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Laboratory for Nanostructures and Low-Dimensional Physics

1 VSL/PVD di t d th f i d t i d th 2 D t i l (G h T l i l1. VSL/PVD-directed growth of semiconductor nanowires and other 2-D nanomaterials (Graphene, Topological

Insulators); p-type and magnetic doping/modification of the nanowires;

2. Transport and opo-electronic property exploration of the nanowires and graphene；

3 Nanowire filed emitters; UV detection and solar cells based on nanowires; single DNA detection/sequencing based3. Nanowire filed emitters; UV detection and solar cells based on nanowires; single DNA detection/sequencing based

on solid state nanopore.

4. Theoretical calculation of the low-dimensional nanostructures.





What is Nanoscience and 
N t h l ?Nanotechnology? 

在原子、分子、大分子（1~100nm）尺度上研究物质的特性和相互作用
的科学（nanoscience)，以及利用这些特性进行纳米尺度的精确操纵、加工
（nanotechnology)和制造应用等方面的技术。（ gy 。

Ability to：在原子、分子尺度上操纵物质



This is truly Nanoscience/Technology
• 2007年10月9日 瑞典皇家科学院诺贝尔奖委员会将2007年度诺贝尔物理

奖授予法国科学家艾尔伯-费尔和德国科学家皮特-克鲁伯格，以表彰他
们发现的贡献。

Giant Magnetoresistance （GMR）

Albert Fert 克鲁伯格

g （ ）
Spintronics 



被引频次: 4,965次H Index: 62



2004 This is truly Nanoscience/Technology
The Nobel prize in physics 2010

石墨烯石墨烯

Novoselov(博士后期间)Geim Novoselov(博士后期间)
Nature 438, 197-200 (10 November 2005) 

全碳电子学器件是人类追求的梦想



This is truly Nanoscience/Technology
Q OManipulation in Quantum Optics

Serge Haroche David J Wineland

Ecole Normale Supérieure in Paris University of Colorado Boulde

Serge Haroche David J. Wineland

for ground-breaking experimental methods that enable measuring 
and manipulation of individual quantum systems. 



法国－物理学强国
21年内5个Nobel物理学奖获得者！！！21年内5个Nobel物理学奖获得者！！！

Pierre-Gilles de Gennes Georges Charpak Claude cohen Tannoudji Albert Fert Serge Haroche

1. 2012, Serge Haroche: for ground-breaking experimental methods that enable measuring and manipulation of 

individual quantum systems. 

2. 2007, Albert Fert: for the discovery of Giant Magnetoresistance .

3. 1997, Claude cohen Tannoudji: for development of methods to cool and trap atoms with laser light .

4. 1992, Georges Charpak: for his invention and development of particle detectors, in particular the multiwire 

proportional chamber.

5. 1991, Pierre-Gilles de Gennes: for discovering that methods developed for studying order phenomena in simple 

systems can be generalized to more complex forms of matter, in particular to liquid crystals and polymers. 



南巴黎大学－－固体物理实验室
Bâtiment 510 Orsay UPSBâtiment 510, Orsay, UPS
物理学的圣地之一

1993年10月6日，博士论文答辩1992, Université, Paris-Sud



Outline

Why Nanowires?

Our contribution to world research;

Recent Progress in fine nanostructure study via 

high spatial/energy Cathodoluminescence;

Summary 



Why Nanowiresy

Nanowires: ideal building blocks 

for nanotechnologyfor nanotechnology

Our contribution in nanowire 

research



Why Nanowires ?
微电子技术迅猛发展的必然产物！

认识小尺度世界自然规律的需要

Nanotechnology will extend CMOS scalingNanotechnology will extend CMOS scaling

Innovation like Nanowires/nanotubes

Featured Physical LengthNewton Mechanics Quantum MechanicsFeatured Physical Length

Nanowires as a Bridge Micro(nm)
Newton Mechanics 

Macro(m)
Quantum Mechanics



What is new of the Nanowires?

1）与量子点相比，纳米线是电荷输运的最小载体；

2）与纳米碳管相比，纳米线具有材料选择的多样性；

3）与块体材料相比，具有大比表面积和量子效应；

4）尺寸、形貌、结构与物性的可调控性与可组装性；

5）纳米线既可用作基本器件单元，也可用作互联材料；

6）纳米线是的构造纳米结构、器件与系统的理想基元。



Nature 441 18 May 2006Nature 441, 18 May 2006

物理研究物理研究
热点之热点之热点之一热点之一



Technologies that may change the 
f t f th ldfuture of the world

Universal Translation（通用翻译）

Synthetic Biology（人工合成生物学）

Nanowires（纳米线）

Bayesian Machine Learning（贝氏机器学习）

T-Rays（T－射线）

Distributed Storage（分布式存储）

RNAi Therapy（核糖核酸干扰分子疗法）

Power Grid Control（电网控制）

Microfluidic Optical Fibers（微流体光纤）

Personal Genomics（个人基因组学）

Tech. Review, by MIT, USA, 2004



Technologies that may change the 
f t f th ld

Outlook for Emerging Materials 
future of the world

g g



Semiconductor Nanowires:
Real Quantum WiresReal Quantum Wires

Supercurrent reversal
in quantum dots

Spin–orbit qubit in a 
semiconductor nanowire

Leo Kouwenhiven 

利用纳米线量子点实现超流调控 纳米线中的自旋轨道QU 比特器件利用纳米线量子点实现超流调控
NATURE 442,667,2006

纳米线中的自旋轨道QU 比特器件
Nature 468,1804，2010



Semiconductor Nanowires:
Real Quantum WiresReal Quantum Wires

Signatures of Majorana Fermions in Hybrid Superconductor-Semiconductor Nanowire Devices

基于InSb纳米线的量子探测器
Majorana费米子存在的证据：Science 336,1003，2012



Ohm’s Law Survives to the
At i S lAtomic Scale

Ohm’s law
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i
硅纳米线-世界上最细的优良导线



Nano--wires:  Big Applications



Nano--wires:  Big Applications



Nano--wires:  Big Applications

高效锂离子电池 APL：75, 2447,1999;   Nature Nano 7: 309-314，2012



Nano--wires:  Big Applications

高效太阳能电池：Science 335，64，2012



Nano--wires:  Big Applications

别亚青 廖志敏等别亚青，廖志敏等，



Nano--wires:  Big Applications

柔性发电/储能：李恒等，Nano Letters，2013

柔性太阳能电池：王伟，赵清等，Advanced Func. Mater. 2012；



Mass-Synthesis of Nanowires 
f th b ttfrom the bottom

Leading the mass production of semiconductor 

nanowires from the bottom;

Modification of the nanowire properties via doping

Investigation of the peculiar properties of nanowires

Explore the possible applications of the nanowires



How to mass-produce nanowires from 
the bottom?the bottom?

Science 1997

Nature,1995

Template confined GrowthTemplate confined Growth



Pioneer Work in Silicon Nanowire Pioneer Work in Silicon Nanowire 
Fabrication from the bottomFabrication from the bottomFabrication from the bottomFabrication from the bottom

Morales et al., Science 1998,279, 208.Yu DP, et al., Solid State Communications 1998, 105, 403.



VLS Directed Axial Growth of Silicon Nanowires

Si+Au

Laser Ablation Setup Growth Process

Si+Au

Solid

Supersaturation and Nucleation

Si Vapor
Eutectic Si+Au
Liquid DropletsSi Vapor Liquid Droplets

Unidirectional axial Growth



GaAs/GaP Nanowire Superlattice: Nature

In Situ TEM Proved:pd Yang
Jacs 2001, 123, 3165

J. Am. Chem. Soc. 2000, 122, 8801 GaAs/GaP Nanowire Superlattice: Nature  
415 , ( 2002 )617, C.M. Lieber.

InAs Nanowhisker 
Narrays: Nano 

Letters, 2002, 2,87,
L. Samuelson Merit of the VLS growth

Ge/Si Core/Shell Nanocables 
Nature 2004,430,61, J. Xiang

Nanowire Arrays On Metal Grid:
X..Y. Xu et al., JPCB 2005, 109, 1699

Nanotrees: Nature Materials 
3,380,2004 ,L. Samuelson

Patterned Growth of nanowire arrays
D.P. Yu et al



Facile Fabrication Facile Fabrication SiNWsSiNWs via Physical via Physical 
Vapor DepositionVapor Deposition ––Lost cost then popularLost cost then popularVapor Deposition Vapor Deposition Lost cost then popularLost cost then popular

An universal approachAn universal approach Featured ArticlesAn universal  approachAn universal  approach

Si： Applied Physics Letters 72，1998

Si： Applied Physics Letters 72, 1835:1998

Applied Physics Letters 73，3396，1998 

Applied Physics Letters 73，3396，1998 

Si： Physical Review B 59，1645，1999 

Si： Physical Review B 61， 16827，2000 

Physical Review B 59，R2498，1999 

Si： Chemical Physics Letters 323，224，2000

Advanced Materials 15，419，2003 50 nm



Breakthrough in Oxide Nanowires

MgO: Nanostructured Materials 15， 1442，1997

Featured Articles

SiO2: Applied Physics Letters 73， 3076，1998；

ZnO： Applied Physics Letters 78 407，2001SiO2 Nanowires, 1998
Ga2O3: Solid State Commus. 109，677，1999 ；

GeO2: Chemical Physics Letters 303，311，1999

Applied Physics Letters 72 1966 1998

Ga2O3 Nanowires, 1999

Applied Physics Letters 72，1966，1998

Applied Physics Letters 72,1966,1998

Applied Physics Letters 83 ，4631，2003Applied Physics Letters 83 ，4631，2003

Advanced Materials 15，1442，2003 

Nano Letters 7，323，2007GeO2, 1999GeO2 Nanowires, 1999

Nano Letters 8，3640，2008

J. Amer. Chemical Society 123，9904，2001

GeO2, 1999

J. Amer. Chemical Society 125，10794，2003

J. Amer. Chemical Society 124，13370，2002



Breakthrough in ZnO Nanowires

Thermal 
Evaporation ofEvaporation of 

Zinc Powders at 
1100℃; 

ti it d 799times cited:799 .  
Applied Physics Letters 78, 407, January 2001 

Thermal evaporation ofThermal evaporation of
ZnO powder + graphite 

at 925 ℃. 
times cited 1631

Advanced Materials 13, 113, January 2001 Thermal evaporation of 

times cited:1631 .  

ZnO powders at 1400 
℃. 

times cited:3783.

Science 291，1947，March 2001

times cited:3783.  

101 papers contributed to the field



Pioneers in Nanowires ResearchPioneers in Nanowires Research

Leading the mass production of semiconductorLeading the mass production of semiconductor 

nanowires from the bottom;

Modification of the nanowire properties via doping

Investigation of the peculiar properties of 

nanowiresnanowires

Explore the possible applications of the nanowires



Ferromagnetic Ordering via Transition Metal 
doping  in Semiconductor Nanowires-DMS

Appl. Phys. Letters 83, 4020,2003 



P-ZnO Nanowire Doping
Bin Xiang1, Pengwei Wang2, Xingzheng Zhang2, Shadi  Dayeh1, David Aplin1, 

Cesare Soci1, Dapeng Yu2, and Deli Wang1  --1UCSD； 2PKU, p g , g ；

Nano Letters 7，323，2007



ZnO Nanowire p-n Junction

型 . p-型

n 型

n-型

Nano Letters 9，2513，2009

(b)

n-型Nano Letters 9，2513，2009
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P-ZnO Nanowire Doping
Featured Articles

1. Rational synthesis of p-type zinc oxide nanowire arrays using simple chemical vapor

deposition, Nano Letters 7: 323,2007;

2. Electrical and Photoresponse Properties of an Intramolecular p-n Homojunction in Single

Phosphorus-Doped ZnO Nanowires, Nano Letters 9: 2813, 2009;

3. First-principles study of the formation mechanisms of nitrogen molecule in annealed ZnO;

Physics Letters A 374: 34: 3546, 2010;

4. A Novel Way for Synthesizing Phosphorus-Doped Zno Nanowires, Nanoscale Research

Letters 6 : 45, 2011;

5. Compensation mechanism in N-doped ZnO nanowires, NANOTECHNOLOGY 21: 245703,

2011.



Pioneers in Nanowires Research

Leading the mass production of semiconductor 

nanowires from the bottom;

Modification of the nanowire properties via doping

Investigation of the peculiar properties of nanowires

Explore the possible applications of the nanowires



Property Exploration of the nanowiresof the nanowiresp y p



Micro-Stamp Transfer Technique

中国专利：ZL 2009 1 0236921.7



Featured Articles

Property Exploration of the nanowiresof the nanowires
Featured Articles

Physical Review B 59，1645，1999

Physical Review B B 61， 16827，2000

c
fie

ld
c
fie

ld
c
fie

ld

Nanowire Spin Filter, by 廖志敏 et al.

Physical Review B 59，R2498，1999

Physical Review B 73，235409，2006

Physical Review B 69 075304 2004
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Physical Review B 69，075304 ，2004

Physical Review B 65，245403，2002

Physical Review B 71， 235417，2005.

Physical Review B 70,245412,2004

Physical Review Letters 105， 127402，2010

Nano Letters 8，3640，2008

Applied Physics Letters 72，1966，1998

Applied Physics Letters 83，1689，2003

Nano Letters 8 3640 2008

Spin Transfer Torque Nanowire Spin Valve： 于海明 et al.

Nano Letters 8，3640，2008

Nano Letters 11，4601，2011

J. Amer. Chem. Soc. 128，5114，2006

J. Amer. Chem. Soc. 128，5114，2006

J. Amer Chem. Soc. 131，2436，2010Physical Review Letters 105， 127402，2010



Pioneers in Nanowires Research

Leading the mass production of semiconductor 

nanowires from the bottom;

Modification of the nanowire properties via doping

Investigation of the peculiar properties of nanowires

Explore the possible applications of the nanowires.



Silicon nanowires as the anode 
materials in lithium batterymaterials in lithium battery

We are the 1st to address the issue



Field Emission Property of the Nanowires

Field emission from well-aligned zinc oxide 

Efficient field emission from ZnO nanoneedle arrays

1 6
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nanowires grown at low temperature , Lee, CJ; 
Lee, Applied Physics Letters 81: 3648, 2002
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开启场强：2.4 V/ μmμ
7 V/μm下的发射电流密度：2.4mA/cm2

中国专利： ZL 03 1 49784.5
Appl. Phys. Letters 83,144,2003; 引用 359次49 papers contributed to this field



Field Emission Property of the Nanowires
Featured Articles

Applied Physics Letters 83,144, 2003

Applied Physics Letters 72,1835，1998

Applied Physics Letters 83，1689，2003

Applied Physics Letters 85，636， 2004Applied Physics Letters 85，636， 2004

Applied Physics Letters 82，4146，2003

Applied Physics Letters 85，636，2004

Applied Physics Letters 85，5331， 2004

Applied Physics Letters 85，5682，2004

Applied Physics Letters 86，193101 ，2005 ；pp y ；

Applied Physics Letters 86，243103 ，2005 ；

Applied Physics Letters 86，203115，2005 ；

Applied Physics Letters 88，033102 ，2006 ；

Journal of Applied Physics 93，5602，2003 ；

J. Amer. Chemical Society 127，12452，2005

J. Amer. Chemical Society 127，1120，2005



Nanowire Devices
 

(a) 

S lf d N d t t b d N i
Resistance Switching based on Ni/NiO Core-shell Nanowire

Self-powered Nanodetector based on Nanowire
Advanced Materials 23, 3938 (2011)

Nano Letters 11, 4601 (2011)

Flexible Power  Generation/Storage Sources
Nano Letters 13,  in press (2013)

Flexible Nanowire Solar Cells
Advanced Functional Materials 22, 4284 (2012)



Trend of Nanowire Publications

41 403 papers41,403 papers



Our Contribution to Nanowire Research

• Leading contribution in developing method to synthesize 1-

dimensional semiconductor nanowires, and to

characterize/explore their novelty in properties and potentialcharacterize/explore their novelty in properties and potential

applications.

• 365 peer reviewed papers including Applied Physics Letters(75)• 365 peer-reviewed papers, including Applied Physics Letters(75),

Physical Review B/Letters(16), Advanced Materials(11), Nano

L tt (7) d JACS(8)Letters(7), and JACS(8).

• More than 10000 citations by colleagues worldwide, with a H index

= 55.

• More than 60 graduates and postdoctoral associates wereg p

systematically trained here；培养 青年“千人计划”人才多人.



Top 10 most cited work in PKU
1. Kong, YC; Yu, DP; Zhang, B; et al.: Ultraviolet-emitting ZnO nanowires synthesized by a

被引频次

p

physical vapor deposition approach, Applied Physics Letters 78: 407, 2001; 被引频次: 799
2. Wang, JX; Li, MX; Shi, ZJ; et al.: Direct electrochemistry of cytochrome c at a glassy carbon

electrode modified with single-wall carbon nanotubes, Analytical Chemistry 74: 1993, 2002;被
引频次: 579 .

3. Chen, Q; Zhou, WZ; Du, GH; et al.: Trititanate nanotubes made via a single alkali treatment,
ADVANCED MATERIALS 14: 1208, 2002; 被引频次: 490 .

4. Zhang, J; Zou, HL; Qing, Q; et al.:Effect of chemical oxidation on the structure of single-walled
carbon nanotubes Journal of Physical Chemistry B 107: 3712 2003; 被引频次: 418carbon nanotubes, Journal of Physical Chemistry B 107: 3712, 2003; 被引频次: 418.

5. Mai, HX; Zhang, YW; Si, R; et al.: High-quality sodium rare-earth fluoride nanocrystals:
Controlled synthesis and optical properties, J. American Chemical Society 128: 6426, 2006; 被
引频次: 385.

6 Y DP H QL Di Y Y DP t l A h ili i I t i bl li ht6. Yu, DP; Hang, QL; Ding, Y; Yu, DP;et al.: Amorphous silica nanowires: Intensive blue light
emitters, Applied Physics Letters 73: 3076, 1998; 被引频次: 390.

7. Xing, YJ; Xi, ZH; Xue, ZQ; Yu, DP;et al. : Optical properties of the ZnO nanotubes synthesized
via vapor phase growth: Applied Physics Letters 83: 1689, 2003; 被引频次: 348.

8. Zhu, YW; Zhang, HZ; Sun, XC; Yu, DP;et al.: Efficient field emission from ZnO nanoneedle
arrays, Applied Physics Letters 83: 144, 2003;被引频次: 350.

9. Liu, ZF; Shen, ZY; Zhu, T; et al. : Organizing single-walled carbon nanotubes on gold using a
wet chemical self-assembling technique: Langmuir 16: 3569 2000; 被引频次: 302wet chemical self assembling technique: Langmuir 16: 3569, 2000; 被引频次: 302.

10. Sun, Wen-Tao; Yu, Yuan; Pan, Hua-Yong; et al. : CdS quantum dots sensitized TiO2 nanotube-
array photoelectrodes, J. American Chemical Society 130: 1124, 2008; 被引频次: 298.



Recent Representative Work

1. Novel Planar-Structure Electrochemical Devices for Highly Flexible Semitransparent Power Generation Storage Sources Heng Li, 
Qing Zhao, Wei Wang, Hui Dong,Dongsheng Xu, Guijin Zou, Huiling Duan,Dapeng Yu, Nano Letters 13: in press， 2013

2. Strain-Gradient Effect on Energy Bands in Bent ZnO Microwires, Han, Xiaobing; Kou, Liangzhi; Zhang, Zhuhua; 等., Advanced 
Materials 24: 4707-4711，2012

3. Large Magnetoresistance in Few Layer Graphene Stacks with Current Perpendicular to Plane Geometry, Liao, Zhi-Min; Wu, Han-
Chun; Kumar, Shishir; 等., Advanced Materials 24: 1862-1866, 2012Chun; Kumar, Shishir; 等., Advanced Materials 24: 1862 1866, 2012

4. Tunable Bandgap in Silicene and Germanene, Ni, Zeyuan; Liu, Qihang; Tang, Kechao; 等，Nano Letters 12: 113-118, 2012
5. Memory and Threshold Resistance Switching in Ni/NiO Core-Shell Nanowires, He, Li; Liao, Zhi-Min; Wu, Han-Chun; 等., Nano 

Letters 11: 4601-4606, 2011
6. Site-Specific Transfer-Printing of Individual Graphene Microscale Patterns to Arbitrary Surfaces, Bie, Ya-Qing; Zhou, Yang-Bo; 

Li Zhi Mi 等 Ad d M t i l 23 3938 2011Liao, Zhi-Min; 等., Advanced Materials 23: 3938, 2011
7. Vertical Plasmonic Resonant Nanocavities, Zhu, Xinli; Zhang, Jiasen; Xu, Jun; 等., Nano Letters 11: 1117-1121, 2011.
8. Self-Powered, Ultrafast, Visible-Blind UV Detection and Optical Logical Operation based on ZnO/GaN Nanoscale p-n Junctions, 

Bie, Ya-Qing; Liao, Zhi-Min; Zhang, Hong-Zhou; 等., Advanced Materials 23: 649， 2011.
9. Ultrafine and Smooth Full Metal Nanostructures for Plasmonics, Zhu, Xinli; Zhang, Yang; Zhang, Jiasen; 等Advanced Materials, , ; g, g; g, ; 等

22: 4345,  2010
10. Single ZnO Nanowire/p-type GaN Heterojunctions for Photovoltaic Devices and UV Light-Emitting Diodes, Bie, Ya-Qing; Liao, Zhi-

Min; Wang, Peng-Wei; 等，Advanced Materials 22 : 4284, 2010
11. Confined Three-Dimensional Plasmon Modes inside a Ring-Shaped Nanocavity on a Silver Film Imaged by Cathodoluminescence 

Microscopy Zhu X L ; Ma Y ; Zhang J S ; 等 Physical Review Letters 105: 127402 2010Microscopy, Zhu, X. L.; Ma, Y.; Zhang, J. S.; 等., Physical Review Letters 105: 127402,2010
12. Evidence for Thermal Spin-Transfer Torque, Yu, Haiming; Granville, S.; Yu, D. P.; 等., Physical Review Letters 104: 146601, 2010
13. Electronic and Mechanical Coupling in Bent ZnO Nanowires, Han, Xiaobing; Kou, Liangzhi; Lang, Xiaoli; 等., Advanced 

Materials 21: 4937, 2009
14. Electrical and Photoresponse Properties of an Intramolecular p-n Homojunction in Single Phosphorus-Doped ZnO Nanowires, Li, 

Ping-Jian; Liao, Zhi-Min; Zhang, Xin-Zheng; 等., Nano Letters 9: 2513-2518, 2009
15. MgB2 Superconducting Whiskers Synthesized by Using the Hybrid Physical-Chemical Vapor Deposition,Wang, Yazhou; Zhuang, 

Chenggang; Gao, Jingyun; 等., Journal of The American Chemical Society 131: 2436,2009 



Outline

Why Nanowires?

Our contribution to world research;

Recent Progress in fine nanostructure study via 

high spatial/energy Cathodoluminescence;

Summary 



Recent Progress

1. Strain modification on the emission 

energy in ZnO Nano/microwiresenergy in ZnO Nano/microwires

2. Directly “see” the resonant SPP modes 

confined in metal nanocavitiesconfined in metal nanocavities



Strain Effect in Materials

应变存在的普遍性 应变作用的两面性

450

分子的受力变形 应变工程-奔腾“4”处理器
Science 2004, 306, 20570

应变导致材料器件失效地壳运动
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Size effect in mechanical properties of Ag nanowires
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G.Y. Jing et al., Physical 
Review B 73, 235409(2006)Review B 73, 235409(2006) 



Size effect in mechanical properties of ZnO and SiC nanowires

Young’s Modulus increases dramatically 
with the decreasing diameters

Unusually large strain plasticity of ceramic 
SiC nanowires

C. Q. Chen et al., PRL 96, 075505 (2006). X. D. Han et al., Nano Letters 7, 452 (2007).



Strain Effect in Nanostructure

Giant Pseudo magnetic field
Science 2010, 329, 544

Crystal field symmetry
Science 2004, 306, 2057

Nanogenerators
Science 2006，312, 242

Strain superlattice
PRL 2010，105：0168026 Flexible devices

Super plasticity
Nature  Comm.2010, 1, 1038 



Why Bending？—very rich physical Phenomena

Metal-insulator transition
Nature Nanotec 2009 4 7302

Nanogenerators
Nature 451 809，2008

Strain tuned band-gap
Advanced Mater 2009 4 7302 Nature Nanotec.2009, 4, 7302 Nature 451,809，2008Advanced Mater.2009, 4, 7302 

Men-made musslesStrain enhanced LED
Nano Lett. 2011, 11,4012



Early Work



Principle of the CL in semiconductors

陷肼
带隙

导带 导带 导带

CL

价带 价带 价带

（ ） B d t t ith d f t l l（a）：Band structure with defect levels；
（b）：Excitation；
（c）：Recombination（c）：Recombination

Low temperature CL analysis can reveal the fine 
electronic structure of the semiconductor materials. 



Cathodoluminescence (CL)

全谱全谱全谱全谱

CL共振全谱CL共振全谱

单色

单色共振模式单色共振模式



Nanophotonics
A Template Stripping Method to 

Fabricate Ultra Smooth Metal Nanocavity
“Seeing ” the Plasmon Resonant  Modes 
Confined inside a Ring-Shaped Nanocavity

Vertical Plasmonic Resonant 
Modes in Silver Nanocavities

Plasmonic verticalas o c e t ca
nanocavity. (a) Schematic of
a single nanocavity and
excitation of SPPs with
backscattered electrons.

Resonances and mode patterns
of plasmonic nanocavities with 70
nm widths, 500 nm heights, and

朱新利 等， Advanced 
Materials 22,4345(2010)

朱新利 等， Physical Review 
Letters 10, 127402(2010)

朱新利 等，Nano Letters 
11，1117(2011).

g
increasing lengths.



Cathodoluminescence Setup 
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Strain Modification of the Electronic structure of 
the semiconductor nano/microwiresthe semiconductor nano/microwires
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Elastic Bending DeformationElastic Bending Deformation



Peak shift and broadening as function of 
th b di t ithe bending strain

Video



Peak shift and broadening as function of 
th b di t ithe bending strain

Xiaobing Han et al., Advanced Materials 21, 4937，2009 



In situ TEM Analysis



Radial Peak Shift under tensile and 
compressive straincompressive strain



Radial Peak Shift under tensile and 
compressive straincompressive strain



Scan step under consideration 
of resolutionof resolution

Diffusion of electrons Diffusion Length of excitonElectron beam: < 1 nm

Scan  step: 100 nm



Radial Peak Shift under free bending
Strain-Gradient EffectStrain Gradient Effect

Scan  step: 100 nm



Simulation of the standard 3 point 
b di t i d=2.0umbending strain
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CL spectra at 81 K

对应上图中各点做的横截面CL线扫描图谱。 紫色虚线代表无应变区域的CL对应上图中各点做的横截面CL线扫描图谱。 紫色虚线代表无应变区域的CL
峰的位置。蓝色、红色曲线分别代表在压应变、张应变端部出现的蓝移和红移.
黑色实线代表中性面对应的CL谱。



Peak Energy vs Strain gradient
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(a) 、FXA Peak~ Strain gradient at the neutral plane;

(b) 、 FXA Peak~ Strain gradient at the tensile side.



X. B. Han (韩晓冰) et al., Advanced Materials 24, 4707, 2012



Recover of the peak shift after strain release



Strain induced exciton fine-structure
splitting and shift in bent ZnO microwires

SCIENTIFIC REPORTS | 2 452 2012 Nat re P blishing Gro p

www.nature.com/scientific reports

SCIENTIFIC REPORTS | 2 : 452,2012； Nature Publishing Group



T-depended CL spectrum 
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CL Mapping atCL Mapping at 
different 
wavelength d=1.12um
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T=12K
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Systematic Shift and Splitting (strain)



Systematic Shift and Splitting (strain)



Systematic Shift and Splitting 
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Strain induced valence band splitting

Lattice distortion induced crystal field deformation 
which causes the valence band splitting



Strain induced Band Gap Change

Xiaobing Han et al., Advanced Materials 21, 4937，2009 



Summary

Cathodoluminescence spectroscopy is a very 

useful technique for precise and delicate 

characterization in nanostructures

High spatial resolution of the CL enables us to 

correlate the finest modification of the strain 

effect in semiconductor nano/microwires. 



Th k S h!Thank you So much!


