Jan. 21, 2000 - President Clinton announced his FY 2001 budget will include a National
Nanotechnology Initiative (NNI):

“My budget supports a major new National Nanotechnology Initiative, worth $500 million.
....Imagine the possibilities: materials with ten times the strength of steel---.shrinking all the
information housed at the Library of Congress into a device the size of a sugar cube---
detecting cancerous tumors when they are only a few cells in size.



“The vision of-th tional
Nanotechnology Initiative
future in which the ability to
understand and control matter at
the nanoscale leads to a revolution
In technology and industry that
benefits society.”


https://www.nano.gov/
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My first Experiment with Nanowires: 1993-96
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Nanorod-Superconductor Composites:
A Pathway to Materials with High
Critical Current Densities

Peidong Yang and Charles M. Lieber*
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Nanowires as columnar defects in HTSC,

pin magnetic flux lines,
and enhance critical current density




My first Experiment with Nanowires: 1993-96

Metal oxide nanorods and
composite materials containing
such nanorods. The metal
oxide nanorods have
diameters between 1 and 200
nm and aspect ratios between
5 and 2000.

Nanorod
Nanowhisker

Nanowire

Metal oxide nanorods;
US 5,897,945, April 27, 1999.

Priority date
N Fig. 2.15 SEM and TEM images of ZnO nanorods. A CBED pattern along 1996-02-26

[1-10] zone axis is shown in (b) inset.



https://patents.google.com/?before=priority:19960226

Growth Mechanism: Vapor-Liquid-Solid
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Unidirectional growth is the consequence of an anisotropy in solid-liquid interfacial energy.
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Y. Wu, P. Yang J. Am. Chem. Soc. 2001, 123, 3165




ZnO Nanowire & Nanolaser

UCE

"Catalytic growth of zinc oxide nanowires through vapor transport”,
M. Huang, Y. Wu, H. Feick, N. Tran,E. Weber, P. Yang, Adv. Mater.13(2), 113,2001.

"Room-temperature ultraviolet nanowire nanolasers”,
~ M. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber,
R. Russo, P. Yang, Science, 292, 1897, 2001.




Nanowire Lasers

A nanoscopic room temperature UV laser with Fabry-Perot cavity
along the third dimension M. Huang et al. Science, 292, 1897, 2001

PL Intensity (au)
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¢ Materials, 1,101, 2002. T. Kuykendall et al. Nature Mater, 3, 528, 2004
Palizauskie et al.Phys. Rev. Lett. 96, 143903, 2006.
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Nanowire Photonics

Integrated Nanophotonics
Integrated flexible nanowire sensory system,
including light sources, waveguide,
detectors, sensors, micro-nanofluidics
and embedded energy sources.

Nanowire Single Cell Endoscopy Single Cefl Endosreiy
Interrogating individual cells =
 Delivering light, Imaging
*Delivering DNA, drug

Lacal Sensing

eExtraction . spot Delivery
 Stimulation, optical/electrical

-

”\l A Nature Photonics (invited review), R. Yan, D. Gargas, P. Yang, 3, 569, 2009.
rroeffr

r

/\""l Nature Mater. Rev, 1, 16028, 2016




Better Semiconductor Thermoelectrics

Peltier Coolin
(Interface)

Heat

iffusion
(Bulk)

Joule Heating
(Bulk)

Peltier Heatin
(Interface)

Thermoelectric
Figure of Merit

S%6T
k

S: Seebeck Coeff.
o: Electrical Conductivity
k: thermoconductivity

T =

TE Device Efficiency (%)
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0 100 200 300 400 500 600 700 800
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Carnot Eﬁiciency/T; = Hot side temperature

T, = Cold Side Temperature
ZT = Figure of meritat T = (T,+T.)/2



Thermoelectric Figure of Merit: the difficult part

e Difficulties in increasing ZT in bulk materials.
e So far the best bulk materials BiosSbisTeshas ZT ~ 1 at 300K

1 Semi-
Insulator ;
i conductor

|
1 Metal




Silicon Nanowires as High Performance
Thermoelectrics

HOTTER

Electron Transmitting

Phonon Blocking corER k

Phonon mean free path ~ > wire diameter > e mfp
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D. Li, Y. Wu, Appl. Phys. Lett. 2003



ZT of solution-processed rough Si nanowires
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Nanowire ZT Is
100-fold greater
than optimal doped
bulk Si!

A. Hochbaum et al. Nature, 2008



» Started in 2009.
 Providing the key piece of technology for electricity f/
generation from waste-heat;

« Team currently at 30 people, new 15,000
square foot office/lab in Hayward, CA

¥

thermoelectrics, over 10X:cheaper.tha
existing technology,

» With breakthrough silicon-based r(

2ertp Technology Pioneers
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Stem Cell Control

The essential character of the mother of all cells reveals itself in a set of breakthrough findings
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JCAP

JOINT CENTER FOR ARTIFICIAL PHOTOSYNTHESIS




Solar to fuel/chemical
Carbon-Neutral Solution

Chemical Fuels + Oxygen = Carbon Dioxide + Water







Artificial Phoiosynihesns

> HELIOS
H,, CO, CH,, CH;OH... BERKELEY LaB iy



http://www.google.com/url?sa=i&rct=j&q=helios+LBNL+logo&source=images&cd=&docid=aNheGcDQYd-WzM&tbnid=GeXEpv0Zc_pSoM:&ved=0CAUQjRw&url=http://www.case.dtu.dk/English/Organisation/Research%20Partners/Helios.aspx&ei=68-jUd_WFanQiAeuxYHYCg&bvm=bv.47008514,d.aGc&psig=AFQjCNGkHy-FO2cRHHPFcWci5U6zLtSMYA&ust=1369776449015122
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Biotic-Abiotic syste ms




Sem iconductor-Microorganism Interface for C02 fixation

Integrated semiconductor-bacteria hybrid system

____ntesting solar energy

Fuels, polymers, and
pharmaceutical precursors...

“» H*+CO,

110 Acetyl-CoA
b I C ‘/ ga=
iR Acetic acid 4

Photocathode

The high-surface-area silicon nanowire array

Self-Photosensitization

8[H] |
‘ Il
: =+8H* 2co,

wood- I
Liungdanl |
Pathway ||

acetyl-CoA —lLCHscDOH
]
| 1
_ biomass I|
| |
Cys—{{  Moorella ,l]

——Reduction thermoacetica

W /

——QOxidation N
Bioprecipitation N _”

harvests light energy to provide reducing equivalents The hybrid approach combined the light harvesting CdS

to the anaerobic bactgrium, Sporpmusa ova.ta, f‘_"’ particle with the self-replication biocatalysts a
th.e photoelectroche.mlcal. prOd“Ct'O_” of acetic acid nonphotosynthetic bacterium, Moorella thermoacetica,
with low overpotential, high Faradaic efficiency and enabling the photosynthesis of acetic acid from carbon

long-term stability. dioxide.
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Fuels, polymers, and
pharmaceutical precursors...

i
O, Acetyl-CoA

Acetic acid —/
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Photocathode
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Acetogenic bacteria Genetically engineered E. coli



Liquid Sunlight

Carbon Dioxide +Water + Sunlight Fuels
-0 Pharmaceuticals
= Oxygen + :
Commodity Chemicals

Mimicking the Nature & Better than the Nature



NASA Selects Proposals for First-Ever Space Technology
Research Institutes

Center for the Utilization of
Biological Engineering in Space (CUBES)
UC, Berkeley




Solar Foundry on Mars

HEER IS ONL 140 MILLION MIBESaAMW AY
e —

IN CINEMAS SEP‘TEMBER 303D



https://en.wikipedia.org/wiki/File:Mars_23_aug_2003_hubble.jpg

Mars Resources:

Opportunities and Challenges

78% (78 kPa) N,
21% (21 kPa) O,
0.04% (0.04 kPa) CO,
100% Light
H,O

2.7% (0.016 kPa) N,
0.13% (0.8 Pa) O,
95.3% (0.57 kPa) CO,
~60% Light
H,O

0.6 kPa pressure

6.7 x 104 kg N

https://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.htmi
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George Pimentel, Mariner 6
1969




Semiconductor Nanowires: 1990-2010
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Semiconductor Nanowires

« Nanowire Photonics

« Nanowire Electronics

e Thermoelectrics

« Energy Storage, Battery
 Photovoltaics

-’ DOWN TO THE
—— NANOWIRE

N Cobiend ramaphetancs
N\ !

g -

e Catalysis -
e Bio-nano interface

- Artificial Photosynthesis

single Cell Endoscopy

-




25 YEARS OF NANOWIRE RESEARCH

- CHEMICAL
REVIEWS

@ s Publications —ms

TO BE PUBLISHED IN OCT 2019






Top Chemists of the Past Decade,
2000-2010

TOP CHEMISTS OF THE PAST DECADE

Data provided by Thomson Reuters from its Essential Science Indicators, 1 January 2000-31 October 2010

Rank in chemistry Impact  Rank in chemistry Impact Rank in chemistry Impact  Rank in chemistry Impact
Rank in materials science Citations Rank in materials science Citations Rank in materials science Citations Rank in materials science Citations
Scientist Papers Scientist Papers Scientist Papers Scientist Papers
1 Charles M. Lieber Harvard University 74 17,776 240.22 32 10 Catherine ). Murphy University of lllinois (1] Jens K. Narskov Technical University of Denmark 122 7,736  63.41 82 Richard A. Friesner Columbia University 98 5,697 58.13
2 Omar M. Yaghi Univ of California, Los Angeles 90 19,870 220.78 at Urbana-Champaign 69 5717 82.86 61 5 Yugang Sun Argonne National Laboratory 93 5896 63.40 83 Jairton Dupont Federal University
3 Michael 0’Keeffe Arizona State University 73 12,910 176.85 33 M. B. Finn Scripps Research Institute 76 6286 8271 62 Evgeny Katz Clarkzon University 97 6,147 63.37 of Rio Grande do Sul 120 6964 58.03
4 K. Barry Sharpless Seripps Research Institute 60 9,754 162.57 34 Stephen L. Buchwald MIT 169 13,941 8249 63 75 Craig ). Hawker Univ of Califormia, Santa Barbara 141 8,893  63.07 B4 John E Hartwig University of linois
5 A. Paul Alivisatos University of California, Berkeley 93 14,589 156,87 35 4 Younan Xia Washington University in St Lovis 161 13,120 8149 64 Christian Serre Versailles Saint-Quentin- at Urbana-Champaign 167 9,638 57.71
[} Richard E. Smalley + formerly Rice University 60 9,217 153.62 36 Stuart L. Schreiber Harvard University 66 5369 8135 en-Yuelines University 72 4517 6274 a5 Robert Langer MIT 98 5,632 5747
7 Hongjie Dai Stanford Universit 88 12,768 145.09 37 19 Taeghwan Hyeon Seoul National University 82 6,587 8033 65 71 Richard H. Friend University of Cambrid 74 4842 62.73 BB Mark E. Davis California Institute of Technole 66 3,791 57.44
) y Be BY
aogang Peng University of Arkansas ! eorge M. sides Harvard University g . = an M. L. Frécl niv of Califomia, Berkelay A K = anos niv of ison 8 s
8 Xi; Peng Univessity of Ark 59 8,548 144.88 38 G M. Whitesides H: d Universi 228 18,237 79.99 66 Jean M. L. Fréchet Univ of Califonia, Berkel 209 12,985 62.13 87 M. M Univ of Wi in-Madi 56 3,205 57.23
9 Valery V. Fokin Scripps Resgarch Institute 54 6,853 126.91 39 Ryong Ryoo Korea Advanced Institute =66 James M. Tour Rice Unwersity 134 8325 62,13 =BT  AdiEisenberg McGill University 65 3,720 57.23
10 1 PeidongYang University of Califomnia, Berkeley 95 11,167 117.55 of Science and Technology 77 6,057 78.66 [:+:] Robert C. Haddon Univ of California, Riverside B4 5191 61.80 89 Maurice Brookhart University of Morth Carolina
11 Benjamin List Max Planck Inst of Coal Research 81 8,808 108.74 40 Michael F. Rubner MIT 51 4,004 7851 (3] Peter J. Stang University of Utah 103 6,356 61.71 at Chapel Hill 87 4978 5722
12 50 Mark E.Thompson Univ of Souther California 53 5394 101.77 41 20 Xiangfeng Duan Univ of Califernia, Los Angeles &4 5,022 78.47 70 24 Nicholas A. Kotov University of Michigan 78 4,809 61.65 90 Amir H. Hoveyda Eoston College 122 6967 57.11
13 Robert H. Hauge Rice University 55 5,566 101.20 42 48 Michael Griitzel Swiss Federal Institute 71 F. DeanToste University of California, Berkeley B84 5,163 61.46 91 Charles R. Martin University of Florida 58 3312 57.10
14 [Eric N. Jacobsen Harvard University B1 7985 9858 of Technology. Lausanne 187 14,602 78.09 T2 Michal Kruk City University of Mew York 54 3315 6139 92 Alexander Zapf University of Rostock 60 3407 56.78
15 Banglin Chen University of Texas at San Antonio 61 5,929  97.20 43 Gregory C. Fu MIT 111 8384 7553 73 Didier Astruc University of Bordeaux | 114 6,883 60.38 23 Jeffrey R. Long University of California, Berkeley 98 5,563 56.77
16 David W. C. Macmillan Princeton University 55 5267 9576 44 89 Horst Weller University of Hamburg 73 5428 7438 74 83 Michael Giersig Free University of Berlin 55 3,310 60.18 94 Neil R. Champ iversity of b I 86 4,877 56.71
17 Mostafa El-Sayed Georga Institute of Technology 111 10,135 91.31 45 Joan F. Brennecke University of Notre Dame 65 4,827 T74.26 75 George C. Schatz Northwestermn University 202 12,116 59.98 95 Maomi 1. Halas Rice University 73 4131 56.59
18 Ezio Rizzardo Commonwealth Scientific 46 Kenneth R. Seddon Queen's University Belfast 94 6916 73.57 76 Harold G. Craighead Cornell University 51 3,042 59.65 96 Abraham Nitzan Tel Aviv University 51 2,879 56.45
and Research Organisation {CSIRQ), Australia 52 4,747 91.29 47 & Alan ). Heeger Univ of California, Santa Barbara 66 4,758 72.09 77 Heith Fagnou 1 Univarsity of Ottawa 63 3,747 5948 a7 Charles L. Brooks University of Michigan 67 3,778 56.39
19 Michael 5. Strano Massachusetts Institute 48 Andreas Manz Korea Institute of Science 78 Milan Mrksich University of Chicago 54 3,168 58.67 98 Helmut Célfen Max Planck Institute
of Technology 54 4,843 B9.69 and Technology Europe 70 5030 7186 79 Alois Fiirstner Max Planck Inst of Coal Research 151 8,858  58.66 of Colloids and Interfaces B2 4,595 56.04
20 Michael ). Zaworotke University of South Florida 83 7,403 89.19 49 Hua Chun Zeng Mational University of Singapore 53 3,673 69.30 80 Karl Anker Jargensen Aarhus University 152 8,893 58.51 99 Jérdme Cornil University of Mons 65 3,640 56.00
21 Dmitri V. Talapin University of Chicago 56 4,981 88.95 50 Suprakas Sinha Ray Council for Scientific 81 Rustem F. Ismagilov University of Chicago 59 3437 5825 100 Geoffrey W. Coates Comell University 90 5,029 55.88
22 Ryoji Noyori Nagoya University 62 5486 8848 and Industrial Research (CSIR), South Africa 50 3411 6822 : :
L B e The Linited Nations Educational, Seentific and Cultural Organisation (Linesca) and the Intematianal Union of Hamatehnology n all 5 iy | wh h n imiarests of th
23 Chad A, Mirkin Northwester Universiy 233 20,505 88.00 51 Mikhail E. tks Uniersiy of Calfomia, Riverside 60 4,069 67.82 P 0 00 s (1FHO) e QRGN e fGHGMIS DUV 201, chis s W10 D OGO 0 0 s s ol S vt a1 Coin, e s
24 Liberato Manna ltalian Institute of Technology 62 5431 8760 52 Osamu Terasaki Stocknolm University 92 6,198 67.37 ‘celebeations and special events will De held amund the globe “io icrease the public appeecistion of chemistryin o denying the message of the ctation indicators. The fiekd has frmcied enormous interest in the past 10 years.
% Richand R ¥an Duyne Northwestm University 88 7.690 87.39 53 20 Shalk M. Zakeeruddin Swiss Federal Institute x;:.;gmﬂ;T.:;:.nu‘ul—.;;guuny interest in chemistry among young pecple, and 10 gEneme shusiasn o the 0 m 3.25»'..’5"3—’:TaL”u'.fi"ﬁn:’;ﬁ.."'a.'é"é'.'é"’Fﬁ'ﬁf%ﬁ'"S!'é'&"ﬂﬁ'ﬁ!ﬂi?,@m'ﬁfmﬂi«"m
g g . v 1 [ 3 h 3
26 Robert H. Grubbs California Institute of Technology, Lausanne 63 4,204 66.73 The taiie gresented he s inended 1o cefebeale the schievements of 100 chemists who achieed the highest  Canacs, Fiance, Denmark, Switzeriand and South Korea, and ane apiece for fusualia, Belgium, Sweden, laly,
2 . ’ tatian impact scares for chemistry. (aricles and Fevisws) publishy January 2000, Ctation impact  Israsl, Sout Africa, Bramil, banan and Sit - The institut ing e i : Massachu-
of Technology 170 14617 8588 54 Wenbin Lin Univ of North Carolina at Chapel Hil 104 6,930  66.63 e ) 2 et o of WA It Sk 0 el OIS SO EROTNGe 2 S ARt o iy 100 ST S0 A (3 o ) of Cotami, Bl (3,
a7 Carlos F Barbas Scripps Research Institute 95 8,029 B4.52 55 2 Yadong Yin University of California, Riverside 57 3,787 66.44 ‘ENESUFE EL 3 NIgN SCora coukd 0L be BENkwed by 2 few Mighly ched papers, 8 rsnold of S0 papdes was used Harvard Lnwersity (4], RiE Unversity (4). Nomrwessom University (4), te: Callfoméa instieute of Tachnology (3),
B g " n he anaysi the Universily of Califamis, Rivesside (3) and the Universy of Chicage (3}.
28 Jams R Heath Caiforic nsttve of cinology 69 5830 8449 56 lown R Yatos Spps Rescachrsiie 86 5,696 6623 B e e e e
29 Moungi G. Bawendi MIT 52 4384 83.92 57 Samuel L Stupp Northwestern University 62 4,073 65.69 mare than five tines that mark. Given that about 1 milian chemists wem necorded in the jounals indesed by in materials science and Biachemistry will appear during the psar in thess pages.
e n i Resfiors Qunng e past gacade, tesa 100 t the top 0.01 af 1 1. Sivieen of hosa lsted r Informatian on Th Reutars Essantial Sclence Indica
30 David . Case Ruiges Uniesty 60 5007 8345 58 PrashamtV.Kamat UnuerstyoiNoteDae 99 6426 6491 e L L e i o ol mes ettty
31 Shouheng Sun Brown University B84 6,970 8238 59 John D. Holbrey Queen's University Belfast 63 4,016 63.75 i tho fied during the past decace, Thelr materials SCence ms A noted Gesae NG kS it COEmisTy,

Next week: Chinese universities of the C9 League




Top Materials Scientists of the Past
Decade, 2000-2010

Rank in materials science

Rank in chemistry Citations
Scientist Papers
1 10 Peidong Yang Univ of California, Berkeley 36 13,900
2 55 Yadong Yin Univ of Califoria, Riverside 32 6,387
3 Michael H. Huang National Tsing Hua University 34 5,439
4 35 Younan Xia Washington University in St Louis 83 11,936
5 61 Yugang Sun Argonne National Laboratory 37 5231
(] Yiying Wu Ohio State University 74 9,590
7 Jan C. Hummelen University of Groningen 38 4643
8 47 Alan 1. Heeger Univ of California, Santa Barhara 49 5,788
9 Oomman K. Varghese Pennsylvania State University 28 3,021
10 32 Catherine L. Murphy University of lllincis
at Urbana-Champaign 31 3313
11 Michael D. McGehee Stanford University 26 2,651
12 Christoph 1. Brabec Univ of Edangen-Nuremberg 43 4,242
13 Stephen R. Forrest University of Michigan 25 247
14 N. Serdar Sariciftci Johannes Kepler University
of Linz 74 6444
15 Herbert Gleiter Karlsruhe Institute of Technology 29 2,440
16 Rodney S. Ruoff University of Texas at Austin 25 2,060
17 [Frank Caruso University of Melbourne 74 5,589
18 Philippe Dubois University of Mons 36 2,628
19 37 Taeghwan Hyeon Seoul National University 37 2,685
20 41 Xiangfeng Duan Univ of Califomia, Los Angeles 39 2,825
21 Rachel A. Caruso University of Melbourne 27 1948
22 Galen D. Stucky Univ of California, Santa Barbara 72 5,085
23 Igor V. Alexandrov Ufa State Aviation
Technical University 38 2,555
24 70 Nicholas A. Kotov University of Michigan 36 2,388
25 Craig A. Grimes Pennsylvania State University 55 3,626
26 Ullrich Scherf University of Wuppertal 64 4,099
27 Andreas Stein University of Minnesota 47 2,985
28 Subra Suresh Massachusatts Institute
of Technology 64 4,024
29 53 Shaik M. Zakeeruddin Swiss Federal Institute
of Technology, Lausanne 27 1670
30 Ray H. Baughman University of Texas at Dallas 25 1,503

Impact

63.51
62.88

BLES
60.12

Rank in materials science

a7

a8
49

53

55

56
&7

59

Rank in chemistry
Scientist Papers
PPaul W. M. Blom University of Groningen a7
Jenny Nelson Imperial Coliege London 31
Darid L Mooney Harvard University 43
Tsu-Wei Chou University of Delaware 33
lain MeCulloch Imperial College London 30
Andreas Greiner University of Marburg 30
Ferdi Schiith Max Planck Inst for Coal Research 60
Henning Sirringhaus University of Cambridge 39
Samson A. Jenekhe University of Washington 27
C. Suryanarayana University of Central Florida 33
James R. Durrant Imperial College London 31
Guillermo C. Bazan LIC, Santa Barbara 55
Meixiang Wan Chinese Academy of Sciences,
Institute of Chemistry, Beijing 29
Pierre-Antoine Albouy University of Pais-Sud 11 28
Dietmar W. Hutmacher Queensland University
of Technology 39
Anders Hagfeldt Uppsala University 26
Dago M. De Leeuw University of Groningen
and Philips Research Laboratories 32

42 Michael Gratzel Swiss Federsl Institute
of Technology, Lausanne 52
Zhifeng Ren Boston College ar

12 Mark E. Thompson Univ of Southern California 28
Andrey L Rogach City University of Hong Kong 34
Rinat K. Islamgaliev Ufa State Aviation
Technical University a7
Mats R. Andersson Chalmers Univ of Technology 28
Mietek Jaroniec Kent State University 54
[Fujio lzumi Mational Institute for Materials Science,
Japan 25
Simon R. Phillpot University of Florida 29
Neil Coombs University of Toronto 25
Terry C. Lowe Manhattan Scientifics 28
Wolfgang J. Parak University of Marburg 27

Citations

2176
1,821
2,512
1915
1,725
1,716
3,205
2173
1,490
1,801

299}

1,557
1,503

2,092
1,385

1,704

2,763
1,963

1781
1,926
2,171
1217
1,481
1,269

1,416
1,365

Data provided by Thomson Reuters from its Essential Science Indicators, 1 January 2000-31 October 2010

Rank in materials science Impact
Rank in chemistry Citations
Scientist Papers
60 Marie-Paule Pileni Piers and Marie Curie University 32 1,612 50.38
61 Jonathan N. Coleman Trinity College Dublin 30 1,507 b50.23
62 Zhenan Bao Stanford University 38 1,907 b50.18
63 Dieter Neher University of Potsdam 30 1,499 4997
64 Dieter Wolf Idaho National Laboratory 26 1,285 49.42
(1] Kornelius Nielsch University of Hamburg 27 1,322 4896
66 Yet-Ming Chiang MIT 26 1,254 4823
67 Joachim H. Wendorff Liniversity of Marburg 30 1,430 4767
68 Antonios G. Mikos Rice University 95 4,507 47.44
69 John R. Reynolds University of Florida 45 2,131 47.36
T0 David Grosso Fierrz and Marie Curie University 55 2,548 4833
71 65 Richard H. Friend University of Cambridge 60 2,775 4625
72 Paula T. Hammond MIT 42 1,927 4588
73 Richard W. Siegel Rensselaer Polytechnic Instite 31 1,419 45,77
4 [Fred Wudl Univ of Califomia, Santa Barbara 25 1,141 45864
75 &3 Craig L Hawker Univ of California, Santa Barbara 34 1,548 45.53
T6 Peter X. Ma University of Michigan 30 1,352 45.07
1 Karine Alselme Upper Alsace University 25 1,122 4488
8 David L Kaplan Tufts University 77 3,408 4426
79 Donal D. C. Bradley Imperial College London B7 2,522 4425
80 Kam W. Leong Duke University 45 1991 4424
81 Yeshayahu Lifshitz Technion -
Israeli Institute of Technology 25 1,097 4388
82 John A Rogers Univ of llinois, Urbana-Champaign 61 2,671 43.79

¥ FRCOZNTION o 2011 BeINg NaMed e Fiamationsl Year of CREMISTY, Times HIghar EOUC3tion preous’y
featured 2 lIst o the top 100 chemists aver the past daade accondng to citation Impact (cations per paper).

i that ansiysls, 3 5at of discipine-specifc: jourmss definad the Sl of chemistry, 55 3 supplement, selecsed
pEpars In muMidiscipinary joumats Such 35 Sokence and Naturs wers sisn counted. But It must be admited hat
chemistry Is (Mcuf tn defin precisely To Supplement the: previous treatment, S1e cument tabie presents data

o0 high-Impact researthers In matertals Sciencs, 3 ram Hat overians with chemistry as well as physics,
ENENEENNE N0 DITES ArEEs. ONCE BEAN, M2 TS0 Was DEMed DY & 561 Of QISpINe-S)ecis [UMSES PILS Papers
dealng wiih matertals sclence from MuSdiscpInary fities. influential bicchemists wikl be the focus of & AurE
‘anaiyss 1o mund out our celebration of chemistry.

T table abowe st the 100 r=saamhers In material scince who achisved the highest citation-mpart scores
for papers (artcies and reviews) publishd since January 2000. impact & a welghizd measure of Influence that
‘seeks 10 rveal consstently supenor parformance. To nsare that high scores could not be achised by 3t
Fighly cited papers, a veshold of 75 papers was used In the analysts. The ciation Impact In materals
‘science for the period was .93, 50 all the researchers lsied above achieved mow Fian s Tmes Mt man.

Since appraimately 500,000 mateals scientsts were racorded In the journal publications Indexed by

TOP MATERIALS SCIENTISTS OF THE PAST DECADE

Rank in materials science Impact
Rank in chemistry Citations

Scientist Papers
83 74 Michael Giersig Free University of Berlin 36 1570 4361
84 Jean-Luc Brédas Georgia Institute of Technology 50 2,177  43.54
85 Thomas E. Mallouk Pennsylvania State University 35 1,523 43.51
86 Caroline A. Ross MIT 27 1,174 4348
87 John W. Hutchinson Harvard University 42 1824 4343
88 David Beljonne University of Mons 25 1,085 43.40
89 44 HorstWeller University of Hamburg 25 1,082 4328
90 Frederik C. Krebs Risa DTU National Laboratory

fior Sustainable Energy 2,077 4327
) | Linda 5. Schadler

Rensselaer Polytechnic Institute 42 1,817 43326
92 René A.J. Janssen Eindhoven Univ of Technology 61 2,633  43.16
93 Young-Woo Heo Kyungpook National University 30 1,294 4313
94 Alan H.Windle University of Cambridge 36 1,552 43.11
95 Andrew I. Cooper University of Liverpool 30 1,284 4280
96 Markus Niederberger Swiss Federal Institute

of Technology, Zurich 36 1,537 4289
97 Antonio Facchetti Northwestemn University

and Polyera Corporation 37 1579 4268
98 Nicola Pinna University of Aveiro

and Seoul National University 25 1057 4228
99 Xiang Min Meng Chinese Academy of Sciences,

Technical Institute of Physics and Chemistry, Beijing 31 1,309 4223
100 William D. Nix Stanford University 49 2065 4214

Thoms0n REUiers dunng Me past ecane, Ihose ISted above Fegresent he 1o .02 of 1 per cant In e e,
Sateen of those Isted alsa rnked i the top 100 by ciation Impact In chemistry, amang thoss who published
50 or mOre papers In T3t flsid uring e past decsde. Thelr Fanks in chemistry are Aoted
‘with the chamisiry tabie, this I Induces many r=saarhers who stat that 3 main or Sgnificant focus of

thelf research Is nanotechneiogy - by our count, T3 per cent of the sclentists foatured.

‘The authors' national afitions afe: 48 for the US; 11 10r Gemany; sight for e UK; four each for France and e

Nefheriands; three 0r AUSITIa, G (INCUCINg Hong KONg), South KO3 and SWIZENan, Twa for Beigum, Aussia
and Sweder, and one aplece for Ausira, Canada, Denmark, the Aepublic of Iretand, el lapan, Forigd and
‘Talwan (which comes o 101 owing to Nicola Piena's appaintments in Poriugal and South Koea), The Institutions
appeaiing Fres or mors tmes. are: Linkersity of Callimia, Santa Rartars (S, impertal College London (4); Masss-
Chusts Insttute of T=chnology {4); Pennsyhvania State Unvesshy (3); Stanford Unhersity (3]; the Unhesstty of

Cambicge (3 T Univessity of Grovingsn (3); the Linkersity of Marburg [3); and the Uiniversty of Michigan ().

For more Information, see hitp;//science Mhomsonseaiars comy products/ sl

Next week: top 25 nations in agricultural sciences, 2000-10
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Large teams develop and small teams disrupt

science and technology

Lingfei Wul2, Dastrun Wang4* & James A. Evans'25

Ome of the most universal trends in science and today
is the growth of large teams in all areas, as solitary researchers
and small teams diminish in prevalence'. Increases in team size
have been attributed to the specialization nrmuﬁcnmmms’
4%, or the compl,

of modern problems that require interdisciplinary solution:

This shift in team size raises the question of whether and hml
the character of the science and technalogy produced by large
teams differs from that of small teams. Here we analyse more
than 65 million papers, patents and software products that span
the period 1954-2014, and demonstrate that across this period
smaller teams have tended to disrupt science and technology with
new ideas and opportunitics, whereas larger teams have tended to
develop existing ones. Work from Iarstr teams builds on more-
recent and popular developments, and atiention to their work comes

difference two well-k articles: ome ahout seif-organtred
criticality’” (the BTW model, after the authors’ instials) and another
about Bose-Einstein condensation™ (for which Wolfgang Ketterle
was awarded the 2001 Nobel Prize tn Physics) (Fig. 1, Extended Data
Fig. 1b). The two articles have recetved a similar number of citations,
‘but most research subsequent to the BTW-model artscle has cited only
the model el withoust mentioning references from the article. By con-
trast, the Bose-Finstein condensation article 1s almost slways co-cited
with Bose'”, Einstetn™” and other antecedents. The difference between
the 0 papers & reflected ot In cltation counts b In whzrh!rﬂwy
suggested or solved

developed existing sclentific Ideas msp«:lmlyl The ETW model
launched new streams of research, whereas the expertmental realiza-
tion of Bose-Einstein condensation elaborated upon possthilities that
had previously been posed.

By contras. contri by smaller th
‘more deeply into the past, are viewed as disruptive 1o science and
udmdngr and succeed further into the future—if atall Observed

ifiied for higher-

To evaluate the role that small and large teams have
In unft scsentific and technobogtcal advances, we collected large-
scale datasets from three related but distinct domans (see Methods):
(1) the Web of Sctence (WOS) database that contamns more than 42

1954and 2014, and £11 million cta-

and
impact wark, with small teams pii and large

teams topic and research design
account for a small part of the relationship between team size and
disruption; most of the effect occurs at the level of the individual,
as people move between smaller and larger teams. These results
demonstrate hat both small and lrge feams are essential (0.2
of science and d suggest that, to

ng thems; (2) 5 million patents granted by the US Patent and
Trademark Office from 1975 to 2014, and 65 millon citations added by
petentapplicants; (3) 16 million software projects and & milion forks to
them on GitHub (2011-2014), 2 popular web platform that allows users
1o callaborate on the same code + and tite” other

by copying and bulld thetr code.

achieve this, science policies should aim o support & diversity of
team sizes.

Advocates of team science have claimed that a shift 1o Larger teams
in sclence and technology fulfils the essential function of solving
problems in modern soctety that are complex and which require
interdisciplinary solutions*—. Although much has been demonstrated
about the professional and career benefits of team size for team mem-
bers®, there Is ittle evidence that supports the notion that larger teams
are optimized for knowledge discovery and technalogical invention®,

For each dataset, we assess the degree to which each work disrupts
the fleld of scence or technology to which it belongs by mtroducing
something new that echipses attention to previous work upan which 1t
has huflt. We use 2 measure that ws previously desigmed™= to Identify
destabiltzation and consolidation i patented mventions; this measure
varies between — 1 and 1, which corresponds to science and technalogy
that develops or disrupts, respectively (Fig. 1a). We validate the dis-
ruption mezsure in several weys. First, we investigate the distribution
of disruption m:mssc)eutl.ﬁc papers (Fig. 1b); the disruptive BTW-
model articl i located 1 the top 1%, whereas the developmental

paper s In the bottom 3% of the disrup-

sdeas

mumuﬂm"and tend 10 neutralize each other’s viewpolnis'. Small
and large teams may sl differ in thelr response to the risks assaciated
with innovation. Large teams, sisch as large business organizations,
may focus on sure bets with large potential markets, whereas small
teams that have more 1o gain and less 1o lose may undertake new,
untested oppartuntties with the potentte] for high growth and faflure',
leading to markedly different outcomes. These possibibities led us to
explare the consequences of smaller and larger teams for scientific
and technological advance, nd how such teams search and assemble
kmowledge diff

Previous research demanstrates that large article and patent teams
recetve shghtly more citations™". However, cltation counts alone
cannot capture distinct types of contribution. This can be seen 1n the

ton We also find that, on average, Nobel-prize-winning
pepers reglster among the 2% most disruptive articles. Review articles
are developmental with a negative mean of disruption (bottom 46%),
whereas the original research works that they review have a pastiive
mean (iop 23%). Articles that headline prominent prior work—such
a5 the Bose-Elnstein condensation article—Lie In the bottom 25%
(Supplementary Table I). We Further confirmed these results with a
survey in which we asked scholars from diverse flelds to propose dis-

iptive and artides; th confirmed the
disrusption measure Supplementary Teble 2). Finally, we find that in the
titles of articles different words associate with disruptive (‘introdusce,

‘measure, ‘thange' and “sdvance’) versus developing (endorse! ‘confirm,
‘demonstrate] ‘theery’ and ‘moedel’) papers (Fig. 1<, Supplementary
Tzble 3.
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Fig1| ifying disrupti of disruptian. top 2%) and B4 Ueveloping” articles (E(D) = —0.0LL, bottom 13%)

Three citation networks comprsing focal papers (blus diamends),
references (grey circles) and subsequent work [rectangles). Subsequent
‘wark may cite the focal wosk {1, green), both the focal work and s
references j, red) or just fts references {k, hlsck). Dismupttan I of the
focal paper 1s defined by the difference between the proportion af type
fand j papers gy — . which eguals the difference between the observed
number of these papers my— ny divided by the number of all subsequest.
warkany 1—-‘5 g, A paper may be dissupting (I = 1}, newtral (D= 0) ar
—— 1.1, The distribution of disruption across 15,988,101
“Dﬁjamdwdes pablished between 1800 and 2014 On this
distribution, we mark the ETW.model (D — 155, top 1%} and
Bose_Einstetn condensation articles ()= — (.58, bottom 3%) along with
usad io validate [ (Methods, Tables |-3).

naminzted by 2 surveyed panel of 20 schalars acrass flelds; (2) £77 Nobel
prize winaing papers ed between 1802 and 2005 (E(D) — 010,
tap ), (3) 12,672 review articles {E(D)) — —0.0009, bottom 46%) and
1,338 808 original research articles that they review (E{D) = 0.000S,

top 23%); and 4) 148,303 articles that headline prominent prior work
by mentioning one or more cited authars i the ttke (E(D) = —0.0048,
botiom 24%). ¢, We select ttles fram 24,174,022 arttcles published
between 1954 and 2014 2nd assign them tn ane of two grougs, disrapilag
{0 0} ar develaping (D < 0) asticles. For the 1 ns: E79 words chserved
1n both groaps, we =y
develuping articss, . We vsualtze diferences i the cantent and writing
style between &eulﬂngﬂn}x 1n terms of verbs, noans, and adverbs and

Thistncludes (1) 104 disrupuve’ articles (disruption mean E(D) = 0215,

"W predict that wark by small tezms will be substanttally more dis-
Fuptive than work by large teams, Our datahases of pepers, patents and
software strongly confirm this prediction. Our sources differ 1n scope
and domain, but we conststently observe that over the past 60 years,
larger teams produce articles, patents and software with a dsruption
score that markedly and monotonically deciines with each additional
tearm memiber (Fig. 22-c, Extended Data Fig. 3). Spectfically, zs teams
grow from 1 to 50 team members, thelr papers, patents and products
drop in percentlles of measired distuption by 70, 30 and 50, respec-
tively (Extended Data Fig. 3a). In every case, r]usthngh!saermn

1ef o right). T &
greentfr > |, and 1irin red otherwise.

and high-Impact papers produced by large teams are the most devel-
opmenial. As article Impact Increases, the negalive slope of distuption
asa function of team size steepens sharply. Even within the pool of
‘high-1mpact articles and patents (Fig. 3a, top 5% of ctations), which
are stattstically more likely produced by large teams (Fig 2d), small
teams have disrupted the current system with substantially more new
tdeas. We further split papers by time period (Extended Data Fig, 3¢}
and sclentific fleld (Fig. 3b, Extended Data Fig. 4), and found that these
‘patierns linking disrupiion and team size are stable for all eras and for
30% of disciplines. The only conslstent exceptions were observed for

from disruptson to development. These

thit Large teams may be better designed or mcentivized to develop cur-
rent science and technology, and that small teams disrupt sclence and
technology with new problems and opportunitses.

‘This phenomenon ts amplified when we focus on the most disnuptive
and impactful work (Flg. 20-f). We measure the impact of each article,
palent and softwaze using the number of cltations each work recefved.
Asshown 1n Flg. 2d, solo authors are Just as ikely to produce high-im-
pact papers (in the top 5% of cltations) as teams with five members,
bust solo-authared papers are 72% more likely to be highly disrupttve
{in the top 5% of disruptive papers). By contrast, ten-person teams are
50% mare Iikely to score a high-impact paper, yet these contributions
are much mare likely to develop extsting ideas already prominent in
the system. which ts reflected in the very low lkellhood they are among
the most disruptive. By repeating the same analyses for paients (Fig. 2¢)
and software development (Fig. 2f). we find that disruptson and Impact

conststently diverge as teams grow n stme.
Differences in disruption between works produced by small and
teams are the tmpact of the work (Fig, 3a);

high-tmpact papers produced by small teams are the mast disruptve,

nd computer sclence, In which conference proceedings
rather than journal articles are the pubtishing norm (the WOS datsbase
indexes anly journal articles).

We considered whether observed differences between the work
of small and large teams could simply be attributed to differences
1n disruptive patential for the different types of articles that they
produce; for example, small teams may generate more theoretl-
cal Innovations and large teams more empirical analyses. Drawing
on a previous approach®, we matched papers from www.arXiv.
org with the WOS database and repeated our analyses controlling
for the number of figures In each article (Extended Data Fig. 5a), as
empirical papers tend to have more figures than theoretical ones.
Our results suggest that most of the difference in disruption between
work from smaller and larger teams Is not driven by differences In
whether they theoretical papers {thal Is,
‘"had more or less figures). The association remains the same when we
consider other distinctions, including review versus original research
articles. Review articles with fewer authors are more disruptive than
those with mete, Just 2 with original research articles (Extended Data
Fig. 5b).
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