Q0, R0, S0, O1 become:

O0 = O1 = P0 = 0 , Q0 = 1

4ρp
+15 ,

R0 = −16 , S0 = 1 . (14)

The numerical scheme described by (12)–(14) is the essence
of the HAFD-BPM, and when numerically implemented in-
volved solving the system is the so-called pentadiagonal ma-
trix. Because this matrix is a constant coefficient matrix in
numerical simulation, we only need to decompose this matrix
into one time by LU decomposition method. These triangu-
lar matrixes are also tridiagonal matrixes. A two-step strat-
egy can be applied to solving the system efficiently and only
need (4N −3) floating-point operations of multiplications and
divisions [10].

3 Numerical results

As an illustration of this new method, we analyze
the propagation of a Gaussian beam with form ψ = exp

(−r̄2
)

in vacuum and a nonlinear medium with the nonlinear coup-
ling functionp (ψ) = |ψ|2. Two main parameters of the Gaus-
sian beam were computed numerically and then compared
with the analytical values. They are beam size that is evaluated
as the second moment of intensity

w(z) =
[

2π
∫ ∞

0 r̄2 I
(
r̄, z̄

)
r̄ dr̄

2π
∫ ∞

0 I
(
r̄, z̄

)
r̄ dr̄

]1/2

, (15)

and the total power of beam:

P (z) = 2π

∞∫
0

I
(
r̄, z̄

)
r̄ dr̄ . (16)
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For Gaussian beam propagating in vacuum, a true percent
relative error εt is defined as:

εt =
∣∣∣∣analytical value−numerical value

analytical value
100%

∣∣∣∣ , (17)

where the subscript t denotes that the error is normalized to
a true value. Meanwhile, for Gaussian beam propagating in
a nonlinear medium, the percent relative error εa is define as:

εa =

∣∣∣∣∣∣∣∣
high accuracy approximation−

current approximation

high accuracy approximation
100%

∣∣∣∣∣∣∣∣
, (18)

where the subscript a denotes that the error is normalized to an
approximate value.

4 Discussion

4.1 Propagation in vacuum

First, we discuss the Gaussian beam propagation in
vacuum. In order to reduce the error introduced by Δz̄, we
choose step size in propagation direction to be Δz̄ = 0.005.

The true percent relative error εt of the beam radius
of Gaussian beam propagating in the air for FD-BPM and
HAFD-BPM is shown in Fig. 1. It is seen that the comput-
ing accuracy by HAFD-BPM is better than that by FD-BPM
for same transverse step size Δr̄. In order to compare conve-
niently the computing accuracy of the two methods, we define
Re as the ratio of HAFD-BPM’s εt to FD-BPM’s:

Re = The true percent relative error of HAFD-BPM

The true percent relative error of FD-BPM
. (19)

It is seen in Fig. 2 that minimum Re is 0.02 and maximum Re

is 0.12. Therefore, the computing accuracy of HAFD-BPM
increases by one or two order of magnitude under the same
transverse step size Δr̄, compared with FD-BPM. The opti-
mal step size of Δr̄ lies in a range from 0.05 to 0.1.

FIGURE 1 The true percent relative errors of beam radius εt_r as a function
of transverse step sizes Δr̄ for HAFD-BPM and FD-BPM

FIGURE 2 The ratio of error Re_r of beam radius for FD-BPM and HAFD-
BPM as a function of transverse step sizes Δr̄

The true percent relative error εt of the power of Gaussian
beam propagating in the air for FD-BPM and HAFD-BPM is
shown in Fig. 3. It is seen in Fig. 4 that minimum Re is 0.015
when Δr̄ equals to 0.06 and maximum Re is 0.135 when Δr̄
equals to 0.3. Therefore the computing accuracy of HAFD-
BPM increases by one or two order of magnitude under the
same transverse step size Δr̄, compared with FD-BPM. The
optimal step size of Δr̄ is 0.06.

4.2 Propagation in nonlinear medium

We choose the step size in propagation direction to
be Δz̄ = 0.005 and the distance of beam propagation to be 5z0.
The relationship between percent relative error εa (see (18))
and transverse step size Δr̄ is shown in Fig. 5. The true percent
relative error εt of the power of Gaussian beam propagating in
the case of nonlinearity FD-BPM and HAFD-BPM is shown
in Fig. 6. The maximum percent relative error is εa = 6 for FD-
BPM and εa = 0.5 for HAFD-BPM. It is seen in Fig. 7 that

FIGURE 3 The true percent relative errors of power εt_p as a function of
transverse step sizes Δr̄ for HAFD-BPM and FD-BPM
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FIGURE 4 The ratio of error Re_p of power for FD-BPM and HAFD-BPM
as a function of transverse step sizes Δr̄

FIGURE 5 The true percent relative errors of beam radius εt_r as a func-
tion of transverse step sizes Δr̄ for HAFD-BPM and FD-BPM in the case of
nonlinearity

FIGURE 6 The true percent relative errors of power εt_p as a function
of transverse step sizes Δr̄ for HAFD-BPM and FD-BPM in the case of
nonlinearity

FIGURE 7 The ratio of error Re_p of power for FD-BPM and HAFD-BPM
as a function of transverse step sizes Δr̄ in the case of nonlinearity

minimum Re is 0.02 when Δr̄ equals to 0.08 and maximum
Re is 0.135 when Δr̄ equal to 0.3. Therefore, the computing
accuracy of HAFD-BPM increases by one or two orders of
magnitude under the same transverse step size Δr̄, compared
with FD-BPM. The optimal step size of Δr̄ is 0.08.

To compare the computing speed of both methods, the
CPU time required per propagation step is evaluated on a PC.
The ratio of computing time required by the two method Rtime

for some transverse step size Δr̄ is shown in Fig. 8. We can
see that the computing time is about two times longer than
that of FD-BPM. But it is worthy because the computing accu-
racy of HAFD-BPM increases one or two order of magnitude,
compared with FD-BPM.

4.3 Blow-up in self-focusing

As an application of this new scheme, we use
it to simulate the blow-up in self-focusing of a Gaussian
beam. Under very general conditions on p (ψ) of (1a), the
Cauchy problem has a unique local solution ψ (r, z) with

FIGURE 8 The ratio of computation time Rtime for FD-BPM and HAFD-
BPM as a function of transverse step sizes Δr̄
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z ∈ [0, Z). A basic problem is whether these solutions can
be continued to Z = ∞, that is, to a global solution in r.
When the solution is not global, we speak of collapse or
blow-up. When the solutions are global but develop “strong
peaks” during evolution, one speaks of quasi-collapse pro-
cesses. In the quasi-collapsing examples there is not a full
collapse, but the amplitude grows in a localized spatial re-
gion leading to a spike of the amplitude of solution, which
is difficult to describe using standard numerical scheme. This
is also the case during real collapse processes, where the
scheme must be able to integrate the solution up to the vicin-
ity of the collapse point and even to detect the existence of
the singularity, a fact which is not known a priori in some
cases.

Let p (ψ) = 6 |ψ|2, Δr = 0.01, Δz = 10−4 and the initial
value of electric field be ψ (0, r) = exp

(−r̄2
)
, we can obtain

the relation between on-axis electric field and propagation
distance, as shown in Fig. 9. The inset figure gives the detail
around collapse point. For FD-BPM and HAFD-BPM, we can
get the expressions as followings, respectively

ψ (z +Δz, r) = ψ (z, r)+ O (Δz)2 + O (Δr)2 , (20a)

ψ (z +Δz, r) = ψ (z, r)+ O (Δz)2 + O (Δr)4 . (20b)

When propagating to the vicinity of collapse point, the ampli-
tude of ψ increases drastically, this leads to a drastic increase
of truncation errors due to Δr and Δz. So the amplitude os-
cillation of ψ in vicinity of collapse point is an artificial ef-
fect that arising from truncation error of Δr and Δz. If step
size decreases, this artificial effect also decreases. In order
to get the approximate position of collapse point, we must
set a criterion. The amplitude of electric field must increase
monotonously with propagation distance. If this rule is bro-
ken, it can be thought that collapse point has reached. The
position of collapse point as a function of Δr is shown in
Fig. 10 for FD-BPM and HAFD-BPM, where the step size is
set to be Δz = 10−6. It can be seen that using HAFD-BPM we
can approach the collapse point better than using FD-BPM.
The position change of collapse point with Δz is also shown

FIGURE 9 The on-axis electric field as a function of propagation distance

FIGURE 10 The position of collapse point as a function of Δr for FD-BPM
and HAFD-BPM

FIGURE 11 The positions of collapse point as a function of Δz for HAFD-
BPM

in Fig. 11 for HAFD-BPM, where Δr = 0.01. It can be seen
in Fig. 11 that the best approach to the collapse point can be
achieved by reducing the step size Δz.

5 Conclusion

A high-accuracy finite-difference beam-propaga-
tion method (HAFD-BPM) based on high-accuracy divided-
difference formulas is presented. The Gaussian beam prop-
agating in vacuum and nonlinear medium by this new
method and conventional method is simulated. Compared
with FD-BPM, it is worthy that its computing accuracy
gets a great improvement although its computing time in-
creases a little. As an application, we use this new scheme
to simulate the blow-up in self-focusing of a Gaussian
beam.
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Nonlinear Absorption and Nonlinear Refraction of Self-Assembled Porphyrins
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Nonlinear refraction and nonlinear absorption of self-assembled porphyrins in the nanosecond and picosecond
regimes were studied at 532 nm by the Z-scan technique. First, a marked difference in nonlinear refraction
was observed between self-assembled zinc porphyrins and free base porphyrins; however, the effects of self-
assembly and metallization on nonlinear absorption are small. Second, an enhancement of nonlinear absorption
was observed for the monomeric components of self-assembled structures by adding pyridine, while their
nonlinear refractions remained almost unchanged as pyridine was added. It is expected that the metallization
and addition of ligand can provide more convenient routes to alter the optical nonlinearities of porphyrins
than the modifications of molecular structures of traditional covalent-bond organic materials.

Introduction

Organic compounds and organometallic complexes with
π-electron delocalization have received significant attention in
the last two decades because of their large and fast nonlinear
optical response and potential applications in optical com-
munication, data processing, optical switching, and so forth.1,2

Porphyrins are promising candidates for such nonlinear optical
(NLO) materials in view of not only large π-conjugated systems
but also versatile modifications of structures and various
possibilities of the central metal ion.3,4 Most reports about optical
nonlinearities of porphyrins, up to now, have been focused on
reverse saturable absorption (RSA) between Soret and Q
absorption bands,5-15 off-resonant third-order nonlinearities, and
two-photon absorption (TPA).16-27 For example, under off-
resonant conditions, a linear porphyrins array linked by butadiyne
has been shown to exhibit among the largest �(3) values in any
organic materials.17 Anderson et al.12 reported triply linked
porphyrin with the extended region of RSA from the visible to
near-infrared range. Recently, a large number of porphyrins with
different molecular structures were reported on their RSA,13-15

off-resonant third-order nonlinearities, and TPA.21-26 However,
the reports on nonlinear refraction of porphyrins in the region
of RSA are few.

With the development of porphyrins,28 a supramolecular
porphyrins system with large third-order optical nonlinearities
and strong TPA has been obtained by using the complementary
coordination of imidazolyl to the zinc of imidazolylporphyri-
natozinc(II) in the noncoordinating solvent chloroform.19,20 The
self-assembly of porphyrins greatly enhanced the off-resonant
third-order nonlinearities and TPA for per-porphyrin unit. In
the region of RSA, to our knowledge, the effects of self-
assembly and ligand on optical nonlinearities of supramolecular
porphyrins are not reported yet.

In this paper, we studied both nonlinear refraction and
nonlinear absorption of self-assembled porphyrins by using a

Z-scan method29 at 532 nm in nanosecond and picosecond
regimes. Compared with free base porphyrins, self-assembled
zinc porphyrins have a marked difference of nonlinear refraction
and but little difference of nonlinear absorption. Furthermore,
the effects of the coordination solvent pyridine on optical
nonlinearities of self-assembled zinc porphyrins were also
observed. An enhancement of RSA was obtained by the addition
of pyridine. However, the addition of pyridine cannot affect
the nonlinear refraction of zinc porphyrins. We used a five-
level model to simulate experimental data.

Experimental Section

Materials. Molecular structures of porphyrins studied in this
work are shown in Scheme 1. Since zinc porphyrins appended
with nitrogen ligands can interact with each other to form
complementary dimers or multi-composites, porphyrins 1b and
2b to which 2-imidazolyl groups are directly attached were self-
assembled to afford complementary dimers 3 and 4.19 Since the
coordination bond can be cleaved in coordinating solvent, self-
assembled porphyrin dimers can be dissociated to monomers
by the addition of pyridine, and porphyrin monomers 5 and 6
can be obtained.28

Measurements. Electronic absorption spectra were recorded
on a UV spectrophotometer (Cary 300). Nonlinear refraction
and reverse saturable absorption were measured by using the
closed- and open-aperture Z-scan.29 A Q-switched Nd:YAG
laser (Continuum Surelite-II) and a mode-locked Nd:YAG laser
(Continuum model PY61) were used to generate 5-ns pulses
and 30-ps pulses with a repetition rate of 10 Hz at 532 nm,
respectively. The spatial profiles of optical pulses were nearly
Gaussian obtained by spatial filtering. The beam waist was 18
μm and 20 μm for 5-ns pulses and 30-ps pulses, respectively.
The incident and transmitted pulse energies were measured
simultaneously with two energy detectors (Molectron J3S-10).
At every position, an average of 50 incident pulses which are
not beyond (5% fluctuation was taken by a computer. The
sample solutions poured in a 1-mm quartz cuvette were used
with the same concentration of 2 × 10-4 mol/L. The on-axis
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‡ College of Chemistry, Nankai University.

15140 J. Phys. Chem. B 2006, 110, 15140-15145

10.1021/jp061799p CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/14/2006

83



peak intensity at focus is 1.12 × 109 W/cm2 for 5-ns pulses
and 4.11 × 109 W/cm2 for 30-ps pulses.

Synthesis of Self-Assembled Porphyrins. In a 1000-mL
four-neck round-bottom flask, 0.94 g (4 mmol) of 5-(2-
methoxycarbonyl-ethyl) dipyrromethane was dissolved in 600
mL of chloroform, bubbled with nitrogen for 15 min. To this
solution, the mixture of 0.24 g (2.1 mmol) of 1-methyl-2-
imidazolecarboxyaldehyde, 0.8 g (7 mmol) of trifluoroacetic
acid in 100 mL of chloroform and 0.16 g (37%, 2 mmol) of
formaldehyde, 0.92 g (20 mmol) of ethyl alcohol in 100 mL of
chloroform were added simultaneously in 15 min at 40 °C. The
resulting solution was stirred for 30 min, then 1.8 g (8 mmol)
of DDQ was added. The mixture was passed through an
aluminum oxide column after 1 h. Further purification was
carried out on a silica gel column. The second red band was
collected to afford 1a 5-(1-methyl-2-imidazolyl)-10,20-bis(2-
methoxy-carbonyl-ethyl)porphyrin (yield: 5%). The compound
1a was treated with a saturated zinc acetate/methanol solution
to give porphyrin zinc complex 3. 1a 1H NMR (300 MHz,
CDCl3) δ 10.151 (s, 1H), 9.567 (d, J ) 4.8 Hz, 2H), 9.517 (d,
J ) 4.8 Hz, 2H), 9.393 (d, J ) 4.8 Hz, 2H), 8.849 (d, J ) 4.8
Hz, 2H), 7.697 (d, J ) 1.2 Hz, 1H), 7.491 (d, J ) 1.2 Hz, 1H),
5.345 (t, J ) 8.1 Hz, 4H), 3.748 (s, 6H), 3.517 (t, J ) 8.1 Hz,
4H), 3.382 (s, 3H), -2.970 (s, 2H). FT-IR (KBr) υ 3283, 3104,
2987, 2948, 2836, 1733, 1561, 1466, 1434, 1405, 1339, 1308,
1278, 1246, 1224, 1145, 956, 919, 851, 796, 731. ESI-MS m/z
563 [M + H]+, 1125 [2M + H]+. 3 ESI-MS m/z 625 [M +
H]+, 1249 [2M + H]+.

The third red band collected was proved to be 2a 5,15-bis(1-
methyl-2-imidazolyl)-10,20-bis(2-methoxycarbonyl-ethyl)por-
phyrin (yield: 5%). The zinc complex 4 was gained by treating
2a with a saturated zinc acetate/methanol solution. 2a 1H NMR
(300 MHz, CDCl3) δ 9.532 (d, J ) 5.1 Hz, 4H), 8.878 (m,
4H), 7.716 (m, 2H), 7.519 (m, 2H), 5.360 (t, J ) 8.4 Hz, 4H),
3.770 (s, 6H), 3.527 (m, 10H), -2.780 (s, 2H). FT-IR (KBr) υ
3304, 3187, 3131, 3109, 2989, 2946, 2838, 1732, 1632, 1561,
1473, 1440, 1403, 1347, 1280, 1250, 1192, 1142, 1040, 980,
805, 734, 708. ESI-MS m/z 643 [M + H]+, 1285 [2M + H]+.
4 ESI-MS m/z 705 [M + H]+, 1409 [2M + H]+.

Results and Discussions

Absorption Measurements. The absorption spectra of 1a,
2a, 3, and 4 shown in Figure 1a present the characteristic bands

of porphyrins. The Soret bands of 1a and 2a are located around
411 and 417 nm, respectively. In the dimers of 3 and 4, two
porphyrins take a slipped co-facial form, and excitonic coupling
between two porphyrin chromophores characteristically splits
the Soret band. The Soret bands were split into twin peaks at
407 and 430 nm for 3 and at 411 and 436 nm for 4 due to
exciton interaction originating from a slipped co-facial arrange-
ment.30 Additionally, the Soret bands of both free base and self-
assembled zinc porphyrin with two imidazolyls (2a and 4) have
a red-shift compared with those with one imidazolyl (1a and
3).

The degree of dissociation of dimers 3 and 4 depends on the
amount of pyridine added. The split Soret bands of the CHCl3

solution of dimers 3 and 4 can gradually turn into a single peak

SCHEME 1: Molecular Structures of Porphyrins Studied in This Work

Figure 1. (a) UV absorption spectra of free base porphyrins (1a and
2a) and self-assembled zinc porphyrins (3 and 4); (b) UV absorption
spectra of 3, 4, 5, and 6.
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along with the addition of pyridine. When the volume ratio of
pyridine to CHCl3 is larger than 1:4, the change of absorption
bands is so small that we can consider that the dimers 3 and 4
were completely dissociated to monomers 5 and 6. In our
experiments, we used volume 1:1 mixture solvent of pyridine
and CHCl3. For the monomeric imidazolylporphyrinatozinc 5
and 6, a single peak in the Soret bands is observed as shown in
Figure 1b. We can see from Figure 1 that the Q-bands of
porphyrins studied in this work cover the region from 500 to
650 nm. Therefore, the laser at 532 nm used in the experiments
just excites Q-bands. At this wavelength, the ground-state
absorption cross-sections σ0 of all porphyrins are shown in Table
1. As we will discuss later, a difference of optical nonlinearities
between them is also observed when pyridine is added.

Effects of Metallization on Optical Nonlinearities. A large
third-order optical nonlinearity of this self-assembled porphyrin
system under the one-photon off-resonant condition has been
observed by using femtosecond pulses.19,20 Our work presented
here involves the excited-state optical nonlinearities of self-
assembled porphyrin between Soret and Q absorption bands.
Through Z-scan measurements using a picosecond pulsed laser,
we can obtain both the absorption and refraction cross-sections
of the singlet excited state. However, we cannot determine the
triplet absorption and refraction cross-sections since the triplet
state cannot become populated within the picosecond pulse
duration because an intersystem crossing from the second
excited singlet state to the first excited triplet state is typically
on the order of a nanosecond for the materials used in our
experiments. Hence, to study the triplet-state absorption and
refraction, a nanosecond pulsed laser has to be used. The
photophysical parameters of 1a, 2a, 3, and 4 measured in our
experiments are summarized in Table 1.

For a nanosecond pulsed laser, a five-level model, as shown
in Figure 2, can depict the excited-state absorption (ESA)
process in porphyrins and other dyes. Generally, after the initial
excitation of this five-level system the first excited singlet state
S1 is populated. From this state the electrons may be subse-
quently excited into S2 within the pulse duration of the laser.
Once arriving at S2, they will rapidly relax to S1 again. From

S1, the population can also undergo an intersystem crossing to
the first excited triplet state T1 with a time constant τISC and
thereafter be excited into T2. Similar to S2, this state relaxes to
T1 rapidly. An efficient RSA material whose transmission
decreases as the incident intensity increases should have a high
ratio (>1) of the absorption cross-sections of the excited states
σ1 and σ2 (T1 f T2 and S1 f S2) to the ground state σ0 (S0 f
S1). Rate equations of the five-level model can be written as31

where Ni represents the population in the i state (I ) S0, S1, S2,
T1, T2), I is input laser intensity, and τ0 is the time constant of
the population’s transition from S1 to S0. If the sample length
L is less than z0, the equations that govern the irradiance and
the phase change can be written as32

where k ) 2π/λ is the wave vector, λ is the laser wavelength,
and σr1 and σr2 are the singlet and triplet excited-state refractive
cross-sections, respectively.

If the picosecond pulsed laser is used, the five-level model
(S0, S1, S2, T1, and T2) can be simplified into a three-level model
(S0, S1, and S2) since the intersystem crossing time τISC is about
the order of a few nanoseconds and is much larger than the
pulse duration τp. It is difficult to obtain analytical solutions of
these time- and space-dependent differential equations. Here we
used the standard Runge-Kutte fourth-order method to solve
eqs 1,2 numerically, and the irradiance and phase change of
the laser beam at the exit face of the sample can be obtained.
Then, by applying Huygens’s principle and a zeroth-order

TABLE 1: Linear and Nonlinear Optical Properties of 1a, 2a, 3, 4, 5, 6, 7 (TPP), 8 (ZnTPP), and 9 (ZnTPP-pyridine)

picosecond pulses nanosecond pulses

Soret band
λmax (nm)

Q-band
λmax (nm)

σ0

(10-17 cm2)
σ1

(10-17 cm2)
σr1

(10-17 cm2)
τ0

(ns)
σ2

(10-17 cm2)
σr2

(10-17 cm2)
τISC

(ns)

1a 411 509, 584 1.24 4.1 -2.2 0.15 2.6 -1.8 8.0
2a 417 514, 590 1.62 4.5 -2.1 0.15 3.2 -1.8 6.0
3 407, 430 559, 609 1.32 3.0 0.25 1.9 -1.1 2.5
4 411, 435 564, 618 1.55 3.1 0.25 2.7 -1.1 2.0
5 423 557, 601 1.57 6.1 0.55 3.6 -1.0 1.7
6 428 562, 611 1.65 5.6 0.64 4.3 -1.1 1.5
7 418 514, 548 1.75 5.8 -1.6 0.30 4.8 -1.2 10.0
8 419 547, 584 2.65 4.2 0.45 3.5 -0.8 3.0
9 429 563, 602 2.45 4.1 0.85 2.9 -0.9 1.5

Figure 2. Five-level model of excited-state optical nonlinearities.
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Hankel transformation, we can obtain the far-field electric field
at the aperture plane and the Z-scan curves. By theoretically
simulating the open- and closed-aperture Z-scan experimental
data, we can obtaine the values of σ1, σr1, and τ0 in the case of
30-ps pulses, and σ2, σr2, and τISC in the case of 5-ns pulses.10

The RSA properties of free base and zinc porphyrins (1a,
2a, 3, and 4) dissolved in CHCl3 are shown in Figure 3a (with
30-ps pulse duration) and Figure 3b (with 5-ns pulse duration),
where open-aperture Z-scan curves were measured. The solid
lines are the theoretical fittings obtained by using a five-level
model. There is no obvious difference in the open-aperture
Z-scan curves of 1a and 2a for both picosecond and nanosecond
pulses. This implies that the influence of the imidazolyl is weak
for free base porphyrin. It can also be seen clearly in Figure 3
that the metallization of the zinc atom results in a decrease of
RSA in the cases of picosecond pulses and nanosecond pulses.
This indicates that the metallization affects the absorption of
both singlet and triplet excited states, since the RSA is
dominated by absorption of singlet excited states in the case of
picosecond pulses and by absorption of triplet excited states in
the case of nanosecond pulses. For the self-assembled zinc
porphyrins with one imidazolyl 3 and two imidazolyls 4, their
characteristics of RSA are similar in the case of picosecond
pulses. However, 4 has a larger RSA than 3 in the case of
nanosecond pulses. The difference of RSA between 3 and 4 in
the case of nanosecond pulses may be due to the influence of
imidazolyl on the absorption cross-section of T1.

In the region between Soret and Q-bands, such as at 532 nm,
most reports on porphyrins were concentrated on studies of
RSA, but their properties of nonlinear refraction are seldom
reported so far. We studied the nonlinear refraction of self-
assembled porphyrins in the RSA region. Figure 4 gives the
nonlinear refraction Z-scan curves of 1a, 2a, 3, and 4 obtained
by dividing closed-aperture Z-scan data by corresponding open-
aperture Z-scan data. The solid lines are the theoretical fittings
by eq 3, and the relative parameters of σr1 and σr2 are given in
Table 1. For free base or self-assembled zinc porphyrins, the

effect of imidazolyl on nonlinear refraction is too small to cause
an observable change of nonlinear refraction Z-scan curves as
shown in Figure 4. In the case of picosecond pulses, the
contribution of the singlet excited state to nonlinear refraction
is dominant, and using eq 3 to numerically fit the data of Figure
4a then yields σr1 ) -2.2 × 10-17 cm2 for 1a and σr1 )
-2.1 × 10-17 cm2 for 2a. No obvious nonlinear refraction was
observed in the solution of self-assembled zinc porphyrins 3
and 4, and this implies that the nonlinear refraction arising from
the singlet excited state is very small. To our knowledge, it is
the first time that the disappearance of nonlinear refraction was
observed through the metallization at 532 nm.

To determine the nonlinear refractive cross-section of the
triplet excited state σr2, we performed closed-aperture Z-scans
using a nanosecond pulsed laser and fitted the experimental data,
as shown in Figure 4b. This yielded a σr2 of - 1.8 × 10-17 cm2

for free base porphyrins (1a and 2a) and -1.1 × 10-17 cm2 for
self-assembled zinc porphyrins (3 and 4). The metallization of
the zinc atom also caused a decrease of nonlinear refraction
like its effect on RSA. However, it can be seen from Table 1
that the decrease of σr2 due to the metallization is smaller than
that of σr1, indicating that the effect of metallization on the
singlet excited state is larger than that on the triplet excited
state. In the case of nanosecond pulses, the thermal effect should
be generally taken into account for the measurements of
nonlinear refraction. The thermal effect arises from acoustic
wave propagation caused by medium density change after local
heating, and its buildup time is determined by the time required
for a sound wave to propagate across beam size, τac ) ω0/cS,
where cS is the velocity of sound in the medium. In our
experimental condition, the value of τac (≈20 ns) is much larger
than the duration of pulses τp ) 5 ns. Therefore, the thermal
effect can be neglected when the nanosecond pulsed laser is
used.33,34

For self-assembled zinc porphyrins such as 4, Yoshiaki
Kobuke et al.19,20,27 have employed the femtosecond time-

Figure 3. Open-aperture Z-scan curves of 1a, 2a, 3, and 4 for the
cases of picosecond pulses (a) and nanosecond pulses (b). The solid
lines are the fittings obtained by a five-level model.

Figure 4. Nonlinear refraction Z-scan curves of 1a, 2a, 3, and 4 in
CHCl3 for the cases of picosecond pulses (a) and nanosecond pulses
(b). The solid lines are obtained by using equations (2).
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resolved optical Kerr effect and Z-scan methods to measure the
third-order optical nonlinearities in the off-resonance condition.
The optical nonlinearities from electronic polarization in the
off-resonance condition, which involves the distortion of the
electron cloud about an atom or molecule by the optical field,
was obtained and the susceptibility |�yyyy

(3)| is 2.4 × 10-14 esu
at 800 nm with a concentration of 1.5 × 10-4 M.

Effect of Ligand on Optical Nonlinearities. In our experi-
ments, the coordination solvent pyridine was added in the CHCl3

solutions of self-assembled zinc porphyrin. Since the coordina-
tion bond can be cleaved by adding a coordinating solvent, the
dimers 3 and 4 were dissociated to monomers 5 and 6 with the
addition of pyridine, which leads to a transition of Soret bands
from the split band into a single peak, as shown in Figure 1b.
Besides the induced change of linear absorption, the addition
of coordination solvent can also result in a change of RSA for
self-assembled zinc porphyrins. Figure 6 gives the open-aperture
Z-scan curves of 3 and 5 in the cases of picosecond pulses (part
a) and nanosecond pulses (part b), respectively. The results are
summarized in Table 1. The values of excited-state absorption
cross-sections are raised to 6.1 × 10-17 from 3.0 × 10-17 cm2

for σ1 and to 3.4 × 10-17 from 1.9 × 10-17 cm2 for σ2,
respectively, when pyridine was added in porphyrins 3. For zinc
porphyrins 4 with two imidazolyls, an enhancement of both
singlet and triplet excited-state absorption cross-sections can
also be found in Table 1 when pyridine was present. Meanwhile,
it can be seen from Table 1 that the change of the ground-state
absorption cross-section σ0 is small when pyridine is added.
The fixity of σ0 and the enhancement of σ1 and σ2 can cause
the improvement of figure of merit (σ1/σ0 and σ2/σ0) that is an
important parameter in the application of optical limiting.

The enhancement of RSA may arise from the significantly
different symmetries between the monomers (5 and 6) and the
assemblies (3 and 4). The different symmetries will cause
different electronic distributions. For assemblies (3 and 4), the
Soret band corresponding to higher singlet excited-state S2 is
nondegenerate depending on the head-to-tail and face-to-face

orientations of transitions dipoles.30 In the monomers (5 and
6), however, the Soret band is degenerate due to symmetry.
The different electronic distributions may result in different
properties of RSA between the monomers (5 and 6) and the
assemblies (3 and 4). Furthermore, the cooperative assembly
of the dimers results in a robust system that likely remains
together as the heat is dissipated from the supramolecular
compounds. Conversely, the axial coordination of pyridine by
zinc porphyrins is quite weak so the pyridine probably tran-
siently comes off the metalloporphyrins.35

The Z-scan experiments of 1a and 2a with the addition of
pyridine have also been performed, and no obvious change was
observed because there is no coordination interaction between
free base porphyrins and pyridine.

The nonlinear refraction Z-scan curves of 3 and 5 are shown
in Figure 6. Opposite to RSA, the addition of pyridine cannot
result in an observable change of nonlinear refraction for both
one imidazolyl and two imidazolyls porphyrins, and the values
of σr1 and σr2 of 5 and 6 are shown in Table 1. This illustrates
that the complementary coordination of ligands to zinc has no
contribution to nonlinear refraction, but it does have a large
influence on RSA in the cases of both picosecond and
nanosecond pulses. For picosecond pulses, although singlet and
triplet excited-state absorption cross-sections are enhanced when
pyridine is added, the nonlinear refraction was still absent.
Therefore, the disappearance of nonlinear refraction should be
mainly caused by the metallization of zinc.

The Z-scan experiments were also carried out for simple zinc
and free base tetraphenylporphyrins (ZnTPP and TPP) in CHCl3.
The change of nonlinear refraction is similar to that of self-
assembled porphyrins, indicating that the metallization of zinc
can mainly affect nonlinear refraction. However, no obvious
change of RSA was obtained by adding pyridine into ZnTPP
in the case of picosecond pulses.36 In the case of nanosecond
pulses, the addition of pyridine in ZnTPP resulted in a small
decreasing of RSA,36 which is different from enhancement of

Figure 5. Open-aperture Z-scan curves of 3 and 5 in the cases of
picosecond pulses (a) and nanosecond pulses (b).

Figure 6. Nonlinear refraction Z-scan curves of 3 and 5 in the cases
of picosecond pulses (a) and nanosecond pulses (b).
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RSA in the self-assembled porphyrin system. The data of TPP
(7), ZnTPP (8), and ZnTPP-pyridine (9) are given in Table 1.

It is very interesting that the coordination of pyridine to zinc
porphyrins can only affect their properties of RSA, and their
nonlinear refraction cannot be obviously altered. Oppositely,
the demetallization of the zinc atom at the center of porphyrin
rings can mainly result in a decrease of nonlinear refraction.
To realize the control of optical nonlinearities and find materials
with large optical nonlinearities, more efforts have been
undertaken to establish the relationship between structure and
nonlinear optical response for organic molecules in order that
materials in particular applications can be rationally designed
and synthesized.3,11 The ligands substitution in the supramo-
lecular porphyrin system provides a convenient approach to alter
optical nonlinearities of porphyrins. It can be realized much
more easily and flexibly than modifying molecular structure of
traditional covalent bond organic materials.19,20 Furthermore,
through the combination of the addition of pyridine and the
metallization of the zinc atom, nonlinear refraction and RSA
can be adjusted solely.

Conclusions

In summary, this work points out that metallization and
coordination of solvent to zinc have large effects on nonlinear
refraction and RSA for imidazolylporphyrins. In the picosecond
regime, a drastic decrease of nonlinear refraction was observed
in self-assembled zinc porphyrins. The change of nonlinear
refraction is mainly attributed to the metallization. An enhance-
ment of RSA was obtained by adding pyridine to self-assembled
zinc porphyrins in the cases of both picosecond and nanosecond
pulses. In this supramolecular system, the molecular length and
the structure of the central π-conjugation system are easily
modified. The flexible control of linear and nonlinear optical
properties can be realized by using different noncovalent bonds.
Efforts are being undertaken to further enhance and characterize
optical nonlinearities of supramolecular porphyrins.

Acknowledgment. The authors acknowledge the support of
the Preparatory Project of the National Key Fundamental
Research Program (Grant 2004CCA04400), the Natural Science
Foundation of China (Grants 10574075, 20172028, and
20421202), and the Program for Changjiang Scholars and
Innovative Research Team in University.

References and Notes

(1) Prasad, P. N.; Williams, D. J. Introduction to Nonlinear Optical
Effects in Molecules and Polymers; Wiley: New York, 1991.

(2) Nalwa, H. R.; Miyata, S. Nonlinear Optics of Organic Molecules
and Polymers; CRC Press: Boca Raton, FL, 1997.

(3) Torre, G. D. L.; Vazquez, P.; Agullo-Lopez, F.; Torres, T. Chem.
ReV. 2004, 104, 3723.

(4) Calvete, M.; Yang, G. Y.; Hanack, M. Synth. Met. 2004, 141, 231.

(5) Blau, W.; Byrne, H.; Dennis, W. M.; Kelly, J. M. Opt. Commun.
1985, 56, 25.

(6) Henari, F. Z.; Blau, W. J.; Milgram, L. R.; Yahioglu, G.; Phillips,
D.; Lacey, J. A. Chem. Phys. Lett. 1997, 267, 229.

(7) Rao, S. V.; Naga Srinivas, N. K. M.; Rao, D. N.; Giribabu, L.;
Maiya, B. G.; Philips, R.; Kumar, G. R. Opt. Commun. 2000, 182, 255.

(8) Ono, N.; Ito, S.; Wu, C. H.; Chen, C. H.; Wen, T. C. Chem. Phys.
2000, 262, 467.

(9) McEwan, K. J.; Bourhill, G.; Robertson, J. M.; Anderson, H. L. J.
Nonlinear Opt. Phys. Mater. 2000, 9, 451.

(10) Kiran, P. P.; Reddy, D. R.; Maiya, B. G.; Dharmadhikari, A. K.;
Kumar, G. R.; Desai, N. R. Appl. Opt. 2002, 41, 7631.

(11) McEwan, K.; Lewis, K.; Yang, G. Y.; Chng, L. L.; Lee, Y. W.;
Lau, W. P.; Lai, K. S. AdV. Funct. Mater. 2003, 13, 863.

(12) McEwan, K.; Fleitz, P.; Rogers, J.; Slagle, J.; McLean, D.; Akdas,
H.; Katterle, M.; Blake, I.; Anderson, H. AdV. Mater. 2004, 16, 1933.

(13) McKerns, M. M.; Sun, W.; Lawson, C. M. J. Opt. Soc. Am. B 2005,
22, 852.

(14) Jiang, L.; Lu, F.; Li, H.; Chang, Q.; Li, Y.; Liu, H.; Wang, S.;
Song, Y.; Cui, G.; Wang, N.; He, X.; Zhu, D. J. Phys. Chem. B 2005, 109,
6311.

(15) Neto, N. M. B.; Boni, L. D.; Mendonca, C. R.; Misoguti, L.;
Queiroz, S. L.; Dinelli, L. R.; Batista, A. A.; Zilio, S. C. J. Phys. Chem. B
2005, 109, 17340.

(16) Kandasamy, K.; Shetty, S. J.; Puntambekar, P. N.; Srivastava, T.
S.; Kundu, T.; Singh, B. P. J. Porphyrins Phthalocyanines 1999, 3, 81.

(17) Kuebler, S. M.; Denning, R. G.; Anderson, H. L. J. Am. Chem.
Soc. 2000, 122, 339.

(18) Screen, T. E.; Thorne, J. R. G.; Denning, R. G.; Bucknall, D. G.;
Anderson, H. L. J. Am. Chem. Soc. 2002, 124, 9712.

(19) Ogawa, K.; Zhang, T.; Yoshihara, K.; Kobuke, Y. J. Am. Chem.
Soc. 2002, 124, 22.

(20) Ogawa, K.; Ohashi, A.; Kobuke, Y.; Kamada, K.; Ohta, K. J. Am.
Chem. Soc. 2003, 125, 13356.

(21) Ikeda, C.; Yoon, Z. S.; Park, M.; Inoue, H.; Kim, D.; Osuka, A. J.
Am. Chem. Soc. 2005, 127, 534.

(22) Drobizhev, M.; Stepanenko, Y.; Dzenis, Y.; Karotki, A.; Rebane,
A.; Taylor, P. N.; Anderson, H. L. J. Phys. Chem. B 2005, 109, 7223.

(23) Kim, D. Y.; Ahn, T. K.; Kwon, J. H.; Kim, D.; Ikeue, T.; Aratani,
N.; Osuka, A.; Shigeiwa, M.; Maeda, S. J. Phys. Chem. A 2005, 109, 2996.

(24) Collini, E.; Ferrante, C.; Bozio, R. J. Phys. Chem. B 2005, 109, 2.
(25) Ahn, T. K.; Kwon, J. H.; Kim, D. Y.; Cho, D. W.; Jeong, D. H.;

Kim, S. K.; Suzuki, M.; Shimizu, S.; Osuka, A.; Kim, D. J. Am. Chem.
Soc. 2005, 127, 12861.

(26) Rath, H.; Sankar, J.; PrabhuRaja, V.; Chandrashekar, T. K.; Nag,
A.; Goswami, D. J. Am. Chem. Soc. 2005, 127, 11608.

(27) Ogawa, K.; Ohashi, A.; Kobuke, Y.; Kamada, K.; Ohta, K. J. Phys.
Chem. B 2005, 109, 22003.

(28) Satake, A.; Kobuke, Y. Tetrahedron 2005, 61, 13.
(29) Sheik-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.; Van

Stryland, E. W. IEEE J. Quantum Electron. 1990, 26, 760.
(30) Kobuke, Y.; Miyaji, H. J. Am. Chem. Soc. 1994, 116, 4111.
(31) Wei, T. H.; Huang, T. H.; Wu, T. T.; Tsai, P. C.; Lin, M. S. Chem.

Phys. Lett. 2000, 318, 53.
(32) Wei, T. H.; Hagan, D. J.; Sence, M. J.; Van Stryland, E. W.; Perry,

J. W.; Coulter, D. R. Appl. Phys. B 1992, 54, 46.
(33) Kovsh, D. I.; Hagan, D. J.; Van Stryland, E. W. Opt. Express 1999,

4, 315.
(34) Liu, Z. B.; Zhou, W. Y.; Tian, J. G.; Chen, S. Q.; Zang, W. P.;

Song, F.; Zhang, C. P. Opt. Commun. 2005, 245, 377.
(35) Retsek, J. L.; Drain, C. M.; Kirmaier, C.; Nurco, D. J.; Medforth,

C. J.; Smith, K. M.; Sazanovich, I. V.; Chirvony, V. S.; Fajer, J.; Holten,
D. J. Am. Chem. Soc. 2003, 125, 9787.

(36) Kimball, B. R.; Nakashima, M.; DeCristofano, B. S.; Srinivas, N.
K. M. N.; Premkiran, P.; Rao, D. N.; Panchangam, A.; Rao, D. V. G. L. N.
Proc. SPIE 2000, 4106, 264.

Nonlinear Optical Properties of Self-Assembled Porphyrins J. Phys. Chem. B, Vol. 110, No. 31, 2006 15145

88



89



90



91



Eu3 +
��������	
����

3

余　华1) 2) 　孙　健1) 　刘宝荣1) 　宋　杰1) 　赵丽娟1) 2) �　许京军1) 2)

1) (南开大学物理科学学院光子学中心 , 天津　300071)

2) (弱光非线性光子学材料先进技术及制备教育部重点实验室 ,天津市信息光子材料与

技术重点实验室 ,南开大学泰达应用物理学院 ,天津　300457)

(2006年 1月 4日收到 ;2006年 4月 14日收到修改稿)

　　制备出单掺 Eu3 +离子的氟氧化物玻璃陶瓷系列样品 ,利用 Eu3 +离子作为荧光探针 ,通过热处理前后 Eu3 +离子

发射光谱中电偶极子跃迁与磁偶极子跃迁强度比值的变化表征在玻璃材料中微晶是否形成 ,分析了 Eu3 +离子荧光

发射谱中电偶极子跃迁与晶体场对称性的关系 ,进一步表征了稀土离子所处微晶晶格场的变化.

��� : 微晶玻璃 , 探针 , Eu
3 +离子

PACC : 8140 , 3200 , 6170T

3国家自然科学基金 (批准号 :10574074) ,教育部科技创新工程重大项目培育基金 (批准号 :704012) ,基金委重点项目 (批准号 :10334010) ,

国际合作重点项目 (批准号 :2005DFA10170) ,长江学者和创新团队发展计划资助的课题.

� 通讯联系人. E2mail : zhaolj @nankai . edu. cn

11引 言

在玻璃制造业中 ,玻璃结晶会影响玻璃材料的

透明度 ,这是玻璃技术人员一直试图克服的问题.

1957年美国 Corning公司的 Stookey发现 ,在玻璃制

备过程中 ,如果将其结晶尺寸限制在德布罗意波长

范围内 ,晶体颗粒对光的散射损失可忽略 ,其产品的

透明度不变 ,并且这种玻璃比常规玻璃具有更好的

机械性能和热稳定性 ,称之为玻璃陶瓷[1—6 ]
.上世纪

70年代 ,Auzel等人[7 ]利用特殊工艺在常规的氧化物

玻璃中嵌入稀土离子掺杂的氟化物 ,以提高稀土离

子的上转换荧光效率 ,但受当时工艺条件的限制 ,氧

化物中的氟化物微晶颗粒尺寸较大 ,影响玻璃的透

明度 ,使这种上转换激光材料的研究搁浅. 1992年 ,

Tanabe研究小组[8 ]在氟化物玻璃中掺入少量的氧和

磷 ,试图提高氟化物玻璃的化学稳定性和机械强度 ,

同时保持稀土离子的上转换荧光效率 ,但实验结果

表明 ,少量的氧和磷会产生声子边带 ,使稀土离子相

邻能级之间的多声子弛豫概率大大增加 ,导致上转

换荧光效率的大幅度降低. 1993 年 Sumita 公司的

Wang和 Ohwaki[9 ]将 Auzel 的制备方法加以改进 ,报

道了在 30SiO2·15Al2O3·24PbF2·20CdF2·10YbF3·ErF3

透明玻璃陶瓷中通过热处理形成氟化物纳米微晶

Pb x Cd1 - x F2 ,Er ,Yb溶于其中 ,利用高温热处理工艺

使氧化物中的氟化物微晶尺寸缩小至纳米量级 ,解

决了玻璃失透的问题.与氧化物玻璃相比 ,热处理后

稀土离子的上转换荧光强度提高近两个数量级 ,这

一结果为实现紧凑型固体上转换激光器开辟了新途

径.稀土离子掺杂的氟氧化物玻璃陶瓷材料是将掺

有稀土离子的氟化物微晶包埋于氧化物基质材料

中 ,使其既具有氟化物的低声子能量 ,又具有氧化物

的高机械强度、高稳定性和易于加工的特点 ;氟化物

微晶中的稀土离子间距离被限制在纳米范围内 ,具

有独特的上转换和下转换辐射通道 ,从而在上转换

发光、三维显示等方面有很好的应用前景[10 ,11 ] .

氟氧化物玻璃陶瓷在上转换效率上较传统的氧

化物玻璃材料提高了近两个数量级 ,主要原因在于

通过热处理在氧化物基质中生成了纳米数量级的氟

化物微晶 ,提高了溶解在氟化物微晶中的稀土离子

的上转换发光效率 ,所以微晶能否有效的形成是该

类材料在后续研究和应用的前提条件.除了使用 X

射线和荧光光谱的方法证明氟化物微晶存在于玻璃

陶瓷中之外 ,Kawamoto
[10 ]等人还利用 Eu

3 +离子作为

“探针”研究了在 50SiO2·50PbF2·x ErF3 玻璃陶瓷中

稀土离子发光与微晶的关系 ,结合热处理前后发射

光谱的变化 ,得出稀土离子有效的溶解在热处理后

形成的氟化物微晶中.本文采用了用 Eu
3 +离子代替
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上转换发光中心 Er3 + 离子作探针的方法来证明稀

土离子存在于嵌入玻璃陶瓷中的氟化物微晶中 ,以

及表征稀土离子周围晶体场的变化 ,值得一提的是
Eu3 +离子发射光谱的变化除了可以表征微晶的形
成 ,还可以定性地表征晶体场变化的趋势.

图 1　Eu3 +离子能级图

21实 验

　　准确称取一定比例的 SiO2 ,Al2O3 , PbF2 ,CdF2 ,

Eu2O3 试剂 ,除 CdF2 ( > 95 %)以外 ,各原材料纯度均

在 99199 %以上.在玛瑙研钵中充分混合研磨 ,然后

装入白金坩埚.在 1000℃下灼烧 120min ,高温下将

熔融的玻璃液迅速倾倒在铁盘上进行急冷 ,得到透

明的氟氧化物玻璃材料 ,然后在材料的核化温度下

进行热处理 ,热处理的时间为 8h.材料的组成分别
为 30SiO2·15Al2O3·xPbF2·(50 - x) CdF2·5Eu2O3 ( x =

50 ,40 ,28 ,10 ,0编号分别为 C , D , E , F , G) , A 样品

与 E样品的组成完全一致 ,但是未经过热处理.将

所有样品双面抛光处理后进行测量 ,样品尺寸为

1010mm×1010mm ×215mm. 荧光光谱的测试使用

SPEX Fluorolog22 型分光光度计. X射线衍射谱的测

量使用的是 DΠMax22500型 X射线衍射仪 ,Cu靶 ,扫

描速度为 4°Πmin.

31实验结果与分析

211. Eu3 +
�������

　　Eu
3 + 离子的电子组态为 4f

6
5s

2
5p

6
,外层有 6 个

4f电子 ,处于基态的电子要求所有自旋平行.对于高

一点的能级 ,结构比较复杂 ,其中5
D0 是最低的激发

态 ,通常都是从这里开始向下跃迁 ,产生发光. Eu3 +

离子的能级结构如图 1 (b)所示.

各个能级之间遵循跃迁的选择定则.对于多电

子的重原子来讲 ,跃迁只能发生在宇称性不同的能

态之间. Eu
3 + 离子光谱项是由 4f 电子形成的 , l 相

同 ,即宇称性一样 ,因此 4f →4f能级间的电偶极子的

跃迁是禁戒的.对于磁偶极子 ,宇称选择定则正好相

反 ,4f各能级之间的跃迁是磁偶极子跃迁引起的 ,但

是这种跃迁能量很弱.然而 ,当 Eu
3 + 离子偏离晶格

对称中心和受周围场的扰动 ,以及相反宇称组态与

f
6 组态的混合 ,宇称选择定则会被部分解除 ,电偶极

子跃迁成为可能.其中 Eu
3 +离子的5

D0 →
7
F2 跃迁是

一些对环境变化比较敏感的跃迁 ,称为“超灵敏跃

迁”, 这种跃迁选择规则遵循 |ΔJ | = 2 ,|ΔL | ≤2 ,

ΔS = 0 ,一般认为这是由于强度参数中的τ2 对离子

周围环境的灵敏性引起的[12 ]
,因此基于这种离子光

谱的特殊性 ,人们将 Eu
3 +离子作为荧光探针引入.

312. Eu3 +
���	
���������

　　Eu
3 +离子发光对其晶体场环境极其敏感. Eu

3 +

离子的发射谱中主要有两个发射峰 ,通过对 Eu
3 +离

子的能级结构的计算可知 590nm左右的两个峰为
5
D0 →

7
F1 的磁偶极子的跃迁. 614nm左右的若干峰

对应5
D0 →

7
F2 的电偶极子跃迁.电偶极跃迁与晶场

的对称性密切相关 ,而晶场的对称性对磁偶极跃迁
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影响不大 ,所以电偶极跃迁与磁偶极跃迁的比率可

以用来表征稀土离子周围晶场的变化[10 ]
.另一方

面 ,在镧系元素中 ,其系列元素半径大小基本上相

似 ,用相同摩尔百分率的 Eu
3 +离子来替换原来的上

转换发光离子 Er3 + ,对氟化物的微晶结构影响不

大 ,然后通过 Eu3 +离子发光的变化来判断稀土离子

周围环境的变化 ,从而模拟上转换发光 Er离子的晶

场环境的变化 ,由此可以判断氟化物微晶的结构.

图 2　393nm激发下玻璃和玻璃陶瓷样品中 Eu3 +离子的发射光谱

对于掺 Eu
3 +离子的系列样品 ,393nm激发时我

们得到了图 2的结果 ,从图中可以得出 ,Eu
3 +离子的

发射曲线在玻璃中较在玻璃陶瓷中发生较大的强度

变化 ,这定性地说明了 Eu
3 +离子周围的晶格场环境

发生了一定程度的变化. 正如上面所提到的 ,从

Eu
3 +离子的电偶极子跃迁与磁偶极子跃迁强度的比

值可以判断 Eu
3 +离子所处的晶格场环境 ,由于奇对

称场的哈密顿函数为零 ,所以 Eu
3 +离子的电偶极子

跃迁与磁偶极子跃迁强度的比值越接近于零 ,就说

明所处的晶格场的对称性越高 ,在玻璃和玻璃陶瓷

中 ,Eu3 +离子的电偶极子跃迁与磁偶极子跃迁强度

的比值分别为 1107∶1 和 0148∶1 ,这明显地说明了

Eu3 +离子周围的晶格场环境在玻璃陶瓷中较在玻璃

中具有更高的对称性.在玻璃中 ,稀土离子处于氧化

物的玻璃网状结构中 ,周围的环境很不对称.当样品

进行热处理之后 ,玻璃基体中均匀的形成了一定数

量的 Pb x Cd1 - x F2 微晶 ,Pb x Cd1 - x F2 的结构为面心立

方[13 ,14 ] ,稀土离子处于这样的晶格场环境中与处于

玻璃的网状结构环境中具有更高的结构对称性.电

偶极子跃迁的禁戒解除与对称性有着密切的关系 ,

对称性越差电偶极子跃迁禁戒解除得越彻底 ,其跃

迁强度相应也越强 ,故此在对称性较差的玻璃结构

中 ,电偶极子跃迁强度与磁偶极子跃迁强度基本上

相等 (1107∶1) ;当热处理之后 ,电偶极子跃迁强度显

著变弱 ,与磁偶极子跃迁强度的比值变为 0148∶1 ,

这说明 Eu
3 +离子周围的晶体场环境对称性提高 ,电

偶极子跃迁禁戒的解除变得不彻底 ,所以表现出跃

迁强度变弱.这也说明在我们的玻璃样品中形成了

掺有稀土离子的微晶.

通过 XRD的测试 ,同样也证实了玻璃样品经过

热处理之后形成了微晶 ,如图 3所示.从图中可以看

出 ,热处理之后 ,样品的 XRD谱峰由原来的波包形

状 ( A)变成了有尖锐衍射峰的形状 ,这表明样品中

出现了晶化的现象 ,图中尖锐的衍射峰形对应面心

立方的 Pb x Cd1 - x F2 结构 ,并随着 CdF2 含量的逐渐增

大衍射峰位并没有发生较大改变 ,这表明在氟氧化

物玻璃陶瓷中所形成的微晶结构仍然保持 Pb x Cd1 - x

F2 结构 ,Pb x Cd1 - x F2 结构类似于β2PbF2 的面心立方

结构 ,Cd
2 +离子取代了 Pb

2 + 的格位 ,并随着 Cd
2 + 离

子的含量增加而逐渐发生畸变 ,Pb x Cd1 - x F2 的模型

结构图参阅文献 [ 14 ] .通过 XRD谱图可以看出 ,随

着 CdF2 含量的逐渐增大玻璃波包背低逐渐增大 ,并

且衍射峰位发生略微的移动.这在结构上说明所形

成的面心立方的 Pb x Cd1 - x F2 结构开始发生畸变 ,发

生畸变的大小可以通过以下公式予以计算 :

sin
2θ =

λ2

4 a
2 ( h

2
+ k

2
+ l

2 ) , (1)

其中 , a是晶格常数 , h , k , l 是晶面指数. C , D , E

样品中的晶格常数分别为 01587nm , 01583nm 和

01541nm.

图 3　玻璃 ( A)和玻璃陶瓷 (微晶组成为 30SiO2·15Al2O3·xPbF2·

(50 - x) CdF2·5Eu2O3 ( C) x = 50 , ( D) x = 40 , ( E) x = 28)的 X射

线衍射谱

用 Eu
3 +离子的探针效应同样也可以表征纳米
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微晶尺寸的变化从而引起稀土离子周围晶体场的变

化.如图 4所示.通过不同的 Pb和 Cd的比 ,峰的相

对强度也有了明显的变化.值得注意的是随着 Cd

离子的增加 ,在玻璃陶瓷中非常敏感的5
D0 →

7
F2 的

电偶极跃迁较5
D0 →

7
F1 的磁偶极跃迁能量明显增

加.电偶极跃迁与磁偶极跃迁的比率是衡量玻璃结

构是否是中心对称的重要指标.与前面所提到的在

玻璃和玻璃陶瓷中5
D0 →

7
F2 的电偶极跃迁与

5
D0 →

7
F1 的磁偶极跃迁比例的变化可以推断 ,此时晶场的

对称性减弱.从结果可以看出 ,当氟化物微晶中不含

CdF2 时电偶极跃迁与磁偶极跃迁的比率大约是

1∶2 ,
5
D0 →

7
F1 的磁偶极子跃迁占主导地位. Eu

3 + 离

子处于对称中心.随着 Cd离子的增加 ,
5
D0 →

7
F1 的

磁偶极子跃迁较5
D0 →

7
F2 的电偶极子跃迁所占比重

明显减小.也说明此时 Eu
3 +离子处于的晶场环境对

称性降低.同时电偶极子跃迁的波峰开始出现多个

小峰 ,表现出了精细结构.说明微晶结构的变化 ,引

起了 Eu3 +离子能级的劈裂.直到在氟化物中完全不

含 PbF2 时比率减小到大约是 014∶11也就是说 ,在

样品 C中 ,晶场对于 Eu3 + 离子的对称度是很高的 ,

随着氟化物中 CdF2 含量的增大 ,微晶晶场的对称性

逐渐减小 ,样品 E中 ,稀土离子周围的对称性最差 ;

CdF2 的核化温度高达 485℃,而 PbF2 的核化温度仅

有 310℃[15 ] ,所以当 CdF2 的含量进一步增大时 ,由

于 CdF2 自身具有较高的核化温度 ,这时玻璃材料中

微晶的形成随着 CdF2 含量的增大变得越来越困难 ,

稀土离子周围的晶体场状况也趋于无序化 ,对称性

降低 ,在光谱的表征上表现为电偶极子跃迁的禁戒

解除得越来越彻底 ,跃迁强度逐渐增大 ,如图 4 所

示 ;在结构上 ,由于拥有较高核化温度 CdF2 的含量

逐渐增大 (从样品 C到样品 E) ,那么形成微晶的趋

势是减小的 ,越来越多的稀土 Eu
3 +离子所处的晶场

环境变为对称性变差的微晶晶场和无定形的玻璃晶

场 ,在图 3中表现为衍射峰的半宽度的变宽和衍射

杂散峰以及背景玻璃基质衍射包络的出现.这些表

征稀土 Eu
3 + 离子周围晶场对称性逐渐变差的结构

信息在光谱上则是表现在 Eu
3 + 离子的发射光谱中

(图 4) 电偶极跃迁与磁偶极跃迁的比率的逐渐

增大.

以上结论说明 , Eu3 +离子完全可以作为稀土离

子探针用来研究晶场的变化 ,随着样品中 PbF2ΠCdF2

比值的减小 ,Eu
3 + 离子中电偶极跃迁与磁偶极跃迁

的比率的逐渐增大 ,说明随着 PbF2ΠCdF2 比值的减

小 ,晶场的对称性逐渐降低.在我们所提出的模型

中 ,氟化物微晶结构的基本框架是由 Pb x Cd1 - x F2 结

构构成的 ,所以当样品中的氟化物仅仅包含 PbF2

时 ,Eu3 +离子的电偶极跃迁与磁偶极跃迁的比率较
小 ,说明此时晶场的对称性还是比较高的 (相对于所
有系列玻璃陶瓷样品来说) ,随着 PbF2ΠCdF2 比值的

减小 ,Cd离子在氟化物微晶中所占的比例增加以及
自身较高核化温度的影响 ,微晶的变形逐渐增大 ,形
成越发困难 ,晶场对称性逐渐降低.

图 4　Eu3 +离子在组成为 30SiO2·15Al2O3·xPbF2·(50 - x) CdF2·

5Eu2O3 ( x = 50 ,40 ,28 ,10 ,0编号分别为 C , D , E , F , G)中的发

射光谱

41结 论

　　Eu
3 +离子中电偶极子的跃迁发射强度对于晶体

场对称性的变化较为敏感 ,当周围晶体场的对称性

越低 ,电偶极子的跃迁禁戒解除的程度越大 ,相应跃

迁发射强度越大.通过分析玻璃材料在热处理前后

Eu
3 +离子中电偶极子与磁偶极子跃迁发射强度比值

与体场对称性的关系 ,得出 :氟氧化物玻璃在热处理

之后有效的形成了微晶 ,且稀土离子溶解在其中 ;通

过改变微晶化学剂量比 , Eu3 + 离子中电偶极子与磁

偶极子跃迁发射强度比值的变化分析了微晶的晶体
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场对称性的变化.所以 ,Eu3 +离子完全可以作为离子

探针应用于微晶玻璃中微晶是否形成的探测 ,模拟

其他稀土离子的掺入研究晶体场环境的变化以及对

称性的变化.
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Abstract

In oxyfluoride glass2ceramics , the fluoride nanocrystals doped with rare earth ions were dispersed in an oxide network. The
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　　在掺 Si的 GaAsΠAlGaAs二维电子气 (2DEG)结构中 ,得到μ2K = 1178×106 cm2Π(V·s)的高迁移率.在低温 (2K)和

高磁场 (6T)的条件下 ,对样品进行红光辐照 ,观察到持久光电导 (PPC)效应 ,电子浓度在光照后显著增加.通过整数

量子霍尔效应 ( IQHE)和 Shubnikov2de Haas (SdH)振荡的测量 ,研究了 2DEG的子带电子特性.样品在低温光照后

2DEG中第一子带和第二子带的电子浓度同时随电子总浓度的增加而增加 ;而且电子迁移率也明显提高.同时 ,通

过整数霍尔平台的宽度对光照前后电子的量子寿命变短现象作了理论分析 .
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11引 言

在过去的 20 年里 ,人们已经对掺 Si 的 GaAsΠ

AlGaAs高电子迁移率二维电子气 (2DEG)结构的持

久光电导效应进行了大量的实验及理论研究[1 ,2 ]
.发

现在一些 Ⅲ2Ⅴ族化合物半导体中 ,当样品在低温

(2K)下被光照 (红外或者可见光)后 ,其电子浓度会

明显增加.这主要是由于 DX 中心的存在. DX 中心

是一个复杂的深能级缺陷 ,涉及到施主 (Dornor)和

某个未知的缺陷 ( X) .在低温时 DX 中心的能级在

费米能级之下 ,被电子占据.光辐照后吸收能量被激

发而进入量子阱的导带内 ,光辐照停止后 ,电子在低

温中没有足够的能量越过势垒 ,所以量子阱中的导

带内电子增加.这种现象被称为持久光电导 ( PPC)

效应. 1968年 ,Craford在研究 GaAs1 - x Px 时观察到这

个现象[3 ]
.随后人们相续又在 AlGaAs ( Te) [4 ]

,ZnCdTe

(Cl)
[5 ]和 AlN ( Si) [6 ]结构中得到了 PPC效应. 1977

年 ,Nelson 在 n 型 Al x Ga1 - x As结构中观察到了 PPC

效应[7 ]
.随后人们对于这个现象进行了大量的实验

和理论研究[8 ]
.由于和 PPC效应相关的 DX 中心是

一个深能级缺陷 ,它的存在对于器件的性能有很大

的影响 ,所以人们对于 PPC的研究有很大的兴趣.

在调制掺杂 GaAsΠAlGaAs异质结构中 ,垂直于

界面电子的运动被限制在紧靠界面的极窄的势阱

中 ,而在平行于界面的方向上可做自由运动 ,形成

2DEG.横向磁阻的 Shubnikov2de Haas(SdH)振荡曲线

和量子霍尔效应曲线是研究半导体中电子迁移性质

的很好工具. Fang和 Howard 在研究掺 Si 金属氧化

物半导体场效应晶体管 (MOSFET)时发现 ,在低温

下 ,由于电子对阳离子杂质的屏蔽作用 ,电子浓度的

增加导致 2DEG的迁移率增加[9 ] .在 AlGaAsΠGaAs结

构中的 2DEG更容易研究 ,因为在掺 Si 的 MOSFET

结构中的一些例如谷间散射和表面粗糙度散射等散

射机理在这些结构中可以被忽略. Stormer等人发现

当电子浓度超过一定数值时 ,霍尔迁移率由于子带

间散射的开始而减小了[10 ]
.他们认为迁移率的下降

是由于第二子带比第一子带有更低的迁移率 ,Mori

和 Ando 通过理论计算给予了证明[11 ]
.在进一步的

研究中 ,人们得到第二子带的散射时间比第一子带

的散射时间更短[12 ]
.但 Smith和 Fang认为一般第一
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子带的电子一般更靠近界面 ,因而更靠近 AlGaAs层

的电离杂质 ,它们将有比第二子带更强的散射 ,所

以 ,第二子带中电子的弛豫时间比第一子带的更长 ,

迁移率比第一子带的更大[13 ]
.

21样品结构

实验中使用的样品是通过分子束外延 (MBE)的

方法生长的调制掺杂 ( Si)的 GaAsΠAl x Ga1 - x As ( x =

0128) 结构. 其结构为半绝缘的 GaAs 衬底 ( S. I.

Substrate) ;112μm的 GaAs缓冲层 ;220! 的不掺杂的

Al x Ga1 - x As ( x = 0128 ) 隔离层 ;上面是 550! 的

Al x Ga1 - xAs 的 Si 掺杂层、最上面是 75! 的 Si2GaAs

盖层.结构图如图 1 所示. AlGaAs的禁带宽度大于

图 1　样品结构示意图

图 2　样品导带示意图

GaAs ( Eg | Al0122 Ga0178 As = 1170eV , Eg | GaAs =

1124eV) ,这种带隙的差异导致了在异质界面带边断

续 ,重掺杂的 AlGaAs层中的电子将转移到非掺杂的

GaAs一侧 ,而电离施主仍留在 AlGaAs一侧.界面附

近能带发生弯曲 ,AlGaAs一侧形成势垒 , GaAs一侧

形成准三角势阱.其中不掺杂的 AlGaAs层减弱了势

阱中电子与电离施主之间的库仑作用 (杂质散射) ,

使电子的迁移率增加.光辐照后得到μ2K = 1178 ×

10
6
cm

2Π(V·s) 的高迁移率. 其导带示意图如图 2

所示.

31实验结果与讨论

在强磁场 (6T)和低温 (2K)的条件下 ,我们测量

了样品在光照前后的量子霍尔平台和 SdH振荡曲

线 ,研究了 2DEG中电子迁移特性.实验中使用的辐

照光是红光.辐射前后 ,均得到了很好的整数量子霍

尔平台.在实验中没有发现和分数霍尔效应相关的

平台.光照前后的结果如图 3所示.

图 3　光照前后霍尔效应及 SdH振荡曲线

当 �ωc > kB T ,即低温高磁场的条件下 ,样品横

向磁阻由振动项和非振动项组成ρ =ρoscillatory +

ρnonoscillatory ,其中振荡项ρoscillatory对于 2DEG的研究起重

要作用.这时 2DEG受到量子阱的限制以及磁场作

用 ,处于由量子阱限制造成的量子化能级和由磁场
作用而形成的分立朗道能级中.当朗道能级越过费

米能级时 ,横向磁阻会产生振荡现象.对于一个特定

的由量子阱限制造成的量子化子能级 ( Ei ) ,磁阻的

振荡 (δρxx )能被表达成[14 ]

δρxx = 2�σxx
i

(ωiτi )
2

1 + (ωiτi )
2 exp -

π
ωiτi

ξi

sinh (ξi )

×cos 2π
EF - Ei

�ωi
+ <i , (1)

下标 i指的是第 i个子带 ,这是由量子阱限制造成的

量子化子能级.ωi = eBΠm
3
i 是角回旋频率 ; m

3
i 是

电子回旋有效质量 ;τi 是电子弛豫时间 ;�σxx
i
是平均
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磁导率 ; <i 是第 i 个子带的相 ;ξi = 2π2
kB TΠ�ωi . kB

是玻耳兹曼常数 ; �= hΠ2π( h是普朗克常数) .

费米能级和第 i子带最小值的差为

ΔEi = EF - Ei =
π�ni

m
3
i

, (2)

ni 是由量子阱限制造成的第 i个量子化子能级的电

子浓度.把 (2) 式代入 (1) 式可得到

δρxx = 2�σxx
i

(ωiτi )
2

1 + (ωiτi )
2 exp -

π
ωiτi

ξi

sinh (ξi )

×cos 2π
hni

2 e
1
B

+ <i . (3)

　　因而 SdH曲线随 1ΠB 振荡的频率仅同 2DEG的

电子浓度 ni 有关系 ,

f SdH =
hni

2 e
. (4)

　　在磁场从 013T到 512T的范围内 ,从对应的 1ΠB
的区间里取 1024个点 ,对 SdH振荡曲线做了以相等

的 1ΠB 为间距的快速傅里叶变换 ( FFT) .经快速傅

里叶变换后的图中有两个峰值振幅 ,这说明 2DEG

中有两个子带被占据[15 ] .由 (4)式知其对应的两个

频率是由这两个子带的电子浓度决定的.结果如图

4 (光照前)和图 5 (光照后)所示.

图 4　光辐照前的 SdH数据的傅里叶变换图 (小图为辐照前的

SdH及霍尔效应图)

在实验测量中 ,得到光照前 2DEG的总电子浓

度 ( nT)为 2128 ×10
11

cm
- 2

,而光照后为 3176 ×10
11

cm
- 2

,增加为将近原来的 1165倍.根据方程 (4)和傅
里叶变换的结果可得到 ,光照后第二子带的电子浓

度 ( n1 )从 0194×10
11

cm
- 2增加到了 1130×10

11
cm

- 2
;

而第一子带的电子浓度 ( n0 )从 1194×10
11

cm
- 2增加

到 2146×10
11

cm
- 2

.如表 1所示.

图 5　光辐照后的 SdH数据的傅里叶变换图 (小图为辐照前的

SdH及霍尔效应图)

表 1　电子浓度

n0Πcm - 2 n1Πcm - 2 nTΠcm - 2

光照前 1194×1011 0194×1011 2128×1011

光照后 2146×1011 1130×1011 3176×1011

图 6　样品结构能级示意图

这说明当 2DEG中总电子浓度增加时 ,两个子

带的电子浓度都增加[13 ] .说明电子在进行子能级填

充时 ,第一子带还没全部填满第二子带已经开始填

充.但光照使 DX中心的深能级杂质被激发 ,第一子

带得以继续填充.我们利用 m
3

= 01067 m0 ( m
3为体

GaAs材料中的电子有效质量 , m0 = 91108 ×10
- 31

kg

为电子的惯性质量) ,以及方程 (2) ,可粗略估计两个
子带和费米能级的能量间隔.费米能级和第一子带

和第二子带的能级间隔分别为ΔE0 = 8188meV 和

ΔE1 = 4169meV.两能级间隔ΔE01 = 4119meV.其能

级关系如图 6所示.

在经过 FFT后的图中 ,其峰值的高低代表着各

自能带中电子量子寿命的长短.从图 4和图 5中可
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得到 ,第二子带的峰值 (对应于 n1 )要比第一子带的

峰值 (对应于 n0 )高 ,所以第二子带中电子的量子寿

命比第一子带中的长 ,受到的散射比第一子带小.样

品经光照后 ,各自能带的峰值均较光照前有所减小 ,

说明光照前后电子的量子寿命减小.在具有两个子

带的系统中 ,影响电子量子寿命的主要是子带间散

射的大小和电子对阳离子的屏蔽作用的强弱.由于

两个子带的电子浓度的增加所引起电子子带间散射

的影响超过了对阳离子屏蔽作用的影响[16 ] .

当载流子的量子寿命τq 减小时 ,说明 2DEG中

载流子的散射增加.因此 ,朗道能级展宽了 ,电子自

旋态的相对空间分布就减小.磁场中电子的自旋分

裂是由于塞曼能 Es 引起的 ,

Es = s (μB B + Eex) , (5)

这里 s是自旋量子数 (±1Π2) ,μB 是波尔磁子 , Eex是

交换能量.并且 Eex 由其朗道能级中两个自旋态的

布局的不同决定 ,

Eex ∝ nN ↑ - nN ↓. (6)

电子自旋态空间分布的减小导致 Eex的减小.所以

电子自旋分裂朗道能级对应的磁场范围减小 ,即自

旋分裂量子霍尔平台所对应的磁场范围减小.故霍

尔平台的宽度也减小[17 ] .

从实验结果中可看到 (如图 1) ,光照后 ,整数霍

尔平台的宽度变窄.以填充因子 i = 6为例.光照前 ,

其平台宽度 (这里以平台处磁阻的变化同磁阻的比

值小于 011 %为标准来计算其宽度)是 010577T;而

在光照后是 010352T.减小将近 64 %.而光照前后 ,

第一子带的峰值从 01651减小到 01372 ,减小 75 % ;

第二子带的峰值从 11323减小到 01838 ,减小 58 %.

光照前后峰值变化的均值同平台宽度的变化值相

当.说明光照前后电子量子寿命变短 ( FFT图中的峰

值变小)和整数霍尔平台宽度变窄相符.

41结 　论

在低温 (2K)下 ,对掺 Si 的 GaAsΠAlGaAs高电子

迁移率 2DEG结构进行光照 ,其具有明显的持久光

电导 ( PPC)效应 ,电子浓度在光照后从 2128 ×10
11

cm
- 2增加到 3176 ×10

11
cm

- 2
.测量样品的霍尔电阻

和横向磁阻 ,得到了整数量子霍尔效应 ( IQHE)和

SdH振荡曲线 ;对 SdH振荡曲线进行快速傅里叶变

换后 ,得到样品在低温光照后第一子带和第二子带

的电子浓度同时增加 ;分别从 1194 ×10
11

cm
- 2增加

到 2146×10
11

cm
- 2和从 0194×10

11
cm

- 2增加到 1130

×10
11

cm
- 2

.估算了费米能级和两个子带之间的能

级间隔ΔE01 = 4119meV.光照后两个子带中电子的

量子寿命均有所减小 ,以光照前后 i = 6为例的整数

霍尔平台宽度变化进一步解释了这个现象.

在该项研究工作中 ,得到中国科学院物理研究所吕力教
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Abstract

We obtained the high mobility of μ2K = 1178 ×106 cm2ΠV·s in Si2doped GaAsΠAlGaAs two2dimensional electron gas

(2DEG) structures. After the sample was illuminated by a light2emitting diode in magnetic fields up to 6 T at T = 2K, we did

observe the persistent photoconductivity effect and the electron density increased obviously. The electronic properties of 2DEG

have been studied by Quantum2Hall2effect and Shubnikov2de Haas (SdH) oscillation measurements. We found that the electron

concentrations of two subbands increase simultaneity with the increasing total electron concentration , and the electron mobility

also increases obviously after being illuminated. At the same time , we also found that the electronic quantum lifetime becomes

shorter , and a theoretical explunation is given through the widths of integral quantum Hall plateaus.

Keywords : two2dimensional electron gas , quantum Hall effect , SdH oscillations , persistent photoconductivity
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�� : 利用喇曼散射方法在 77 K温度下对不同淀积厚度的 InAs/ GaAs量子点材料进行了研究.在高于 InAs体材
料 LO模的频率范围内观察到了量子点的喇曼特征峰 ,分析表明应变效应是影响 QD声子频率的主要因素 .实验显
示 ,随着量子点层淀积厚度 L 的增加 , InAs量子点的声子频率由于应变释放发生红移.在加入 InAlAs应变缓冲层
的样品中 ,类 AlAs声子峰随 L 增大发生了蓝移 ,从侧面证实了 InAs量子点层的应变释放过程.

��� : 量子点 ; 喇曼散射 ; 应变效应 ; 限制效应
PACC : 6322 ; 6855 ; 7865P

����� : TN244 � !"# : A �$%� : 025324177 (2006) 0621012204

1 &'

随着化学气相沉积 ( CV D ) 和分子束外延
(MB E)技术的发展 ,各种材料体系的外延生长日趋
成熟[ 1 ,2 ] .其中 ,以量子点 ( Q D )材料作为有源区的
光电材料以其潜在的优势而备受人们关注[ 3 ] .在量
子点的各种生长方法中 ,基于 S2K模式的自组织生
长是近年来研究的热点. S2K生长模式利用衬底和
外延层之间的晶格失配及其所引起的应变场驱使量
子点自组织生长 ,在生长过程中 ,三维岛状结构的形
成释放了应变产生的弹性能 ,因此量子点材料具有
结构完整、缺陷位错少的优点.但是 ,对器件性能起
关键作用的点密度、尺寸和均匀性相对较难控制 ,而
这些均与生长过程中的材料应变密切相关 .

喇曼散射方法是研究应变的有力工具之一 ,并
且已越来越多地应用于超晶格、量子点等材料的研
究.由于量子点波函数的扩展性 ,弛豫过程涉及到来
自量子点结构不同区域的多种声子效应 ,因此喇曼
散射方法所获得的量子点结构的声子谱 ,对理解材
料内部信息 ,进而获得更高质量的量子点具有重要
意义. I nAs/ GaAs体系量子点材料由于在半导体激
光器、红外探测器等方面有比较好的应用前景而得
到了广泛的重视 , I nAs岛状结构的声子谱研究也已
见诸报道. Za nela t t o等人[ 4 ]利用喇曼散射研究了生
长于 GaAs衬底上的自组织 I nAs 量子点的布局情
况 ; Galze ra ni 等人[ 5 ]在不同条件下生长了 I nAs 量

子点 ,比较了掺杂和未掺杂、单层和多层、退火和未
退火样品之间的喇曼谱特征 ; Pusep 等人[ 6 ]通过共
振喇曼实验观察到了生长于 GaAs衬底上的金字塔
形 I nAs量子点尖端的界面振动模 ,由此分析了材
料应变对喇曼谱的强烈影响 ; I ba nez 等人[ 7 ]研究了
多层堆垛 I nAs/ GaAs 量子点 ,发现随隔离层厚度减
小 ,量子点喇曼峰由于弹性应变的释放而向低频方
向移动 ; A rtús 等人[ 8 ] 研究了淀积厚度为 114～
119ML 的 I nAs量子点样品的喇曼频移 ,并将之归
因于材料晶格失配引起的压应力 .

本文对生长于 GaAs 上的 I nAs 量子点材料进
行了研究.使用 MB E设备生长了淀积厚度为 117～
217ML 的量子点材料 ,并利用低温背散射对样品进
行了喇曼散射实验.通过 QD 声子频率的移动 ,结合
量子点形貌的观察结果进一步讨论了材料生长过程
中量子点形状和应力的变化关系 .

2 ()

实验所用样品均是在 RIB ER Comp act21 T 型
MB E设备上采用 S2K生长模式制备的. 在 GaAs

(001)半绝缘衬底上 , 580℃下首先生长 100nm 的
GaAs缓冲层 ,之后降温至 480℃进行量子点有源区
的生长. A , B , C , D 样品中 , I nAs 层的淀积厚度 L

分别为 117ML , 119ML , 211ML 和 217ML ,生长速
率均为 011ML / s .为进行比较 ,另一组结构类似但
有 GaAs盖层的样品中在 InAs 岛上面继续覆盖了
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3ML 的 I n0. 2 Al0. 8 As 和 5nm 的 I n0. 2 Ga0. 8 As ,以起
到应力缓冲的作用.

在材料的生长过程中 ,当 I nAs 达到临界厚度
附近 (约 117ML ) ,反射高能电子衍射仪 ( R H EED )

图形从线状变为燕尾状 ,表明材料正从二维层状生
长向三维岛状生长过渡 . 利用 Re nishaw RM2000

型微区喇曼光谱仪采用背散射几何配置在 77 K下
测量了样品的喇曼散射谱 ,激发光源为 51415nm 的
A r +离子激光器 .

3 �����

表面形貌测试显示量子点的尺寸和密度随着淀
积厚度的改变而发生变化.图 1 所示为不同淀积厚
度下量子点的平均直径和平均高度.随着 I nAs 厚
度的增加 ,Q D 的尺寸逐渐增大.图 2显示了量子点
平均直径与平均高度的比值变化 .由图可见 ,随着量
子点的平均高度从 215n m 逐渐增大到 5nm 左右 ,

QD 的尺寸横纵比则呈现下降趋势 ,量子点形状逐
渐改变.

图 1　各样品中量子点的平均直径和平均高度

Fig. 1　Average diameter and height of QDs

图 2　量子点尺寸横纵比随淀积厚度的变化

Fig. 2　Diameter/ height ratio of QDs with InAs thickness

77 K下测量了样品的光致发光 ( PL )谱 ,图 3为
样品 C 和样品 D 的 PL 谱比较 ,其中～111eV 和
～112eV处的两个发光峰分别对应 InAs 量子点的
基态和激发态跃迁[ 9 ] .从图中可见 ,样品 D 基态发光
峰强度明显增大 ,且与样品 C发光峰相比 ,其半高宽
变窄 ,量子点材料的发光质量得到提高.由于 InAs淀
积厚度增加导致量子点尺寸和应力分布的变化 ,其基
态和激发态的发光峰均出现了轻微的红移[ 10 ] .

图 3　77 K下样品 C , D 的 PL 谱

Fig. 3　PL spect ra of samples C and D at 77 K

图 4中将不同淀积厚度的四个样品的低温喇曼
散射谱进行了比较.各个样品中 ,位于 293c m - 1处的
GaAs L O 模均为强度最大的峰 , 270c m - 1处的较弱
峰来源于本应禁戒的 GaAs TO 模[ 11 ]在非完全背散
射配置下的泄漏 .在低于 GaAs TO 模的频率范围
内 ,有另外一个喇曼特征峰 ,虽然其强度相对微弱 ,

但在 InAs 淀积量超过临界厚度 ( ≥117ML )的几个
样品中都可以观察到 ,并且其频率位置随样品 I nAs

淀积厚度增加而发生移动 ,证实了该峰既不是类
GaAs界面模的信号 ,也不是浸润层 ( WL )声子的贡
献 ,而是来源于样品中的量子点声子[ 8 ,12 ] .

图 4　77 K下四样品的喇曼散射谱对比

Fig. 4　Raman sp ect ra of t he f our samples at 77 K
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与 I nAs体材料相比 , Q D L O 模频率发生了较
大程度的蓝移.一般而言 , I n 组分、应变效应和限制
效应均可能使量子点的声子频率发生移动 . Chu 等
人[ 12 ]认为 ,生长温度较高时 ( ≥530℃) ,由于界面处
In和 Ga 的互混 ,导致 I n GaAs 混晶形成 ,使声子振
动频率很大程度上决定于材料中的 I n含量.而事实
上 ,由于 In x Ga1 - x As声子谱所具有的双模行为 ,且
对于 x较大的情况 ,类 I nAs 声子频率相对其体材
料将向低频轻微移动[ 13 ] ,考虑到我们样品较低的生
长温度 ,基本可以排除 In , Ga 界面混晶对 QD 声子
频率的影响 .

下面考虑应变效应和限制效应对 I nAs L O 的
影响.对 InAs/ GaAs 体系 ,压应变将导致喇曼峰频
率相对于体材料蓝移 ,限制效应将使喇曼峰红移 .特
别是对于量子点层上方有覆盖层的情况 ,量子点声
子三维受限 ,须考虑限制效应引起的频移 ,即在计算
中引入Δωcon项.而在无覆盖层样品中 ,则限制效应
可以忽略 ,应变效应导致的频移可表示为[14 ] :

Δωst r = - 32619ε
其中　内建应变系数ε主要由晶格失配度决定 ,对
于 InAs/ GaAs体系 ,ε≈ - 619 %.利用这种方法 ,得
到压应变效应将使 InAs LO 模产生约 22cm - 1的频
移.实验测得的结果 (ω( L = 117ML)≈26115cm - 1 )

也证实了除应变效应外 ,其他因素对 QD声子模频
率的影响较小.

图 4显示了随 InAs层厚增加 ,量子点喇曼峰相
对于体材料声子 (242 ±1cm - 1 ,77 K) [15 ]的频移量变
化情况.随着 InAs的淀积量增大 ,QD 声子峰向低
频方向移动 ,这与 Artús等人[8 ]的研究结果有所差
异.在 Artús等人的实验中 , InAs 层的淀积厚度为
114～119ML ,并且随 InAs厚度增大 ,其 LO模频率
发生一定程度的蓝移.首先 ,与该报道中的样品相
比 ,我们实验中所用的生长温度较高 (480℃) , InAs

岛具有较大的平均高度和较小的尺寸横纵比 , QD

形状更接近于金字塔形.因而 ,量子点形成过程和岛
状结构的应力分布均与文献 [ 8 ]中的样品具有明显
差异. 另一方面 , Artús 等人的样品结构中包含
25nm的 GaAs盖层 ,则其产生的限制效应会对 QD

声子频率带来与应变效应相反的影响.

在不考虑边界能的情况下 ,采用 S2K模式的量
子点生长过程中系统的总能量可表示为 :

E =ΔEsurface +ΔEelastic

即系统总能量 E决定于表面能ΔEsurface与弹性应变
能ΔEelastic之和.当 InAs淀积量到达临界厚度后 ,为
了使系统的总能量 E为最小值 ,只有通过三维生长
减小ΔEelastic ,这也是自组织量子点生长的驱动力.

在我们的样品中 ,随着 InAs 淀积量的增加 ,根据
A FM形貌观察的统计分析表明三维岛尺寸的横纵

比减小 ,三维生长的趋势越来越显著 ,很大程度上释
放了 InAs QD内应变 ,从而导致其 Raman 峰出现
红移.图 5中近似线性的频移关系显示 ,弹性应变的
释放是影响量子点喇曼峰频率位置的主要因
素[7 ,16 ] .

图 5　量子点声子频移量与 InAs淀积厚度的关系

Fig. 5 　QD phonon2f requency shif t as a function of

InAs thickness L

对另一组在 InAs QD 和 GaAs 盖层间加入应
变缓冲层的样品的实验显示 ,随 InAs 层淀积厚度
增大 ,来源于与 InAs层相邻的 In0. 2 Al0. 8 As层的类
AlAs LO模信号向高频方向移动 ,如图 6 所示.这
一现象同样证实了在岛状结构生长过程中 ,不同淀
积厚度量子点层的应变发生了显著变化.

图 6　随 InAs淀积厚度增加 AlAs2like LO模的频率移动

Fig. 6　Frequency shif t of AlAs2like LO mode as InAs

thickness increases

4 ��

对淀积厚度不同的 InAs/ GaAs量子点材料进
行了背散射喇曼实验.在 77 K下 ,观察到的 QD 声
子模较 InAs体材料 LO 模向高频方向发生了较大
的频移 ,通过计算分析 ,认为应变效应对喇曼峰频率
的移动产生较大影响.随着量子点层淀积厚度 L 的
增加 , InAs LO 模发生红移 ,我们分析了材料中量
子点尺寸和形状的变化 ,认为 QD横纵比减小引起
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的应变释放是影响其频移的主要因素.
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 � 通过拉曼光谱方法分别对 PEDO T : PSS掺杂和去掺杂状态进行了详细分析。实验结果表明 , 去掺

杂的 PEDO T : PSS由于其在激发波长附近的吸收增强而引起了共振效应 , 拉曼信号得到大幅度增强 , 可见 ,

以 633 nm ( He2Ne)激光为激发波长的拉曼光谱是研究 PEDO T : PSS掺杂状态的有效方法。此外 , 显微拉曼

光谱也是分析聚合物发光二极管器件内各层材料的有效手段。

�� PEDO T : PSS ; 共振拉曼光谱 ; 聚合物发光二极管
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引　言

　　在过去的 30年里 , 研究工作者合成和研制出众多的导

电共聚物 , 其中 Poly ( 3 , 42ethylene dioxythiophene) ( PE2
DO T)就是一种比较成功的聚合物导电材料 , 并广泛用于各

种电子器件中 [1 ]。它与其他同样功能的聚合物材料相比有自

己的特点 : 具有较低的氧化电势 ; 适中的禁带宽度 ; 具有稳

定的氧化态。此外 , 无论通过化学方法还是电化学方法制备

的氧化 PEDO T都具有较高的电导率 (400～600 S·cm - 1 ) ,

当制备成为氧化薄膜时 , 具有较高的透明度 [2 ]。但是 PE2
DO T是一种难溶的聚合物 , 这一缺陷严重影响了 PEDO T的

应用。然而 , 将 PEDO T 与水溶高分子电解质 Poly ( styrene

sulfonate) ( PSS)聚合掺杂后 , 这一缺陷可以被克服 , 从而产

生一种水溶聚合物 PEDO T : PSS。作为聚合物发光二极管
( PL EDs)中普遍使用的一种空穴传输层 [3 ] , PEDO T : PSS对

提高器件的性能具有重要意义 , 而它的化学组份和材料掺杂

状态将直接影响到它的导电性能 [4 ] , 从而影响到 PL EDs的

工作性能 , 由此可见 , 一种能够有效和灵敏地分析 PEDO T :

PSS的化学结构和掺杂状态的方法很有应用价值。

拉曼光谱技术作为一种无损测量手段 , 在过去的几十年

里遍及材料科学 , 化学 , 物理学 , 生物学 , 医学和环境科学

等众多科学领域。我们使用的显微共焦拉曼光谱仪 , 可以提

供μm数量级精度的化学和结构方面的信息 , 不但可以进行

样品表面的化学结构信息分析 , 还可以在纵深方向上进行测

量 [5 ] , 能够得到物质材料表面以下不同深度的结构信息 ; 拉

曼光谱的激发波长具有可选择性 , 可以通过选择波长来避免

荧光对拉曼光谱信号的影响 ; 另外 , 通过适当选择波长 , 可

以利用拉曼光谱的共振增强效应 [6 , 7 ] , 由此提高光谱信号的

信噪比 , 这是红外光谱所不具有的特点和优势。

1　实验部分

　　聚合物薄膜的拉曼光谱是由英国 Renishaw公司的 M KI2
2000型显微共焦拉曼光谱仪测得 , 激发波长为 633 nm , 采

用 180°背散射式收集 , 到达薄膜处的激光功率约 2 mW , 采

用×50 (N1A1 = 0175)普通显微物镜聚焦于样品表面 , 光斑

尺寸约为 1μm ; 拉曼光谱采集的积分时间在 100～200 s , 当

采用更长的积分时间 , 在显微镜下未观察到激光损伤 , 同时

为了避免激光对聚合物薄膜造成的光老化 , 实验中尽量采用

较低的激光功率 ; 收集信号中的瑞利散射光被两块全息窄带

滤波片去除 , 所以只有拉曼散射光最终被光栅分光并被制冷

CCD探测器接收 ; 由于薄膜被甩膜于玻璃基底上 , 所以采集

过程中 , 拉曼信号收到玻璃的荧光影响 , 实验结果已经做了

基底去除。吸收光谱是通过美国 Ocean Optic公司的 SD1000

型光纤光谱仪测量的。我们实验中用到的掺杂的 PEDO T :

PSS是由华南理工大学材料学院高分子光电材料及器件研究

所提供的 , 通过用水合肼在高温下处理得到去掺杂的 PE2
DO T : PSS[8 ]。
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2　结果及讨论

　　以可见2近红外光作为拉曼光谱的激发源时 , 共轭聚合

物的拉曼共振效应可以表示成 (1)式 [9 ]

β∝
ν2

p +ν2
0

(ν2
p - ν2

0 ) 2

　2

(1)

其中β(cm2 ·molecule - 1 ·sr - 1 )是微分拉曼散射截面 ;νp

(cm - 1 )表示材料中电子在分子轨道中的跃迁频率 ;ν0 (cm - 1 )

表示拉曼光谱的激发频率。可以看到 , 当激发波长的频率接

近材料中电子在分子轨道中跃迁的频率时 , 微分拉曼散射截

面急剧增加 , 从而有效增加拉曼光谱的有效信号强度。图 1

给出了掺杂和去掺杂 PEDO T : PSS的吸收光谱比较 , 从图中

可以看到 , 与掺杂状态的 PEDO T : PSS材料不同 , 去掺杂的

PEDO T : PSS在 620 nm附近出现了一个较强的吸收带 [10 ] ,

这意味着选择适当的拉曼激发波长 , 如 He2Ne (633 nm) , 将

使去掺杂的 PEDO T : PSS受益于拉曼共振效应。

Fig11　Comparison of absorbance spectra between

doping and dedoping PEDOT:PSS

1 : doped PEDO T ; 2 : dedoped PEDO T

　　对于实际的 PL EDs 器件来说 , 由于 PEDO T : PSS的掺

杂状态决定材料的导电特性 , 所以也严重影响 PL EDs器件

的工作性能 , 而且有工作表明去掺杂的 PEDO T : PSS也是造

成 PL EDs器件中黑斑缺陷的原因之一 , 制约着 PL EDs的应

用。对于封装的器件 , 由于所有聚合物材料都以夹层形式封

于阳极 (透明的导电 ITO玻璃)和金属阴极之间 ,红外光谱等

测试手段的测量将受到局限 , 而显微共焦拉曼由于其光谱采

集系统具有共焦的特点 , 使得这种光谱测量方法在纵向上具

有较高的分辨本领 (～1μm) , 而且拉曼光谱工作波段可以穿

过玻璃基底 , 对内部各种聚合物材料的化学结构特性进行分

析。

　　图 2给出了掺杂和去掺杂的拉曼光谱比较。插图是 PE2
DO T的化学结构式 , 可以看到 PEDO T的骨架也具有共轭结

构 , 而 PSS则不具有这种共轭结构 [3 ]。可以看到 , 去掺杂

PEDO T的拉曼光谱在相对强度上强于掺杂 PEDO T : PSS的

拉曼光谱 , 这是由于共振拉曼效应的影响。从图中可见 , 掺

杂 PEDO T在1 426 cm - 1附近有个很宽的振动峰 , 通过曲线

拟合可知这个主峰是由1 458 , 1 443 , 1 426 , 1 399和1 357

cm - 1五个峰叠加而成的。聚合物 PSS虽然在 PEDO T : PSS

中的比重占支配地位 , 但在拉曼光谱上并不表现出很强的特

征峰 , 此外 , 玻璃基底的荧光也影响了 PSS微弱拉曼信号的

表现。而去掺杂的 PEDO T在1 424 cm - 1处有一个很强的共

振振动峰 , 这是因为随着 PEDO T掺杂程度的下降 ,π→π3

带在 620 nm处的吸收急剧增加 (如图 1) ,而拉曼光谱的激发

波长 633 nm正好落在这一吸收带内 , 使得去掺杂 PEDO T

拉曼光谱信号受益于共振效应而得到增强。在长波段 1 500

～1 600 cm - 1内 , 两种氧化状态的 PEDO T都有两个明显的

特征峰 , 对于掺杂的氧化态 , 两个特征峰分别处于 1 530和

1 563 cm - 1处 , 而且它们的强度接近 ; 而去搀杂的氧化态 ,

两个特征峰出现在 1 512和 1 548 cm - 1处 , 且1 512 cm - 1的

强度要明显强于 1 548 cm - 1的特征峰。因此通过拉曼光谱可

以有效并灵敏地区分 PEDO T的掺杂态和去掺杂态。

Fig12 　Comparison of Raman spectra between doping and

dedoping PEDOT:PSS. Chemical structure of PEDOT

is shown in the insert

　　总之 , PEDO T : PSS是一种良好的、稳定的导电材料 ,

由于掺杂和去掺杂状态分别具有不同的电学特性 , 可以根据

不同的实际需要选择不同的掺杂状态。从吸收光谱上看 , 与

掺杂状态的 PEDO T : PSS不同 , 去掺杂的 PEDO T : PSS在

620 nm附近出现了较强的吸收带 , 所以适当选择拉曼激发

波长 , 可以利用共振拉曼效应研究 PEDO T掺杂状态 , 这是

一种快捷 , 灵敏的方法。
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Study of Poly ( 3 , 42Ethylene Dioxythiophene) :Poly ( Styrene Sulfonate)
by I n2Sit u Resonance Raman Spectroscopy

L IN Hai2bo , XU Xiao2xuan 3 , WAN G Bin , WU Bin2lin , XU Jia2lin , YU Gang , ZHAN G Cun2zhou

TEDA Applied Physics School , Nankai University , Tianjin　300457 , China

Abstract　Poly (3 , 42ethylene dioxythiophene) ( PEDO T) : Poly ( styrene sulfonate) ( PSS) has att racted a lot of interest for

application in organic elect ronics due to good stability and high elect ronic conductivity in it s doped state. Indeed , thin layers of

PEDO T : PSS was regularly used in light emitting diodes ( PL EDs) as hole injection and transportation layer. Here , Doping and

dedoping states of PEDO T : PSS were studied by absorbance spect ra and Raman spect ra. A new absorption band centered at 620

nm was observed on dedoped PEDO T : PSS. Consistently , Raman signals of dedoped PEDO T : PSS are resonantly intensified

since the Raman excitation wavelength (633 nm) is set in the enhanced absorption band. So it gives a sensitive way to study the

doping and dedoping states of PEDO T : PSS. Furthermore , for the encapsulated polymer light2emitting diodes , Raman spect ros2
copy is a powerful way to study the polymer layers inside the devices.
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� � 利用共焦显微拉曼方法 , 测定了乳腺组织切片的 Mapping拉曼谱 , 光谱采样体积达到μm尺度。通

过对这些共焦拉曼谱与商业提纯肌动蛋白、胶原等生化物质做出的谱的分析比较 , 分离出了来自细胞质、细

胞间质、脂肪以及乳腺沉积物这些组织形态基元的拉曼谱 ; 用 K阶簇分析方法 , 还获得了细胞核基元谱 ; 基

元谱与提纯化学物质谱的相关分析印证了组织形态基元谱的来源。还分析总结了这些组织形态基元谱的特

征。这些工作为深入理解组织形态与其拉曼谱的关系以及乳腺组织形态拉曼模型的建立奠定了基础。
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引　言

　　乳腺癌是导致女性死亡的主要恶性肿瘤之一。因此 , 早

期作出正确诊断对疾病的治疗、治愈具有决定性的意义。目

前在临床可结合多种方法对肿瘤进行诊断 , 但最终确定肿瘤

的良、恶性程度等通常需要做具有一定创伤性的活体组织切

片病理学检查。然而 , 非量化的病理学诊断过程繁琐 , 往往

受人为因素影响 ,而且组织切片的病理表明 70 %～90 %又是

良性的 [1 ]。显然 , 寻求一种具有分子化学成分分析能力的原

位诊断方法是非常必要的。前期的研究成果表明 , 傅里叶变

换红外拉曼光谱能在分子水平揭示乳腺肿瘤组织与正常组织

的差别 [227 ] , 但无法确定产生这些谱 (宏观谱)特征的化学和

组织形态学的根源。乳腺组织癌变引起的早期变化 , 发生在

显微水平 , 因此有必要研究微观组织形态基元 (Morphologi2
cal element s)细胞核、细胞质、细胞间质等拉曼光谱特征及

变化 , 以提取生物组织的化学和结构信息 , 进而更好地理解

其宏观谱的变化并为发展拉曼诊断方法奠定基础。目前这方

面的研究工作已有报道 [8 , 9 ]。本文采用了具有空间分辨率的

共焦显微拉曼光谱方法 , 在前期研究工作的基础上 [10 ] , 进一

步测定乳腺组织切片的 Mapping拉曼光谱 , 光谱采样体积达

到μm尺度。通过对所测显微拉曼光谱的分析、对比 , 发现

了乳腺组织形态基元细胞核、细胞质、细胞间质等的拉曼光

谱 , 并研究这些基元谱的光谱学特征。

1　实验部分

111 !"

32例乳腺组织样品全部取自天津肿瘤医院手术切除的

新鲜标本。经病理科检验证实正常组织 3 例 , 良性肿瘤 11

例 , 乳腺癌组织 18例。标本离体后用生理盐水冲洗净血渍 ,

取材于肿瘤中心部位约为 110 cm3 大小的组织样品 , 放置于

- 20 ℃的 L EICA CM1900显微切片机中 , 切成 10μm的组

织切片贴在氟化钙基片上 , 并用空气吹干 , 用于测量拉曼显

微光谱。与这些切片相邻的切片做成 7μm厚 , 放在玻璃片

上 H E染色 , 进行病理学检查。

购于 Sigma公司的生化物质 : 脱氧核糖核酸 DNA、核糖

核酸 RNA、肌动蛋白、Ⅰ型胶原、甘油三油酸酯、β2胡罗卜
素和胆固醇、卵磷脂。实验前 , 将这些生物样品置于冰箱 2

～4 ℃的冷藏室中保存。

112 #$%&'()

使用 Renishaw公司的 M KI22000型显微拉曼光谱仪 ,配

备有 L EICA的显微镜及三维微动平台 , 平台横向 ( x , y轴)

分辨率为 1μm , 纵向 ( z轴) )分辨率为 2μm , 光谱分辨率为

2 cm - 1 , 激发光为氦氖激光 633 nm , 输出功率为 30 mW。仪

器的波数轴用硅的谱线进行校准 , 强度轴用钨灯的光谱来校
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准。拉曼谱仪在共焦状态下具有三维空间分辨能力 , 其共焦

原理如图 1所示。显微镜采用无穷远共轭方式 , 显微镜焦点

与探测器的接收点组成一对共轭点。样品放置在物镜的焦平

面上 , 物镜后光谱仪狭缝前有一个透镜 , 狭缝位于此透镜的

焦平面上 , Renishaw 公司的共焦显微拉曼光谱仪没有共焦

针孔 , 其光谱仪入射狭缝代替了共焦针孔作为一个维度方向

上的空间滤波器 , 再利用 CCD像面上方向与狭缝垂直的像

元行数作为另一个维度方向上的空间滤波器。在垂直于狭缝

方向上 , 超出狭缝外的光被狭缝滤除 , 沿狭缝方向上的光进

入谱仪 ,在 CCD上形成一个谱带 , 谱带的高度为沿狭缝方向

上被照明的部分狭缝通过谱仪成像而成。通过限制 CCD上

被采集的谱带高度 , 即可实现垂直于狭缝方向的空间滤波。

狭缝越小、CCD 上被采集的像素行数越少 , 其共焦效果越

好。

Fig11　Diagram of the confocal system

　　本实验中 , 使用的共焦条件是 : 狭缝宽度为 15μm ,

CCD上像元行数为 5行 , 采用大数值孔径 (N1A1 = 0175) 50

倍物镜 , 样品上聚焦光斑直径约为 1μm , 光谱采样体积约为

～2μm3。

显微镜装备的微动平台是由计算机控制的 x , y , z三维

运动定位系统 , 因此 , 能够按照预先定义在 ( x , y)平面上实

现阵列的 Mapping定点测量 , 并能在测量中实现样品聚焦平

面的精确定位 ( z轴)。应用这种方法 , 我们获取了十多幅拉

曼 Mapping , 2 000多个拉曼谱 , 这些成像的典型面积为 30

μm×30μm , 在 x , y轴方向的步长为 2μm , 每个测量点的

信号收集时间为 60～80 s。室温设置为 (22±2) ℃。所有拉曼

光谱来自正常、良性肿瘤和癌变乳腺组织样品。另外 , 还测

定了购买的生化物质的拉曼谱。
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在 Matlab 615软件环境下 , 自行编制了数据处理程序。

对 Mapping谱数据和纯化学物质的谱数据进行预处理。

用 633 nm波长激发的拉曼光谱含有较强的荧光背底 , 收集

拉曼散射光的 CCD经常受到宇宙射线的照射 , 同时还含有

随机噪声等 , 预处理的目的就是去除基底和宇宙射线、增加

信噪比。预处理的方法是 : (1)通过导数滤波去除宇宙射线 ;

(2)通过多项式拟合去除基底 ; (3)通过九点 Savitzky2Golay

平滑滤波去除高频噪声。为了对乳腺组织的谱进行主因素分

析 , 还对谱数据做了方差归一化处理。

对经过预处理的 Mapping 谱做主因素 ( PC)分析。先计

算出全部主因素 , 然后保留前面重要的、去掉后面不重要的

主因素 , 使得保留下来的主因素能够涵盖谱数据样本差异的

99 %以上 , 通常保留下来的主因素有 30～150个。依据每个

谱在这些主因素上的得分 , 对谱数据做 K阶簇分析 ( K2
means cluster analysis)。簇的数量通过试验来确定 , 每个

Mapping数据都试着分 2簇、3簇直到 10簇 , 通过观察每次

分析的轮廓图、各个簇平均谱等来确定最佳的簇数量。簇分

析后 , 我们得到各个簇的分布图、簇平均谱及总平均谱等。

2　结果与分析

　　我们分析了经过预处理的 Mapping谱的特征 , 并与商业

提纯的肌动蛋白、胶原等生化物质的拉曼光谱进行了比较 ,

分离出了来自细胞质、细胞间质、脂肪以及乳腺沉积物这些

组织形态基元的拉曼谱 , 并研究了这些基元谱与提纯化学物

质谱的相关性 , 相关系数见表 1。

Table 1　Correlation coeff icients of Raman spectra from mor2
phological elements and commercial available chemi2
cals

Correlation
Morp hologically

derived fat
vs t riolein

Cell
cytoplasm

vs actin

Ext racellular
mat rix vs

collagen (typeⅠ)

Cell
nucleus
vs DNA

Correlation
coefficient s

01984 3 01917 5 01978 7 01866 8

p2value 0 0 0 0
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细胞质由细胞质基质和细胞器构成 , 细胞质基质的主要

成分是肌动蛋白 , 肌动蛋白主要分布于细胞质基质中 [11 ]。因

此 , 以肌动蛋白拉曼光谱为主要特征的谱一定来自于细胞

质 , 称之为细胞质基元谱。先前的研究表明 , 细胞质的拉曼

谱不容易获得 , 原因可能是肌动蛋白的拉曼散射截面较小、

浓度较低。本实验获得了少量的具有肌动蛋白谱特征的细胞

质的拉曼谱 , 见图 2 a。图中所示为 6 个患者的 12幅谱的平

均谱。图 2b显示了购于 Sigma公司的肌动蛋白拉曼光谱 , 二

者非常相似。位于 1 660～1 250 cm - 1处的酰胺Ⅰ, Ⅲ谱线 ,

1 449 cm - 1处的 CH2 , CH3 变形振动模 , 1 338 cm - 1处色氨

酸的谱线 (CH2 变形振动) , 以及 1 002 cm - 1处的苯丙氨酸

的谱线 (C—C 对称伸缩振动)都显著地出现在图 2 a和 2b

中 [2 , 12 , 13 ]。肽链骨架 C—C 对称伸缩振动的低强度谱带

～938 cm - 1也出现在其中。酰胺Ⅰ, Ⅲ带的强振动峰以及肽

链骨架的弱振动峰的出现 , 表明肌动蛋白空间构象的无序

性。

此基元谱和肌动蛋白谱的相关系数为 01917 5 , 显著性

水平 p2value < 0105 (见表 1) , 它们高度相关 , 进一步证实了

这种基元谱来自细胞质 , 肌动蛋白是细胞质谱的主要贡献

者 [8 ]。
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细胞间质 ( Extracellular matrix)又被称之为结缔组织 ,

它不仅能为细胞提供支撑网络作用 , 而且还参与细胞的黏

附、迁移以及细胞内基因的表达等活动。其主要成分是结构

蛋白、具有特殊功能的黏附蛋白以及聚糖分子 , 胶原是其最

主要的蛋白质成分。胶原的氨基酸组成不同寻常 , 脯氨酸
(12 %)、羟脯氨酸 (9 %)、甘氨酸残基 (33 %)的含量特别高。

胶原由三条左手螺旋的多肽链缠绕、右旋 , 形成绳索样右手

超螺旋结构 , 其中脯氨酸和羟脯氨酸可限制多肽链旋转。三

螺旋结构常有 42羟脯氨酸 , 产生氢键及氧桥 , 使三股螺旋结

构相对牢固。

胶原具有强拉曼散射截面 , 信号强特征明显 , 具有胶原

特征的拉曼谱比较常见并且容易分辨。胶原蛋白集中分布在

细胞间质中 , 以胶原蛋白为主要特征的谱主要来自于细胞间

质。图 2c显示了细胞间质基元谱 , 它来自 8个患者的 272幅

谱的平均谱 ; 图 2 d则显示了购买的 Ⅰ型胶原的拉曼光谱 ,

二者十分相似 , 表明了 I型胶原是细胞间质谱的主要贡献

者 [8 ]。其中强谱带酰胺Ⅰ, Ⅲ分别位于 1 668 , 1 245和 1 270

cm - 1 , 可归属于三股螺旋构象的极性和非极性区域 , 中强度

谱带 920和 874 cm - 1来源于脯氨酸和羟脯氨酸的 C—C伸缩

振动模 [12 ] , 后者是胶原的特征谱带。

细胞间质基元谱和 I型胶原谱的相关系数为 01978 7

( p < 0105) , 也显示了两谱的高度一致性。

Fig12　Comparison of ( a) cell cytoplasm and ( b) actin ; ( c)

extracellular matrix and ( d) purif ied collagen ( type Ⅰ)

213 	
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脂肪是正常乳腺组织拉曼谱的最大贡献者之一 , 其拉曼

散射截面极强、含量较丰富。图 3 a显示了脂肪基元谱 , 它是

取自 5位患者的 8幅乳腺组织脂肪谱的平均。其特征峰分别

是 1 298 cm - 1 (CH2 扭转和摆动振动)、1 437 cm - 1 (CH2 剪

切振动) 、1 654 cm - 1 (C C 伸展振动)以及 1 743 cm - 1

( C O 伸展振动) [2 , 9 , 12 ]。与购买的甘油三酸酯的拉曼谱比

较 (见图 3b) , 显示出甘油三酸酯是脂肪在人体组织中存在的

主要形式。二者很高的相关系数 (01984 3)也证明了这个结

论。
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用 633 nm波长激发时 , 乳腺组织中β2胡萝卜素具有共

振增强效果 ,产生极强的拉曼信号。其特征峰分别位于 1 154

和 1 521 cm - 1附近 [2 , 8 , 12 ] (见图 4 a) 。与购买的纯β2胡萝卜素

相比 (见图 4b) , 组织形态基元的β2胡萝卜素谱中还含有少量
的脂肪成分 , 它常与脂肪共存。为了获取纯β2胡萝卜素的拉
曼谱 , 我们确认用购买的β2胡萝卜素样品能够较好地代替组
织中的β2胡萝卜素 , 用于乳腺组织建模研究。

Fig13　Comparison of ( a) morphologically derived

fat and ( b) purif ied triolein

Fig14　Spectra of breast deposits and purif iedβ2carotene

a :β2carotene in breast tissues sample ;

b: Purifiedβ2carotene ;

c : Calcium hydroxyapatite in breast tissues sample

　　乳腺组织中另一种常见的沉积物就是钙化 , 通常认为是

细胞分泌物、降解的结果。它常与癌变相联系 , 钙化点的大

小、形状、数量和分布是乳腺癌临床诊断的直接征像之一。

文献报道 X线片上钙化的出现率为 30 %～50 % , 病理上为

60 %～85 %。钙化的化学成分是氢氧磷灰石的钙盐 , 它们都

有很强的拉曼散射截面。但在冰冻切片中 , 钙化的组织主要

用于病理分析 , 通常不会给我们做研究 , 所以我们只获得了

几幅钙化的谱。图 4c显示的是四幅钙化谱的平均谱 , 该谱主

要由两个特征谱线 960 和 1 070 cm - 1 组成 , 经文献确

认 [13 , 14 ] , 该谱主要是由羟基磷酸钙贡献的。其中位于 960

cm - 1处的强特征峰归属于 PO 基团对称伸缩振动 , 而位于

1 070 cm - 1处的低强度谱线归属于 CO基团对称伸缩振动。
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DNA是细胞核的特征成分 , 尽管提纯的 DNA是强拉曼

散射体 (见图 5b) , 但在实验中很难直接测到以 DNA谱为主

要特征的细胞核基元谱。其主要原因我们认为是 DNA 凝聚

在很小的体积中 , 即使落在采样范围内其所占采样体积的比

例也很小 , 因此它的拉曼信号比其他成分弱许多 , 无法成为

谱的主要贡献者。在本研究中我们利用 K阶簇分析方法获得

了细胞核基元的拉曼谱。

　　图 5 a显示了一个由 208幅谱组成的 Mapping谱数据的
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Fig15　a : average spectra of cluster 1 to 3 ; b : difference spec2
trum of cluster 3 and 2 , DNA spectrum; c : the f irst

principal component calculated for the data set

K阶簇分析的簇平均谱 , 共分 3簇。K阶簇分析依据前80个

主因素分值 , 约 80 %数据落在前两个主因素中。病理分析对

照表明 , 这些谱来源于乳腺正常的上皮组织。

　　在簇 3 (图 5 a Cluster 3)的平均谱中 DNA 拉曼特征峰

728 , 782 , 1 096和 1 575 cm - 1都存在 , 说明这一簇主要代表

了来自含有上皮组织细胞核区域的谱 , 簇 1 , 2谱中 DNA的

贡献较少。簇 3和 2的差谱 (见图 5b)具有较多 DNA谱特征 ,

尽管它还含有少量组蛋白相关的特征。差谱与 DNA 谱的相

关系数为 01866 8 ( p = 0) , 具有较好的相似性 , 因此可以确

定 , 该差谱能够代表乳腺组织细胞核基元拉曼谱。其中 , 归

属于 DNA碱基基团腺嘌呤 (A)、鸟嘌呤 ( G)的拉曼特征峰位

于 728 cm - 1 (A)和 1 575 cm - 1 (A , G) 附近 , 属于 PO -
2 骨架

磷酸离子基团的对称伸缩振动的谱线出现在 1 096 cm - 1 , 以

及指定为 O—P—O骨架磷酸二酯的对称伸缩振动谱线出现

在 782 cm - 1附近 [9 , 12 , 15 ]。

主因素值也反映出不同簇谱之间的差异主要是 DNA的

贡献。由本组数据计算出来的第一种主因素值的图 5c与

DNA谱主要特征相似。

3　结　论

　　上述结果表明 , 利用共焦显微拉曼方法 , 能够做出细胞

核、细胞质、细胞间质等乳腺组织形态基元的拉曼光谱 ; 这

些基元谱与其特有的生化成分谱的相似性印证了基元谱的来

源。本文进一步分析总结了这些组织形态基元谱的特征。这

些工作为更好地理解乳腺组织形态及其与拉曼谱的关系及建

立乳腺组织形态拉曼模型奠定了基础 , 为实现原位诊断提供

了组织形态的化学信息。
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Abstract　Breast tissue sections were examined by means of confocal Raman spect roscopy with an excitation wavelength of 633

nm. Acquired using a microscopic mapping approach with the sample volume of ～2μm3 , these spect ra were compared with the

ones of the commercially available actin , DNA , collagen (type Ⅰ) , t riolein etc. Some spect ra were distinguished and identified

and characterize the morphological elements like cell cytoplasm , extracellular matrix etc. The cell nucleus spect rum was also

obtained by K2means cluster analysis. The correlation analysis showed that the spect rum f rom a morphological element is highly

correlated with that f rom the corresponding purified chemical. The spect roscopic characterization of these morphological element s

was then investigated. This study is helpful to understanding the chemical/ morphological basis of the Raman spect rum and

designing the Raman microspect roscopic model of human breast tissue.
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近几十年来 ,各类半导体激光器的性能在不断提

高 ,但也均存在着缺点 ,限制了其进一步发展。传统的

半导体二极管激光器技术已经相当成熟 ,能高效可靠

地产生大功率光束 ,但其固有缺点是很难获得圆形衍

射极限的基横模输出光束 ;垂直腔面发射激光器 ( ver2
tical carity surface2em itting laser, VCSEL)具有理想的圆

形输出光束 ,但在单横模下工作很难达到大功率。垂

直外腔面发射激光器 ( vertical2external2cavity surface2
em itting laser, VECSEL) [ 1 ]有望克服上述缺点 ,现在已
受到了越来越广泛的关注。

与传统的半导体激光器不同 , VECSEL具有类似

于 VCSEL的增益结构 ,再通过与固体激光器相近的外
腔结构进行选模输出 ,可形成圆形高斯 TEM00模式的

输出光束 ,克服了固体激光器光束质量不理想的缺点。

与 VCSEL相比 , VECSEL突破了功率限制 ,单横模输

出功率可达几百毫瓦 ,同时在高效实现腔内倍频的前

提下简化了谐振腔内的结构 ,从而降低了激光器晶片

生长和加工的难度。

VECSEL可采用成熟的大功率半导体激光器做抽

运源 ,称为光抽运垂直外腔面发射激光器 ( OPS2
VECSEL)。与电抽运激光器相比 , OPS2VECSEL不使用

p2n结或电接触 ,既降低了串联电阻上的电能损耗 ,又

增加了器件的可靠性。宽抽运带宽 (大于 40nm )和极

短的抽运吸收长度 (约 1μm～2μm )确保抽运光的有

效吸收 ,消除了二极管激光器抽运的严格波长限制。

此外 , OPS2VECSEL使用无掺杂的半导体材料 ,降低了

由于自由载流子吸收造成的光学损耗。可以说 , OPS2
VECSEL结合了二极管抽运固体激光器和 VCSEL的

构造方法 ,吸取了二者的优点。

良好的空间光强分布、大的输出功率范围、体积

小、光束质量好等突出优点 ,使 OPS2VECSEL具有广阔

的应用范围 ,并已在高速激光打印、高密度光存储、超

快激光、激光雷达等方面显示出诱人的前景。本文中

将就光抽运垂直外腔面发射激光器的特性进行介绍 ,

综述目前最新的研究进展。在此基础上 ,分析了该类

型激光器的发展潜力和技术发展方向。
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图 1显示了典型的 OPS2VECSEL结构示意 ,其核

　　

图 1　OPS2VECSEL结构示意图

心部分是包含多量子阱增益区和多层分布反馈布喇格

反射镜 (DBR )增益结构的激光谐振腔。为使模斑尺

寸能适应腔内每个工作组件的大小需要 ,谐振腔可被

设计成 V形、Z形或 W形等多种形式。如图 1所示 ,

入射抽运光聚焦至 VECSEL芯片上 ,在高反射率的

DBR镜和外部球面镜之间形成激光振荡 ,多量子阱提

供增益 ,外镜控制激光器在单横模下工作。

图 2显示了 VECSEL谐振腔内有源区的能带图 ,

　　

图 2　典型 OPS2VECSEL有源区的能带图

展示了激光器工作原理。这个结构类似于 VCSEL,但

是要将其中一个 DBR反射镜替换成透明的窗口层。

工作区由一系列周期性的量子阱结构将势垒层分开 ,

每个周期厚度为半波长。量子阱置于激光驻波的波

腹 ,形成谐振的周期增益结构。抽运吸收区的势垒层

通过带间跃迁吸收入射光 ,产生的电子和空穴扩散至

量子阱并被其俘获 ,提供激光器的光增益。最右侧的

A lGaA s窗口层接收入射光 ,并提供了一个更高的表面

势垒 ,阻止载流子扩散到芯片表面而发生无辐射复合。

紧邻着量子阱的高反射率多层 DBR反射镜作为激光器

的一个腔镜 ,一般要求其最大反射率达到 99%以上。

2 O PS2VECSEL���	

2. 1 
���������� VECSEL

对 OPS2VECSEL而言 ,激光器工作波长和抽运波

长能根据设计选择。几种成熟的半导体材料体系 ,如

InGaA s2A lGaA s2GaA s
[ 2 ]

, InGaA s2InGaA sP2GaA s
[ 3 ] 和

InGaA sP2InP
[ 4 ]

,都可以用来制造不同波长的激光器。

多数 VECSEL都是在 GaA s衬底上制作 ,使用高

折射率比值的 GaA s/A lA s反射镜 ,用于近红外方面的

应用。这些激光器主要工作在两个波长段 :使用晶格

匹配 GaA s/A lGaA s量子阱的激光器 ,工作波长为

850nm左右 [ 5 ]
;使用压应变 InGaA s/GaA s量子阱的激

光器 ,波长在 1000nm附近 [ 6 ]。但最近的报道显示 ,其

它材料体系的 VECSEL可实现从红外到可见光的不同

波长范围的应用。

红光 VECSEL已有报道 ,它使用应变 InGaP量子

阱 ,带有一个 A lGa InP DBR,以 660nm绿光氩离子激光

器作为抽运源 ,可以输出超过 200mW功率的光束 [ 7 ]。

紫光输出也由 PARK等人 [ 8 ]实现 ,他们的器件使用 GaN

基材料 ,带有一个蓝宝石谐振腔 ,实际上构成了一个微

腔 VECSEL,该激光器在室温下输出 391nm的激光。

以 InP为衬底可制造工作波长在 1. 5μm附近的

器件。在这个材料体系里 , VECSEL遇到了与 VCSEL

同样的难题 :由于波长较长 , DBR各层的折射率也会

有所降低 ,要求反射镜厚度更大 ;并且在这种结构的材

料中 ,吸收和散射不能忽略 ,反射镜的总反射率就会受

到影响。近年来 ,生长技术的提高推动了高反射率和

低电子阻抗 InP / InA lGaA s DBR的发展 ,利用这种工艺

　　
表 1　VECSEL工作波长范围及其结构特征

λ/衬底 DBR 量子阱 功能特性

391nm 介电 SiO2 /HfO2 InGaN /GaN 335nm三倍频 Nd∶YAG激光器抽运 [ 8 ]

660nm ( GaA s)

670nm ( GaA s)

A lGa InP

A lGaA s

InGaP

InGaP / InGaA sP /GaA s

514nm氩离子激光器抽运 [ 7 ]

532nm Nd∶YAG激光器抽运 [ 3 ]

850nm～870nm

( GaA s)
A lA s/A lGaA s GaA s/A lGaA s

670nm LD抽运大功率 [ 5 ]

660nm Kr+激光器为抽运源 [ 12 ]

960nm～1030nm

( GaA s)
A lA s/A lGaA s InGaA s/GaA s

808nm LD抽运 [ 13 ] SESAM锁模

大功率 [ 2 ]发射近 500fs的孤子波 [ 14 ]

1. 3μm A lA s/GaA s GaInNA s/GaA s 810nm LD抽运源、大功率 [ 10 ]

1. 5μm

( InP)

InA lA s/Ga InA lA s

InP / InGaA lA s

InGaA s/ InGaA sP

InGaA sP

980nm LD抽运 [ 9 ]

SESAM锁模 [ 4 ]

2. 3μm

( GaSb)
GaSb /A lA sSb

GaInA sSb

A lGaA sSb
室温下 830nm LD抽运 [ 11 ]

253
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可制造出均匀的 VECSEL增益结构 ,并成功地在 7℃

温度下连续工作 [ 9 ]。总体来说 ,与 GaA s器件相比 ,

InP器件具有低的特征温度和高的热阻 ,受到更为严

格的热问题限制。近来 ,以稀氮四元化合物 Ga InNA s

为基础的 1. 3μm激光器设计也已得到发展并成功实

现 ,其 1. 3μm波长的连续输出功率达 0. 6W [ 10 ]。

在长波长范围 , CERUTTI等人 [ 11 ]报道了工作在

2μm～2. 5μm波段的 GaSb基 VECSEL。这种波长的

激光器因对 CH4和 CO等污染物有强烈的吸收峰 ,在

大气探测方面有较高的应用价值。他们研制的光抽运

VECSEL激光器可以在 350K温度下连续运转 ,工作波

长为 2. 3μm,室温下最大输出功率为 7mW ,特征温度

为 70K,入射抽运的阈值强度为 800W /cm
2。

表 1中列出了现有报道的 VECSEL的工作波长范

围 ,以及每个装置中量子阱和反射镜的结构及功能特

性。

2. 2 ��� O PS2VECSEL���

1997年 , KUZNETSOV的小组第 1次实现了以二

极管激光器抽运产生大功率和高质量光束的

VECSEL
[ 1 ]

,工作波长为 980nm。其结构为 :在最顶端

使用 30对 A l0. 8 Ga0. 2 A s/GaA s多层镜面作为反射镜 ;增

益区由 A l0. 08 Ga0. 92 A s抽运吸收层 ,和 8nm厚的位于光

驻波波腹位置的压应变 In0. 16 Ga0. 84 A s量子阱组成 ( 13

对 )。该激光器在 TEM11模式的最大输出功率为

0. 69W ;与单模光纤耦合 ,在 TEM00模式下输出功率为

0. 37W。HOLM等人 [ 5 ]以 A lGaA s/GaA s晶格匹配材料

为基础 ,研制了工作波长为 870nm的 VECSEL。相对

于应变 InGaA s/GaA s系统 ,这个量子阱结构系统表现

出较低的微分增益和特征温度相关性。由一对极化耦

合 670nm二极管提供 850mW功率的抽运能量 ,实现

了 0. 15W的输出功率。

ALFORD等人 [ 15 ]提出了将热量从工作区通过

DBR直接释放的技术 ,有效地提高了激光器的输出功

率。他把一个无镀层的蓝宝石窗口与 VECSEL增益部

分的前表面相连 ,蓝宝石起热扩散平板作用。利用该

技术 ,其 985nm的 InGaA s/GaA s VECSEL抽运区域直

径达到 500μm以上 ,实现了最大功率为 1. 6W的连续

输出。HASTIE等人 [ 3 ]将热扩散平板技术应用到

850nm的 GaA s/A lGaA s VECSEL,使用 SiC代替蓝宝石

作为热扩散平板 ,观察到在 TEM00模式下的最大输出

功率是 0. 5W。此后的工作中 ,他们还报道了一台使

用 810nm波长光纤耦合激光器作为抽运源 ,微片温度

维持在 20℃的 InGaA s/GaA s VECSEL,获得了功率

1. 7W、波长 980nm的输出光。将微片冷却到 0℃后 ,

激光器输出功率增加到 2. 5W ,光斑为圆形对称分布。

最新的研究成果已体现出 OPS2VECSEL达到更高

功率的潜力。LUTGEN等人 [ 2 ]报道使用一个 808nm

光纤耦合二极管激光器做为抽运源的 InGaA s/GaA s

VECSEL工作波长为 1μm。由于外延生长的高质量、

高精确度、低散射损失和高有效增益 ,最大输出功率达

到了 8W ,光 2光转换总效率达到了 41%。CH ILLA等

人 [ 16 ]使用 InGaA s/GaA s有源区制成波长为 980nm的

VECSEL,它使用 3台光纤耦合二极管激光器组成列

阵 ,可向增益结构输入 70W的净抽运能量 ,抽运光的

光斑直径在 500μm～900μm之间变化 ,输出功率达迄

今为止最高的 30W。

2. 3 �	
��� SESAM�� VECSEL

锁模 VECSEL可以作为超短脉冲的高质量和高平

均功率光谱源 ,脉冲仅传播几微米厚度 ,避免了强烈的

色散和自相位调制 ,因而成为研究的热点。VECSEL

锁模的早期研究是在 100MHz重复频率的锁模抽运源

同步抽运基础上进行的 ,例如 Nd∶YAG或 Ti
3 + ∶A l2 O3激

光器。第 1台脉冲主动锁模 VECSEL
[ 5 ]由常用的二极

管激光器连续抽运 ,长腔具有 168MHz往返频率 ,在二

次谐波频率 336MHz处锁模 ,观测到持续时间达

100p s～120p s的脉冲。

现在出现了一种非常简单的锁模激光器 ,就是通

过半导体饱和吸收镜 ( SESAM )将 VECSEL被动锁模 ,

产生超短脉冲 ,其结构示意如图 3所示 。第 1台

　　

图 3　SESAM锁模 VECSEL结构示意

SESAM锁模 VECSEL由 HOOGLAND等人 [ 13 ]设计实

现 ,其使用 InGaA s/GaA s增益结构 ,发射波长为

1000nm～1040nm。SESAM锁模增益结构位于一个不

对称的 V形腔末端 ,由一个λ/2抗谐振腔和 20nm厚

In0. 2 Ga0. 8 A s量子阱构成。 SESAM大约会产生 1. 3%

的低强度损耗 ,响应时间分为两部分 ,包括 130fs的快

速响应时间和 4p s的慢恢复时间。腔内工作一个来回

的重复频率为 4. 4GHz,与纳秒级别的载流子寿命相适

应。该激光器脉冲为双曲正割自相关的形状 ,半峰全

宽 ( FWHM )为 22p s。H�R ING等人 [ 17 ]报道了平均输

出功率超过 200mW、发射波长为 963nm的 InGaA s/

GaA s VECSEL,发射近转换极限脉冲的 FWHM 为

3. 2p s。他们随后又研制了平均输出功率达 950mW的

952nm激光器 ,脉冲重复频率为 6GHz
[ 18 ]。当处于最
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高输出功率时 ,输出脉冲变得相当长 ,具有双曲正割形

状 , FWHM为 15. 3p s。

近几年 ,一些更新颖的技术也开始应用于 SESAM

的研究 ,提高了激光器的性能。例如 , GARNACHE等

人 [ 14 ]采用了具有快速非线性响应量子阱吸收结构的

SESAM ,获得了 1030nm波长的 VECSEL,得到重复频

率为 1. 2GHz、接近转换限制的 477fs准孤子脉冲。另

一些研究中 ,锁模 VECSEL的饱和吸收装置使用自组

织 InA s/GaA s量子点 ,获得了比量子阱系统更宽的吸

收曲线和更均匀的光谱特性 ,显示出良好的前景。

3 O PS2VECSEL��������

OPS2VECSEL的研究工作在许多新的方向可以被

丰富地拓展 ,这种激光器在未来很有可能被广泛地应

用于多种用途。最重要的两个突破点仍然是 VECSEL

的高性能和小型化。

由于 OPS2VECSEL腔内功率高 ,腔内倍频会有很

高效率。采用多抽运和增益元件 ,激光器能达到数瓦

的输出功率 ,同时具有优异的光束质量。使用可调的

外部光栅或微观结构镜 ,有望实现激光器的可调大功

率工作。这样 , VECSEL无疑会在要求衍射极限光束

质量和大功率高效光源方面的应用大受欢迎。进一步

研究饱和吸收装置 ,将很可能实现锁模 OPS2VECSEL

在更大功率量级下工作。除此之外 , OPS2VECSEL在

其它波长和材料体系的工作也应该进一步探索研究 ,

例如 ,波长为 1550nm的 InGaA sP / InP激光器、使用锑

化物半导体材料的中红外激光器、A lInGaP /GaA s红光

激光器、蓝色到紫外的 A lInGaN /GaN激光器 ,等等。

另一方面 ,为了 OPS2VECSEL的商品化 ,要求高

效、小型化和更可靠的封装。在小型化超快脉冲源领

域 , VECSEL具有相当大的发展潜力。注入抽运通过

精细的晶片设计 ,实现介质功率器件的优化 ,有可能制

造带有复杂谐振腔的高度小型化的 VECSEL设备。

OPS2VECSEL集成外腔是一种非常理想 ,也有可能实

现的结构 ,集成抽运激光器的可能性也值得进一步探

讨。在这些集成结构中 ,反射镜将与增益结构整合 ,结

合其它非线性和光谱滤波功能 ,将有望发展出带有高

级功能的超小型器件。
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