


, d physics letters. (American Institute of Physics 
.APP~ille. 1962- -f ~:::3 v •••• 1IUli11l1lf~1~l,Wiiii11lli~1IRD • 

r 



APPLIED PHYSICS LETTERS , Articles published week of 10 January 2011 
Vol. 98, No. 2 

CODEN: APPLAB ISSN: 0003-6951 

► Cover image from Amit Choubey, Mohammad Vedadi, Ken-ichi Nomura, Rajiv K. Ka/ia, Aiichiro Nakano, 
and Priya Vashishta, Appl. Phys. Lett. 98, 023701 {2011). 

LASERS, OPTICS, AND OPTOELECTRONICS 

021101 

021102 

021103 

021104 

021105 

021106 

021107 

021108 

021109 

021110 

021111 

02111 2 

02111 3 

021114 

021115 

/Contin ued) 

Directional single mode quantum cascade laser emission using 
second-order metal grating coupler (3 pages) 

High internal and external quantum efficiency lnGaN/GaN solar cells 
(3 pages) 

Temperature tunability of photonic crystal fiber filled with Fe3O4 
nanoparticle fluid (3 pages) • 

Deformation-immunized optical deposition of graphene for ultrafast 
pulsed lasers (3 pages) 

Coupling of a surface plasmon with localized subwavelength 
microcavity modes (3 pages) 

Midinfrared electroluminescence from PbTe/CdTe quantum dot 
light-emitting diodes (3 pages) 

Fully complementary metal-oxide-semiconductor compatible 
nanoplasmonic slot waveguides for silicon electronic photonic 
integrated circuits (3 pages) 

The effect of intensity of excitation on CdSe/ZnS quantum dots: 
Opportunities in luminescence sensing (3 pages) 

Optical racetrack ring-resonator based on two U-bent microfibers 
(3 pages) 

Monolithic single GaN nanowire laser with photonic crystal 
microcavity on silicon (3 pages) 

Polarization-independent filters for luminescent solar concentrators 
(3 pages) 

Topology optimized low-contrast all-dielectric optical cloak (3 pages) 

Theoretical and experimental studies of surface plasmons excited at 
metal-uniaxial dielectric interface (3 pages) 

Photo-Dember terahertz emitter excited with an Er:fiber laser 
(3 pages) 

Gain of blue and cyan lnGaN laser diodes (3 pages) 

A1 

G. Maisons, M. Carras, M. Garcia, 
B. Simozrag, X. Marcadet 

Elison Matioli , Carl Neufeld, 
Michael lza, Samantha C. Cruz, 
Ali A. AI-Heji , Xu Chen, 
Robert M. Farrell, Stacia Keller, 
Steven DenBaars, Umesh Mishra, 
Shuji Nakamura, James Speck, 
Claude Weisbuch 

Yinping Miao, Bo Liu, 
Kailiang Zhang, Yan Liu, 
Hao Zhang 

Hyungseok Kim, Junhyun Cho, 
Sung-Yeon Jang, Yong-Won Song 

P. Jouy, Y. Todorov, A. Vasanelli, 
R. Colombelli, I. Sagnes, C. Sirtori 

A. Hochreiner, T. Schwarz!, 
M. Eibelhuber, W. Heiss, 
G. Springholz, V. Kolkovsky, 
G. Karczewski, T. Wojtowicz 

Shiyang Zhu, T. Y. Liow, G. Q. Lo, 
D. L. Kwong 

Jens U. Sutter, David J. S. Birch, 
Olaf J. Rolinski 

Yongmin Jung, Gilberto Brambilla, 
Ganapathy Senthil Murugan, 
David J. Richardson 

Junseok Heo, Wei Guo, 
Pallab Bhattacharya 

Dick K. G. de Boer, Chi-Wen Lin, 
Merijn P. Giesbers, 
Hugo J. Cornelissen, 
Michael G. Debije, 
Paul P. C. Verbunt, Dirk J. Broer 

Jacob Andkjoor, Ole Sigmund 

Xiaolei Wang, Pei Wang, 
Junxue Chen, Yonghua Lu, 
Hai Ming, Qiwen Zhan 

G. Klatt, B. Surrer, D. Stephan, 
0 . Schubert, M. Fischer, J. Faist, 
A. Leitenstorfer, R. Huber, 
T. Dekorsy 

T. Lermer, A. Gomez-Iglesias, 
M. Sabathil , J. Muller, S. Lutgen, 
U. Strauss, B. Pasenow, J. Hader, 
J. V. Moloney, S. W. Koch, 
W. Scheibenzuber, U. T. Schwarz 

© 2011 American Institute of Physics 



A2 
Appl. Phys. Lett., Vol. 98, No. 2, 1 O Jariu 

ary ~011 

021116 Experimental observation of Feno resonance in a single 

whispering-gallery microresonator (3 pages) 

PLASMAS AND ELECTRICAL DISCHARGES 

021501 Atmospheric pressure cold plasma as an antifungal therapy 

(3 pages) 

021502 Influence of annular magnet on discharge characteristics in 

enhanced glow discharge plasma immersion ion Implantation 

(3 pages) 

021503 Diffuse discharge, runaway electron, and x-ray in atmospheric 

pressure air in an inhomogeneous electrical field In repetitive pulsed 

modes (3 pages) 

STRUCTURAL, MECHANICAL, THERMODYNAMIC, AND OPTICAL PROPERTIES 

OF CONDENSED MATTER 

021901 Evidence of tetragonal nanodomains in the high-pressure polymorph 

of BaTIO3 (3 pages) 

021902 Hybrid exchange-correlation functional study of the structural, 

electronic, and mechanical properties of the MAX phases (3 pages) 

021903 Correlating structure, strain, and morphology of self-assembled lnAs 

quantum dots on GaAs (3 pages) 

021904 Bond-specific reaction kinetics during the oxidation of (111) Si: 

Effect of n-type doping (3 pages) 

021905 Low aspect-ratio hemispherical nanopit surface texturing for 

enhancing light absorption in crystalline Si thin film-based solar 

cells (3 pages) 

021906 Fourier transformation infrared spectrum studies on the role of 

fluorine in SnO2 : F films (3 pages) 

021907 Implications of elastic constants, fragility, and bonding on 

permanent deformation in metallic glass (3 pages) 

021908 Improving stability of photoluminescence of ZnSe thin films grown 

by molecular beam epitaxy by incorporating Cl dopant (3 pages) 

021909 Upper bounds on the electrocaloric effect in polar solids (3 pages) 

021910 Silicon concentration dependence of optical polarization in AIGaN 

epitaxial layers (3 pages) 

021911 Electromagnetic nonreclprocity and gyrotropy of graphene (3 pages) 

021912 Grazing-incidence x-ray diffraction from GaN epitaxial layers with 

threading dislocations (3 pages) 

(Continued) 

Bei-Bei Li, Yun-Feng Xiao 
Chang-Ung Zou, Yong-Ch~n 
Xue-Feng Jiang, You-Ung Chliu, 
Yan Li , Qihuang Gong en, 

Peng Sun, Yi Sun, Haiyan Wu 
Weidong Zhu Jose L. Lopez ' 
Wei Liu, Jue Zhang, Ruoyu Li 
Jing Fang ' 

Liu He Li, Zhuo Wang, 
Qiu Yuan Lu, En Jing Pang, 
Dan Dan Dun, Fu Shun He 
Fen Li, Ricky K. Y. Fu, ' 
Paul K. Chu 

Tao Shao (a~r#), 
Cheng Zhang (j;'i:™), 
Zheng Niu (Lf,ij'1), Ping Yan W~) 
Victor F. Tarasenko, • 
Evgenii Kh. Baksht, 
Alexander G. Burahenko, 
Yuliya V. Shut'ko 

L. Ehm, L. A. Borkowski, 
J. B. Parise, S. Ghose, Z. Chen 

M. Ramzan, S. Lebegue, R. Ahuja 

D. P. Kumah, J. H. Wu, 
N. S. Husseini, V. D. Dasika, 
R. S. Goldman, Y. Yacoby, 
R. Clarke 

B. Gokce, D. E. Aspnes, 
G. Lucovsky, K. Gundogdu 

Junshuai Li, HongYu Yu, Yali Li, 
Fei Wang, Mingfei Yang, 
She Mein Wong 

8. Zhang, Y. Tian, J. X. Zhang, 

W. Cai 

J. D. Plummer, I. Todd 

J. S. Wang, W. J. Chen. 
C. S. Yang, Y. H. Tsai, 
H. H. Wang, R. H. Chen. 
J. L. Shen, C. D. Tsai 

R. Pirc, Z. Kutnjak, R. Bline, 

Q. M. Zhang 

Hideaki Murotani, Yoichi Yamada, 
Hideto Miyake, 
Kazumasa Hiramatsu 

Dimitrios L. Saunas, 
Christophe Caloz 

M. Barchuk, V. Holy, B. MiljeYl6, 
B. Krause, T. Baumbach 



Appl. Phys. Lett., Vol. 98, No. 2, 10January 2011 

1:LECTRONIC TRANSPORT AND SEMICONDUCTORS 

022101 

022102 

022103 

022104 

022105 

022106 

022107 

022108 

022109 

' Stability and electronic structure of two dimensional C x(BN) y 

compound (3 pages) 

Simultaneous gettering and emitter formation in multlcrystalline-Si 
wafers by annealing phosphorus doped amorphous silicon 
compounds (3 pages) 

Extremely low temperature coefficient of resistance in antiperovsklte 
Mn3Ag1_xCuxN (3 pages) 

Enhanced thermoelectric performance in p-type BiSbTe bulk alloy 
with nanolnclusion of ZnAIO (3 pages) 

! 

Epitaxial VO2/Cr2O3/sapphire heterostructure for multifunctional 
applications (3 pages) 

Role of oxygen for highly conducting and transparent gallium-doped 
zinc oxide electrode deposited at room temperature (3 pages) 

Tunneling transport of electrons on the surface of a topological 
insulator attached with a spiral multiferroic oxide (3 pages) 

Anisotropic scattering of surface state electrons at a point defect on 
B1(111) (3 pages) 

Charged basal stacking fault scattering In nitride semiconductors 
(3 pages) 

MAGNETISM AND SUPERCONDUCTIVITY 

022501 Spin torque switching of perpendicular TalCoFeBIMgO-based 
magnetic tunnel junctions (3 pages) 

022502 Stability of magnetic nanoparticles inside ferromagnetic nanotubes 
(3 pages) 

022503 Magnetism and carrier modulation in (Ga,Mn)As/organic-dye hybrid 
devices (3 pages) 

022504 Band gap parameters of one-dimensional blcomponent 
nanostructured magnonlc crystals (3 pages) 

DIELECTRICS AND FERROELECTRICITV 

022901 Effects of Ti incorporation on the interface properties and band 
alignment of HfTaOx thin films on sulfur passivated GaAs (3 pages) 

022902 Ferroelectric, piezoelectric, and leakage current properties of 
(K0.48Nao.Asl10.04)(Nb0.n 5 Ta0.225)O3 thin films grown by pulsed laser 
deposition (3 pages) 

022903 Effect of annealing temperature on microstructural evolution and 
electrical properties of sol-gel processed ZrO2/Si films (3 pages) 

(Continued) 

Kai-Tak Lam, Yunhao Lu, 
Yuan Ping Feng, Gengchiau Liang 

Rafel Ferre, Isidro Martin, 
Roland Trassl, Ramon Alcubilla, 
Rolf Brendel 

K. Takenaka, A. Ozawa, 
T. Shibayama, N. Kaneko, T. Oe, 
C. Urano 

Ting Zhang, Qiushi Zhang, 
Jun Jiang, Zhen Xiong, 
Jianmin Chen, Yulong Zhang, 
Wei Li, Gaojie Xu 

Tsung-Han Yang, S. Mal, C. Jin, 
R. J. Narayan, J. Narayan 

L. M. Wong, S. Y. Chiam, 
J. Q. Huang, S. J. Wang, 
J. S. Pan, W. K. Chim 

Feng Zhai, Peiyan Mu 

M. C. Cottin, C. A. Bobisch, 
J. Schaffert, G. Jnawali, 
A. Sonntag, G. Bihlmayer, 
R. Moller 

Aniruddha Konar, Tian Fang, 
Nan Sun, Debdeep Jena 

D. C. Worledge, G. Hu, 
David W. Abraham, J. Z. Sun, 
P. L. Trouilloud, J. Nowak, 
S. Brown, M. C. Gaidis, 
E. J. O'Sullivan, R. P. Robertazzi 

R. F. Neumann, M. Bahiana, 
J. Escrig, S. Allende, K. Nielsch, 
D. Altbir 

L. Herrera Diez, M. Konuma, 
E. Placidi, F. Arciprete, 
A. W. Rushforth, R. P. Campion, 
B. L. Gallagher, J. Honolka, 
K. Kern 

C. S. Lin, H. S. Lim, Z. K. Wang, 
S. C. Ng, M. H. Kuok 

T. Das, C. Mahata, C. K. Maiti, 
E. Miranda, G. Sutradhar, 
P. K. Bose 

D. Y. Wang, D. M. Lin, 
K. W. Kwok, N. Y. Chan, J. Y. Dai, 
S. Li, H. L. W. Chan 

Soo Min Hwang, Seung Muk Lee, 
Kyung Park, Myung Soo Lee, 
Jinho Joo, Jun Hyung Lim, 
Hyoungsub Kim, Jae Jin Yoon, 
Young Dong Kim 



A4 
Appl. Phys. Lett., Vol. 98, No. 2, 10 January 

•. 20,, 

022904 Step bunching-Induced vertical lattice mismatch and 

crystallographic tilt in vlcinal 81FeO3(001) films (3 pages) 

022905 Optical properties of nonvolatile memory capacitors based on gold 

nanoparticles and SiO2-HfO2 sublayers (3 pages) 

NANOSCALE SCIENCE AND DESIGN 

023101 Formation and evolution of self-organized Au nanorings on 

Indium-tin-oxide surface (3 pages) 

023102 Influence of surface roughness of aluminum-doped zinc oxide buffer 

layers on the performance of inverted organic solar cells (3 pages) 

023103 Proposal for a topological plasmon spin rectifier (3 pages) 

023104 Enhanced Intermixing In Ge nanoprisms on groove-patterned 

Si(1 1 10) substrates (3 pages) 

023105 Band gap engineering in graphene and hexagonal BN antldot 

lattices: A first principles study (3 pages) 

023106 A spin-filter device based on armchair graphene nanorlbbons 

(3 pages) 

023107 High-capacity hydrogen storage medium: Tl doped fullerene 

(3 pages) 

023108 Absolute deformation potentials and robust ab init/0 model for band 

shifts induced by (001) biaxial strain in group IIIA-VA 

semiconductors (3 pages) 

023109 Direct observation of dynamic surface acoustic wave controlled 

carrier injection Into single quantum posts using phase-resolved 

optical spectroscopy (3 pages) 

023110 Reversibly phototunable TIO2 photonic crystal modulated by Ag 

nanoparticles' oxidation/reduction (3 pages) 

023111 Stacked optical antennas (3 pages) 

023112 Strain modulated band gap of edge passivated armchair graphene 

nanoribbons (3 pages) 

023113 Single-layer metallicity and interface magnetism of epitaxial 

graphene on SIC(0001) (3 pages) 

023114 Enhanced figure of merit of a porous thin film of bismuth antimony 

telluride ,(3 pages) 

023115 Embedded voids approach for low defect density in epitaxial GaN 

films (3 pages) 

(Continued) 

T. H. Kim, S. H. Baek, S. Y. Jan 
S. M. Yang, S. H. Chang, 91 

T. K. Song, J.-G. Yoon, 
C. B. Eom, J.-S. Chung, 
T. W. Noh 

V. Mikhelashvili, B. Meyler, 
M. Garbrecht, S. Yofis, 

J. Salzman, T. Cohen-Hyams 
W. D. Kaplan, Y. Roizin, ' 

M. Lisiansky, G. Eisenstein 

F. Ruffino, I. Crupi, F. Simone 
M. G. Grimaldi ' 

Sung-Woo Cho, Young Tae Kin, 

Won Hyun Shim, Sun-Young Pa'r~ 

Kwang-Dae Kim , Hyun Ook Seo ' 

Nilay Kumar Dey, Jae-Hong Lim' 
Yongsoo Jeong Kyu Hwan lee 

1 

Young Dok Kim, Dong Chan u~ 
Ian Appelbaum, H. D. Drew, 
M. S. Fuhrer 

G. Chen, G. Vastola, J. J. Zhang 

B. Sanduijav, G. Springholz, ' 

W. Jantsch, F. Schaffler 

Aihua Zhang, Hao Fatt Teoh, 

Zhenxiang Dai, Yuan Ping Feng, 

Chun Zhang 

A. Saffarzadeh, R. Farghadan 

Jun Guo, Zhiguo Liu, Suqin Liu, 

Xuehui Zhao, Kelong Huang 

Eugene S. Kadantsev, 
Pawel Hawrylak 

s. Volk, F. Knall, F. J. R. Sch0leln1 

T. A. Truong, H. Kim, 
P. M. Petroff, A. Wixforth, 
H.J. Krenner 

Jian Liu, Mingzhu Li, 
Jinming Zhou Changqing Ye, 

Jingxia Wang, Lei Jiang, 
Yanlin Song 

Dieter W. Pohl, Sergio G. Rodrigo, 

Lukas Novotny 

Xihong Peng, Selina Velasquez 

I. Deretzis, A. La Magna 

Makoto Kashlwagl Shuzo Hirata, 

Kentaro Harada, Yanqlong z~en9, 
Koji Miyazaki, Masayuki Yahiro, 

Chihaya Adachi 

P. Frajtag, N. A. EI-Masry, 
N. Nepal, S. M. Bedair 



Appl. Phys. Lett., Vol. 98, No. 2, 10 January 2011 

ORGANIC ELECTRONICS AND PHOTONICS 

023301 

023302 

023303 

023304 

023305 

023306 

023307 

' 
Organic solar cells with a multicharge separation structure 
consisting of a thin rubrene fluorescent dye for open circuit voltage 
enhancement (3 pages) 

Near infrared light driven organic p-1-n solar cells incorporating 
phthalocyanine J-aggregate (3 pages) 

Driving vertical phase separation in a bulk-heterojunctlon by 
Inserting a poly(3-hexylthlophene) layer for highly efficient organic 
solar cells (3 pages) 

Photonlc crystal slot waveg~ide absorption spectrometer for on-chip 
near-Infrared spectroscopy of xylene in water (3 pages) 

Field effect mobility model in organic thin film transistor (3 pages) 

In situ vacuum measurement of the thickness dependence of 
electron mobility in naphthalenetetracarboxylic diimide-based 
field-effect transistors (3 pages) 

An electrospun fiber phototransistor by the conjugated polymer 
poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene-vinylene] 
(3 pages) 

DEVICE PHYSICS 

023501 Observation of a large gate-controlled persistent photoconduction In 
single crystal ZnO at room temperature (3 pages) 

023502 Electro-optic Kerr effect In polymer-stabilized Isotropic liquid 
crystals (3 pages) 

023503 Characteristics of dotlike green satellite emission in GalnN light 
emitting diodes (3 pages) 

023504 Voltage-Induced recovery of dielectric breakdown (high current 
resistance switching) in HfO2 (3 pages) 

023505 Accurate extraction of 11111. due to random telegraph noise in gate 
edge current of hlgh-k n-type metal-oxide-semiconductor field-effect 
transistors under accumulation mode (3 pages) 

023506 Atomic layer deposited Ta2O5 gate insulation for enhancing 
breakdown voltage of AIN/GaN high electron mobility transistors 
(3 pages) 

023507 The effects of device geometry on the negative bias temperature 
Instability of Hf-ln-Zn-O thin film transistors under light illumination 
(3 pages) 

BIOPHYSICS AND BIO-INSPIRED SYSTEMS 

023701 Poration of lipid bilayers by shock-Induced nanobubble collapse 
(3 pages) 

023702 Thicker, more efficient superconducting strip-line detectors for high 
throughput macromolecules analysis (3 pages) 

(Continued) 

Jiang Huang (:ltttr.), 
Junsheng Yu ('f ~/}'£), 
Wan Wang (.3:.!!1B), 
Yadong Jiang (iffi:M*) 

Masahiro Hiramoto, 
Keitaro Kitada, Kai lketaki, 
Toshihiko Kaji 

Jin Young Oh, Woo Soon Jang, 
Tae II Lee, Jae-Min Myoung, 
Hong Koo Baik 

Wei-Cheng Lai, 
Swapnajit Chakravarty, 
Xiaolong Wang, Cheyun Lin, 
Ray T. Chen 

Ling Li, Kwan-Soo Chung, 
Jin Jang 

Shun-Wei Liu (f~~~l), 
Chih-Chien Lee<*~~). 
Je-Min Wen (t\ll.ti' ~). 
Chin-Tl Chen (~i~±t!!.) 

Deyu Tu, Stefano Pagliara, 
Roberto Cingolani, 
Dario Pisignano 

Shahnewaz Mondal, 
A. K. Raychaudhuri 

Young-Cheol Yang, Deng-Ke Yang 

An Mao, Jaehee Cho, Qi Dai, 
E. Fred Schubert; Joong Kon Son, 
Yongjo Park 

F. El Kamel, P. Gonon, C. Vallee, 
V. Jousseaume, H. Grampeix 

Ju-Wan Lee, Chan Hyeong Park, 
Hyungcheol Shin, 
Byung-Gook Park, Jong-Ho Lee 

D. A. Deen, D. F. Storm, R. Bass, 
D. J. Meyer, D. S. Katzer, 
S. C. Binari, J. W. Lacis, 
T. Gougousi 

Jeong Hwan Kim, Un Ki Kim, 
Yoon Jang Chung, Ji Sim Jung, 
Sang Ho Ra, Hyung Suk Jung, 
Cheol Seong Hwang, 
Jae Kyeong Jeong, 
Sang Yoon Lee 

Amit Choubey, 
Mohammad Vedadi, 
Ken-ichi Nomura, Rajiv K. Kalia, 
Aiichiro Nakano, Priya Vashishta 

A. Casaburi, M. Ejrnaes, N. Zen, 
M. Ohkubo, S. Pagano, 
R. Cristiano 



A6 
Appl. Phys. Lett., Vol. 98, No. 2, 1 o Jan 

,Uary 2011 

023703 Magnetoacoustic imaging of human liver tumor with magnetic 
induction (3 pages) 

INTERDISCIPLINARY AND GENERAL PHYSICS 

024101 Magnetically uniform and tunable Janus particles (3 pages) 

ERRATA 

029901 Retraction: "High quantum efficiency of depth grade doping 
negative-electron-affinity GaN ph1>tocathode" [Appl. Phys. Lett. 97, 
063104 (2010)] (1 page) 

Gang Hu, Erik Cressman 8. 
, in fie 

Irene Sinn, Palvo Kinnunen 
Shao Ning Pei , Roy Clarke' 
Brandon H. McNaughton, ' 
Raoul Kopelman 

Xiangyang Guo, Xiaohui Wang 
BenKang Chang, Yijun Zhang ' 
Pln Gao ' 

A publication of the American Institute of Physics, Suite 1 N01, 2 Huntington Quadrangle, Melville, NY 11747-450
2 



APPLIED PHYSICS LETTERS 
. 0003-6951 

~5~EN: APPLAB 

601roR 
)'11 o. Lam 

~ l!i'onne National Laboratory, Argonne, Illinois 60439-4843, USA 

SENIOR ASSOCIATE EDITOR 
, es L. Routbort 

J~~onne Nafional Laboratory, Argonne, Illinois 60439-4843, USA 

ASSOCIATE EDITORS 
Orlando AUciello 
ArrJOnne National Laboratory, Argonne, Illinois, USA 
samuel o. Bader 
Argonne National Laboratory, Argonne, Illinois. US 

oo"ngmin c;hen . , 
EJe/}ing National Laboratory for Condensed Matter Physics, PR China 

Fabrizio Cieri 
Unlversite de.s Se/ences et Techriolog~s de LIiie, France 

Hong.Jun Gao 
c111nese Academy of Sciences. Beijing, PR China 

Ghrlslopll H. Grein 
Un/versify of 111/nols at Chicago, C/ll'cago, /11/nois, U$ A 

Qing Hu 
Massaclwsetts Institute of Technology, Cambridge, Massachusetts, USA 

David S. Kupperrnan 
Argonne National Laboratory, Argonne, Illinois, USA 
Shult-Tong Lee 
City University ol Hong-Kong, Hong Kong 
Kenjiro Miyano 
The University of Tokyo, Tokyo, Japan 

F. Paul Mooring 
Argonne National Laboratory, Argonne, Illinois, USA 
Paul R. Okamoto 
Argonne National Laboratory, Argonne, Illinois, USA 
David Long Price 
CEMHTI-CNRS, Orleans, France 

Lynn E. Rehn 
Argonne National Laboratory, Argonne, Illinois, USA 
Susan E. Trolier-McKinstry 
Pennsylvania State University, University Park, Pennsylvania, USA 

Linda Young 
Argonne National Laboratory, Argonne, Illinois, USA 

apl.aip.org ' 

I 

EDITORIAL OFFICE STAFF 
Diane Kurtz, Kathleen O'Hare, Catherine Dial, Laura Rempel, 
Kelly Shaeffer, Leslie Weltmeyer, Emily Wurtz 
Applied Physics Letters 
Argonne National Laboratory 
Building 203, Room R-127 
9700 South Cass Avenue 
Argonne, Illinois 60439-4843, USA 
Phone: 630-252-4200 
Fax: 630-252-4937 
E-mail: apl@anl.gov 

EDITORIAL BOARD 
Andre Anders 
Lawrence Berkeley National Laboratory, Berkeley, California, USA 

David G. Cahill 
University of Illinois, Urbana, Illinois, USA 

Shangjr Gwo 
National Tsing-Hua University, Hsinchu, Taiwan 

John B. Kelterson 
Northwestern University, Evanston, Illinois, USA 

Mark J. Kushner 
University of Michigan, Ann Arbor, Michigan, USA 

Judith L. MacManus-Driscoll 
University of Cambridge, Cambridge, United Kingdom 

Tae Won Noh 
Seoul National University, Seoul, Republic of Korea 

Alain Polian 
Universite Pierre et Marie Curie, Paris, France 

Caroline A. Ross 
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA 

Victor Ryzhii 
University of Aizu, Aizu-Wakamatsu, Japan 

James S. Speck 
University of California, Santa Barbara, California, USA 

Maria Varela 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA 

Andrew T. S. Wee 
National University of Singapore, Singapore 

Qi-Kun Xue 
Tsinghua University, Beijing, PR China 

Applied Physics Letters features concise, up-to-date reports ol new findings in applied physics. Emphasizing rapid dissemination of key data, the Journal offers 
prompt publication of significanl experimental and theoretical papers bearing on applications of physics to all branches of science, engineering, and modern 
technology. Conlent is published online daily and collected into weekly online and printed issues (52 issues per year) , 
Submissions: Submit manuscripts at apl.peerx-press.org. Submission implies thal the manuscript has not been published previously and is not currently 
submilled for publicalion elsewhere. For specific edilorial format requirements and submission information, visit apl.aip.org/authors. 
Publication Charge: To support lhe cost of wide dissemination of research results through publication of journal pages and production of a database of articles, 
lhe author's institution is requesled to pay a page charge of $115 per page (with a one-page minimum) and an article charge of $20 per article. For Errata the 
minimum page charge is $115, with no article charge, 
Open Access: Through participation in Author Select® and payment of a $1800 fee, authors may choose open access publication for their accepted papers. 
Aulhors will receive information during the production process. More details aboul this oplion may be found at apl.aip.org/authors. 
Color Figures: If aulhors supply usable color graphics files in time for the production process, color will appear in the online journal free of charge. Authors or 
!heir inslitutions must bear the cost of any color they wish to use in print. A fixed rate of $325 for each color figure applies for color in print. For multipart figures, a 
single charge will apply only if all parts are submitted as a single piece of artwork. 
Reprints: Aulhors will be contacted about reprint orders during the produclion process; all orders are placed through Rightslink. Direct questions to pcr@aip.org. 
2011 Subscription Prices: 
Institutions: For information and rates, visit librarians.aip.org or contacl subs@alp.org. 
Members: For lriformatron and rales, visit journals.alp.org/2011MemberRate.pdl or conlacl subs@aip.org. 
A.ddltlonal Avallablllty: • 

Mlcroform: Applied Physics Letters Is available on microfiche Issued at !he same frequency as the printed journal, and annually on microfilm. Direct requesls to 
AIP, Circulation & Fulfillment/Single Copy .Sales, Suite 1NO1 , 2 Huntington Quadrangle, Melville, NY 11747-4502, USA; Fax: +1 516-349-9704; Tel. : 1-800-344-
6902 (U.S. & Canada), or + 1 516-576-2270, 
Document Delivery: Copies of journal articles can be OJdered for online delivery from www.documentstore.org. 
cidvertlslng: For print advertisement reservations and Information, please contact: Mary Ellen Mormile, Advertising Sales Representative, AIP, 2 Huntinglon 
b uadrangle, Suite 1 NO1 , MelVllle, NY 11747-4502, USA; Tel.: 1·800-247-2442 or Tel.: + 1 516-576-2461; Fax: + 1 516-576-2327; E-mail: mmormile@aip.org. Find 
()~tine advert_islng lr,formallon at scltatlon.alp.orgfapl/aplmedlaklt.pdf. For advertisement production inquiries, please contact and e-mail files lo: 
RI rlstlne DIPasca, Sr. Advenislng Producllon Manager; Tel.: + 1 516-576-2434; E-mail: cdipasca@aip.org. 

9_hls and Permlnions 
~

0P¥fng: Sin,gle copies of Individual articles may be made for private use or research. Authorization is given to copy articles beyond the free use permitled under 
Aecbons 107 and 108 of !he U.S_. Copyright Law, provided thal the copyfng fee of $30.00 per copy per article is paid to the Copyright Clearance Center, 222 

10
°sewood Drive, Danvers-, MA 01923, USA, www.copyrlght.com. For classroom use fees, contact CCC's Academic Permission Service. (Nole: The ISSN for this 

Ul~;nal I~ 0021-9606.) Ai.llhorlzalion does not exlend to systematic or multiple reproduction, to copying for promotional purposes, lo electronic storage or 
oi;ibution, or to republlcatlo.n lrl,any form. In all such O'a$eS, specific written permission from AIP must be obtained. 
\h er Use: See .iuthor's web posting gul~elln·es at apl.alp,orgtauthors. Permission is granled lo quole from the journal wilh the customary acknowledgment of 
~
5
? source. Republication ,of an article or portions thereof requires for,na1 permission from AIP and may be subject to fees. Permission may be obtained on line 

P~i Rlghtsllnk, Simply click on the Tools icon In the abslract, then select the Permissions/Reprints link. You may also address requests to rights@aip.org. 
Prfn TMASTER: Send address changes, to App/led Physics Letters, AIP, Suite 1 NO1, 2 Huntington Quadrangle, Melville, NY 11747-4502, USA. The 2011 

t+onllne base price Js, U.$$3500. Perfo,dlcals postage paid at Huntir,glon Sta,tlon, NY 11746, and additional mailing offices. 

Copyright© 2011 American Institute of Physics. All rights reserved, 



APPLIED PHYSICS LETTERS 98, 022102 (2011) 
I 

simultaneous gettering and emitter formation in multicrystalline-Si wafers 
bY annealing phosphorus doped amorplious silicon compounds 

Rafel Ferre, 1,aJ Isidro Martfn,2 Roland Trassl,3 Ramon Alcubilla,2 and Rolf Brendel1.4 
1bwitute for Solar Energy Research Hamelin (ISFH), Am Ohrberg 1, Emmerthal D-31860, Germany 
2Departament d'Enginyeria Electronica, Universitat Politecnica de Catalunya (UPC), Jordi Girona 1-3, 

Campus Nord C-4, Bt1rcelo11a E-0R034, Spc1i11 
Applied Materials GmbH and Co. KG, Sieme11strasse 100, Alzenau D-63755, Germany 

4/nstitute of Solid-State Physics, University of Hannover, Appelstrasse 2, Hannover D-30167, Germany 

(Received 6 December 2010; accepted 16 December 2010; published online 10 January 2011) 

We demonstrate gettering of metal impurities in p-type multicrystalline silicon (me-Si) wafers by 

annealing wafers that are surface passivated by double layers of amorphous silicon-based 

compounds acting as gettering sites. As inner layer we use a phosphorus-doped amorphous 

silicon-carbon-nitrogen alloy, providing surface passivation and acting as dopant source for the 

emitter formation during subsequent anneal. The outer layer is silicon nitride with antireflective 

properties. Anneals are done at 750, 800, and 850 °C for 30 and 60 min. The gettering effect is as 

good as for a conventional POC13 diffusion followed by extended gettering at low temperature, and 

it is weakly influenced by the temperature step chosen. In the range explored, the sheet resistances 

of the emitters and the junction depths lay between 3000 to 60 D/sq. and 100-300 nm, 

respectively. © 2011 American Institute of Physics. [doi:10.1063/1.3535616] 

Multicrystalline silicon wafers are commonly used in the 

solar industry for the production of wafer-based solar cells. 
Metal impurities such as iron are present in the wafers due to 
the manufacturing process of the multicrystalline silicon 
(me-Si) ingots and reduce the carrier bulk lifetime. These 
metal impurities are gettered during the formation of the 
emitter, conventionally done by diffusion at 800-900 °C in 
POC13 atmosphere to form an n+-type emitter on a p-type 
substrate. 1 After that, a HF dip is necessary to remove the 
phosphosilicate glass (PSG) grown on the wafer surface. The 

emitter is subsequently passivated by amorphous silicon ni­
tride (SiN), serving at the same time as antireflective coating. 

In this work we suggest an alternative way of emitter 
formation and gettering for p-type me-Si solar cells. It con­
sists of the deposition of double layers of phosphorus-doped 
amorphous silicon-based compounds followed by annealing. 
Gettering of metal impurities from deposited amorphous 
silicon (a-Si) was already reported in patents2

-
4 and in a 

publication.5 Emitter diffusion from phosphorus doped amor­
phous layers was demonstrated6 without analyzing the get­
tering performance. Our process provides the simultaneous 
formati II of an emitter and getters metallic i.mpm:ities and 
Will eventual1y also _provide a11 tireflection propertie .7 As an 
~dditi nal advantage a p terior HF dip to remove the P G 
ls not necessary. This paper concentrates on the gettering 
performance and the sheet resistance of the emitter. Surface 
Passivation and optical properties will be discussed else­
Where. 

. Neighboring p-type me-Si wafers with 1.3 ± O. l D cm 
resistivity are selected from middle positions of a me-Si in­

got_ We el ct two differenr regions A and B on each wafer to 
~plore the dependence of geLtering on lhe grain ize. Region 

has a grain size that is around five ri mes that of region B. 
Etching for 3 min in an acidic CP4 solution removes the 

saw damage. The final wafer thickness is 155 µm. After-

;---- - ----- -
leoi(onic mail: ferre@isfh.de. 

wards we perform a RCA cleaning and an HF dip. Then we 

split the wafers in three groups: the first for depositing doped 
a-Si double layers that are annealed, the second for reference 
POCI3 diffusions, and the third to be well passivated with 
silicon nitride for measuring the bulk lifetime before getter­

ing. 
Amorphous silicon films are deposited by means of a RF 

parallel plate plasma enhanced chemical vapor deposition at 

a frequency of 13.27 MHz. The process temperature is 
400 ° C and the total gas pressure 0.4 bar. We coat both 

surfaces of each wafer symmetrically with double layers. 
The first and inner layer is a phosphorus-doped silicon­

carbon-nitrogen alloy [SiCN(n)] that is rich in silicon and 
has a refractive index of 3.7-4.0 and a thickness of 50 nm. 
This layer is the phosphorus source for the emitter formation 

during the subsequent annealing. We use silane [SiH4, 28 
SCCM (SCCM denotes cubic centimeter per minute at 
STP)], methane (CH4 , 21 SCCM), molecular nitrogen (N2, 

32 SCCM), and phosphine (PH3, 1.5 SCCM) as precursor 
gases. These deposition parameters demonstrated excellent 
surface passivation for p-type8 and n-type9 crystalline sili­
con. The presence of carbon in phosphorus-doped amor­
phous silicon films reduces drastically the surface recombi­
nation when compared to films without carbon dcp0sited at 
identical conditions. 10 It also permits to work at depo ition 
temperatures almost two times higher than those for a-Si 
films and consequently reduce the content of hydrogen. 

The second and outer layer is nominally intrinsic (not 
doped) silicon nitride with a refractive index of 2.1 and a 
thickness of 70-80 nm. This layer is conceived to provide 
the antireflection properties and to prevent the out-diffusion 
of phosphorus. We use silane (SiH4, 15 SCCM) and ammo­

nia (NH3, 18 SCCM) as precursor gases. 
We anneal samples at 750, 800, and 850 °C for 30 and 

60 min, respectively, in a conventional tube furnace under N2 

atmosphere. In order to facilitate slow effusion of hydrogen 
out of the amorphous films without producing blistering, we 

0003
•6951 /2011/98(2)/022102/3/$30.00 98, 022102-1 © 2011 American Institute of Physics 
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FIG. I. Demon tration of gettcring in region A nfter annealing n-Si srnck. ut 

50 ° for 30 min. Once tbe wafor is annealed, bulk Lifetime in reru;es from 

around 55 µ8 (before gctte.ring) to around 220 µ (afler geuering) at t.11 

=5 X 10 14 cm-3• The corresponding neighboring wnrer wi th POCl3 refer­

ence process reaches simi Jar values. 

introduce a preannealing at 500 °C for 30 min. Scanning 

electron micro cope images show that b th outer and inner 

layer remain after annealing as distinct films on the wafer 

surface. 
As a reference for the gettering experiments, we diffuse 

a 70 fl /sq. phosphorus emitter under POCJ3 atmosphere at 

865 ° C during 30 min followed by further extended 

getteringu step at 500 °C during 1.5 h under N2 atmosphere. 

We perform an HF dip to remove the silicon nitride outer 

layer of the samples wjth an annealed a-Si compound and to 

remov the PSG from the POClr diffused ample . After­

wards we etch off 6 µ,m of Si with a CP4 solution to fully 

remove the inner layer and the diffused emitter. Then we 

RCA-clean the samples and deposit passivating SiN on both 

sides. 
We determine the get1ering quality by measuring the mi­

nority carrier lifetimes before and after annealing applying 

the . teady . tate photoconductance technique. 12 Infrared light 

FIG. 2. Spatially resolved PL image of two passivated, emitter-free me-Si 

neighboring wafers before and after annealing at 850 ° C for 30 min. 
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FIG. 3. Measured lifetime at An=5 X IO'- cm-3 for me-Si samples as a 

function of the ingot position. Labels for squares indicate the anneallngs as 

follows: (a) 750 •c. 30 min, (b) 750 °C, 60 min , (c) 800 °C , 30 min, (d) 

850 •c, 30 min, (e) 850 °C, 60 min, and (I) 800 °C, 60 min. Vari ation (d) 

corresponds to samples used in Figs. 1 and 2. 

illuminates the sample to ensure a close to uniform charge 

carrier generation rate in lhe wafers. 

Figure 1 show the injection dependences of the arrier 

lifetime for region A that we annealed at 850 ° C for O min. 

Also shown i the POClrdiffused reference that experienced 

a postdiffusion low-temperature anneal. 

Both annealing treatment. enhance the Li fetime by 

about a factor 4 at ~ excess carrier density of 6 11 

= 10 1 4 

- 1015 crn- 3

. Thi reflects a reduction of Sbockley­

Read-HaU recombination in the bulk ince (i) the emiuer 

is etched and the surface is repassivated (ii) Auger 

recombination 13 i negligible, and (iii) lifetime artifa l due 

to trapping14 or depletion region modulation 15
-

17 arc present 

only at lower injection densities. 
Figure 2 shows patiaUy resolved photolumine cence 

images of neighboring wafers before and after annealing thd 
amorphou double layer with the annealing conditi ns u eff 

in Fig. I. The image is taken once the emitter i ct~hedj 0

10 

and the surface i repassivated. The signal proport ionad .
0 

the carrier lifetime, enhances at the grain bound:we. an 
1

1 
• • J • 1cell1611 

the volume of the cry. tal gram . The ame en 1,11 for 
seems lo oc ur either for big grains like in region A or_ 

111 

mall grain ob erved in region B'. This suggest a 111echn111
~

1
e 

involving the presence of gettecing . ites produced ~~afl 8 

phosphoru emitter18 and unifonnJy di tributed. ra1!1er 'tieS 

internal gettedng 19 produced by the migration of 1111Pl'n 

to already existing gettering sites. 
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F]G. 4. Phosphorus profiles measured with ECV for annealed samples. 
Measurements are done after etching the SiN outer layer with HF solution. 

Figure 3 displays the lifetimes (taken at ~n=S 
x 1014 cm-3) of the bulk me-Si wafers before and after get­
tering processes as a function of the ingot position for both 
regions A and B. Efficient gettering is achieved, yielding 
equivalent final bulk lifetime level regardless of the process 
performed (annealing of a-Si compounds or POC13 diffu­
sion), or the region analyzed. This indicates that metallic 
impurities are effectively gettered and that the final lifetime 
in region B is limited by crystallographic defects . To support 
this hypothesis, we determine the interstitial iron concentra­
tion from lifetime measurements in the dissociate and 
associate states of the Fe-B pairs as described in Ref. 20. 
Samples not gettered contain interstitial iron concentrations 
of around 10 11 cm-3, while the measured values are below 
the detection limit (10 10 cm-3) in gettered samples from a-Si 
and from POC13 diffusion. 

Figure 4 shows the electrically active phosphorus pro­
files determined by electrochemical capacitance voltage 
(ECV) technique. Prior to this measurement it is necessary to 
etch off the nonconducting SiN outer layer with HF solution. 
We measure then the sheet resistances with a four point 
probe directly on the crystallized inner layer. ECV measure­
ments allow us to determine junction depths of 100-300 nm 

Appl. Phys. Lett. 98, 022102 (2011 ) 

and sheet resistances between 3000 and 60 fl/ sq. for the 
samples with lowest and highest thermal budget explored, 
respectively. 

In conclusion, in this work we have demonstrated a 
method of gettering impurities in multicrystalline silicon wa­
fers. It is based on depositing amorphous silicon carbide­
nitride/silicon nitride double layers, the inner ones being 
phosphorus-doped, and annealing them between 750 and 
850 ° C during 30 or 60 min. The gettering effect is as good 
as for the POC13 diffusion when the latter is followed by 
extended gettering at 500 ° C. Besides gettering, emitter for­
mation with attractive sheet resistances was demonstrated. 
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