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. . Au CTAE in H.0 {037} 162
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rectangular or octagonal wire l l Pb, In, 5n, Sh, Fe, Co - @ . PDDA in giyeal [u}s g st
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Siﬂgh‘ twinned I'ig"l'l‘ hip)lramid ’ Pd- Ag High ratio af Agli)/ Au PO i glyeal {310} 164
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ned
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TEG = tetraethylene ghool), OTAC = octadecy] trimethyl ammonium chlaride.
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Full-shell
“magic number”
clusters

Number of shells

Number of atoms
in cluster

12 55 147 309 561

Percentage of
surface atoms

76 63 52 45

R. G. Finke*, J. Mol. Catal. A1999, 145, 1
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Long-Lived Nonmetallic Silver Clusters in Aqueous Solution:
Preparation and Photolysis

T. Linnert, P. Mulvaney, A. Henglein,* and H. Weller

Contribution from the Hahn- Meitner-Institut Berlin GmbH, Bereich S, 1000 Berlin 39, FRG.
Received December 20, 1989

Abstract: Rldln]nlc reduction of Ag* ions in aqueous solution and reduction by sodium borohydride in the presence of
polyphosphate to long-lived nonmetallic silver ¢l mmdsmﬂsnfmumn{w(hnmnmphm absorption
band at 380 !lm)!nd quasi-metallic silver (having a blue-shifted and nd). The best it
for the preparation of cluster solutions are described, and a mechanism of clmtur formation is dlmﬂd The Ags™* cluster
formed in the first stages of Ag* ion reduction lives for many hours even in the presence of air. It is oxidized by H,0, and
K;5;04. Iis great stability is explained on the basis of the oscillatory behavior of the standard redox potential of silver

‘microelectrodes at very small agglomeration numbers as described previously.'? Larger clusters with sharp n%ptmn bands
at 300, 330, and 345 nm (absorption coefficients of more than 10* M~! em™) are formed in the later mpl of reduction.
ﬂwysmmmmmﬁmrmﬂdml}ylmmbkthn.\h’ The ions of these cly ttributed
to CTTS transitions. These clusters are readily photolyzed by 308-nm light m yield Inrler particles nf uu-mem]]m (ca.
360 nm) and metallic (ca. 380 nm) silver. On the other hand, illumination of the quasi-metallic plmd.eu with 366-nm light
causes fragmentation to yield smaller clusters. Flash phomlysu shows that 308-nm light causes electron ¢jection from the
clusters with yields greater than 0.10, Wllill clectrons are not ejected from mmlllc : particles. Ejection of one electron from
a cluster leads to complete di; its sharp band. proposed that open-shell clusters in
aqueous solution possess a sharp ahlmpwon band in the 300-345-nm nn;e whnle closed-shell clusters do not or little absorb
there.
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Metal Ni-o” N0
Cu 1000 >30000
Ag <300 20000
Pd <100 6500
Pt <100 6300
Au <100 500

Xia*, J. Mater. Chem., 2007, 17, 2600 C. Mottet*, J. Chem. Phys., 2002, 116, 3856
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Nanocrystallites (Quantum Dots)

D. J. Norris, M. Nirmal, C. B. Murray, A. Sacra, and M. G.

MIT, Department of Chemistry, Cambridge, MA 02139, USA

Abstract. We use low temperature (10K) optical hole-burning
and fluorescence line narrowing spectroscopy to investigate
the electronic properties of CaSe nanocrystallites

dots) as a function of crystallite diameter
discuss how the homogeneous linewidth of the HOMO-LUMO
wansition, the energy shift between the absorbing and emitting
state, and the LO phonon frequency vary with nanocrystallite
size.

PACS: 3640.4d; 73.20.Dx; 63.20.0]

1. Introduction

Although much is known about the optical spectros-
copy of I-VI semiconducior panocrystallites mca]m a
detailed understanding of the surprisingly long bam-edpe
luminescence is still lacking. While bound excitons in the
bulk crystal radiatively decay on a ~Lns timescale (2], and

a cimilar Efstios io avnactad in the analnanme N erata 121

Bawendi

1993 #FrE BAWSHIT % & —

___© Springer-Verlag 1993

(Cd(CHy),)+

Sam|
tallinity
‘method of Murray e al. reported in this volume. The room
temperature absorption spectra of the samples used in FLN
are shown in fig. 1. Several low temperature (10K) absorp-
tion spectra of a second series used in the HB experiments
are shown in fig. 2. The sizes of the FLN series are ob-
tained from TEM studies and these results have been cx-
trapolated to the HB samples based on their absorption.

FLN. The NCs, dispersed in tri-n-octylphosphine ox-

between

10 Hz Q-switched Nd:YAG/dye laser system was used to
excite each sample. Band edge emission, dispersed by a
Déﬁmsmhmnn:(&h&;ﬂnm)mhunm was de-
tected using a gated, intensified OMA.

HB. The NCs, redissolved in toluene and cast in
~0.5mm thick poly(vinyl butyral) optically clear polymer

-3 % S LR L A5E,

ﬁ*ﬁ*?ﬁ? Bz, R
RElCd S

e MA 02139,

‘agents in a coordInaling solvent provides tempor
acleation.  Subsequent controlled growth allows the
oduction of macroscopic quantities of nanocrystallites with
Jnsistent structure, surface derivatization and a high degree
! monodispersity. The samples produced are stucturally
varacterized wilh @ combination of X-ray and Electron Beam
ssed techniques.

. Introduction

The siudy of nanometer sized crysialliles
rovides an opportunity 1o observe the evolution of
aterial propertics with size. The discrete nature of
wolecules and the collective behavior of materials must be
nified in this intermediate sive regime. Investigation of

~ystallite structure, in an appropriale model system, is

w;u)\

ngef

_5E=E=ﬁmwﬁ(5eT0P)1’EjJ B 44
s Dt opct sy o i 281 1 L LQRCNAE AL, SECL R e

ETm, EEI:FCd

EHE,

iyl ogenide:
ES . Te] or Trioctylphosphine selenides and telfurides
[TOP=Se & TOP=Te] are selected as chalcogen sources.
The use of TOP=S¢ & TOP=Te rcagents is prefemed due
to their easc of preparation and stability. Mc,Cd and
TMS,E have been shown to undergo dealkylsilylation in a
variety of solvems as a roule 10 the production of bulk
materials [2]. The utility of phosphine telluride as a source
of neutral Te species has also heen demonstrated (3]
Trioctylphoshine oxide [TOPO] is a robust high boiling
point solvent. Mixed phosphine / phosphine oxide
solutions have been found to be good solvents for the high
temperature growth and anncaling of CdSe crystallites (4],
Delivery of the reagent mixture. by syringe, info a
hot reaction flask produces supersaturation  followed by
sudden homogeneous nucleation. The quantum size effect
predicts an increase of the effective band gap in crystallites
of decreasing size (5l This "bluc. shifi® of the ontical

eih;

—
— ’
C. B, Murray, D J, Norris, and M. G. Bawendi*

of Chemistry,
c,nimdg. saiasort o358

is and Characterization of Nearly Monodisperse CdE
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m Crystallites from ~12 A to ~ 115 A in diameter with consistent crystal structure, surface derivatization,
ity are prepared in a single reaction. The synthesis is based on the pyrol
n mlu ahot nomdmatm; wlv:m 'l'ms pnwnd.es lmporally dm:me nwcluuen and

Instirute of Technology,

of

portions of the g uf
uality re; Llfs in gharp absoy

?

ri e

his regime is where the coll behavior of
ulk materials emerges from the discrete nature of molecular
roperties. The differing rates with which each of the bulk
roperties develops provides the possibility of observing and
srhaps controlling novel behavior, Nonlinear optical effects
om highly pelarizable excited states and novel photochemical
shavior are two such examples.!
The physical prop i
minated by the spatial confinement of excitations (electronic
:d vibrational). Qnanmm confinement, the widening HOMO

isolates samples with narrow size dis

ion features and strong “band-edge” emission which is tunable with particle size and

‘ansmyWion electron microscopy and X-ray powder diffraction in combination with computer
{ol‘ bulk structural properties in erystallites as small as 20 A in diameter.

43 m"@%mm —
aterial properties with size.

ns (<5% rms in dmm.m) High sample

i size and shape, surf: due
fa ivatizati d Thestudy
of an appropriate high quality model system is essential in
distinguishing properties truly inherent to the nanometer size
regime from those associated with variations in sample quality.
[Each sample must dhplay a lngh degree of mnnndnspermy (sue,
shape,etc.),
surface derivatization (cap).

‘This paper presents a relatively simple synthetic route to the
production of high-quality nearly monodisperse (<5% rms in
diameter) samples of CdE (E = 8, S¢, Te) nanometer size
crystallites, with the emphasis on CdSe. The synthesis begins
with the rapid injection of organometallic reagents into a hot

UMO gap with de I1i sm and its

mlmu to produce a mmpwally dlmm Iwmoge-

ir the electronic structure and of the cry:
ve generated considerable interest.? A number of optical
udics have begun probing the photoexcited states in such
‘ysulhles.‘ a

ress has
mthesis of 11-¥1 semiconds crystallites, ! i ion of

suphisticated optical experiments often remains difficult due to

n Slow
solvent nzulh in uniform surface d.envaumm and regularity
in core structure. Size selective precipitation provides powders
of nearly monodisperse nancerystallites which can be dispersed
ina variety of solvents. The crystallités are slightly prolate with
anaspect ratioof 1.110 1.3, The average crystallitesize, defined
by its major axis, is tunable from ~12 to ~115 A. Room
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S. Nie*, Nat. Biotech. 2004, 22, 969
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A) Dictation by the B) Confinement by a liquid C) Direction through
anisotropic crystallographic droplet as in the vapor-  the use of a template

structure of a solid liquid-solid process
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o0 O 000
A %
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Y
D) Kinetic control provided E) self-assembly of F) Size reduction of

by a capping reagent OD nanostructures a 1D microstructure
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PVP
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MM EAGA K BEIFE, UEFISMRENEICGEE, EHRKAQTRIL—4
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(t —Bu),M + EH, »ME +3(¢ - Bu) H

¢ EERWMAFEBuhroF AKABER—RHE—EE(SLS) %, ERET
(111°C ~203°C) ST I -VIRKL S FE (InP, InAs, GaP, GaAs) #K

Ko MRE—RAZBIERENH, AREWRTHAEERTE, HEZEH20~
200nm, Ja;);%z; 1 0pm, XFEBESLSEKAZHMNBIESLXUTIEHIR IS
R VLSHE KL E .

SRS AR+ RTEENIF . =T EBENFR.
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3RH

HL(S) AR (L) [ 41 (S)

INPAKRLESLSEKINE: EREMMBREHET, FREPEOWED, (-
Bu)3M(tri-tert-butylindane, =R T &E&) SASBTELESTE Inf#
(flux droplet), XEInBEHBIEANREZEKHRESZ L. SIER, &
FRMAYINPEAFAETBANInERR. HBEIEFE, SHStrHE+HHInP,
XHEXSSBInFEFHRIEN, BHREBSARMEINPXESB I IGFTE,
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BiltE%, BIEE% (spin-coating) . A& H, (colloidal synthesis)
EEMZHEPRMBNEIESZE. B TREMNAMREIERD—RBIIER.




AaFIsE (solvothermal)

Ultrathin CuS
CuCI(OTA,OM), nanosheets
CuCl + Octylam.ine 130 °C S powder
Oleylamine  (a) —(b)QS °C
OM wwww
OTA W

Yu*, J. Am. Chem. Soc., 2009,131, 7486

H. Zhang*, Nat. Comm. 2012, 3, 1177
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J. Cheon*, J. Am. Chem. Soc., 2011, 133, 7636 S. Son*, J. Am. Chem. Soc., 2006, 128, 14780
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J. Cheon*, Angew. Chem., Int. Ed., 2007, 46, 8828
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3D porous
Sb,Te, nanoplates 0, 0, Te Nanoplates
[®: Te'; @:Sb,Te;]

J. Cheon*, J. Am. Chem. Soc., 2011, 133, 14500 iiszghang*’ Angew. Chem., Int. Ed., 2012, 51,
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S. Nie*, Acc. Chem. Res., 2010, 43, 190




Vapour flux

BEHINZ HT

HEINT AR

Fischer*, Nat. Mater., 2013, DOI:10.1038/NMAT 3685

Yu*, Acc. Chem. Res., 2013, 46, 1450
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¢ RFEF S EMHFRMB TR, BEGHHTAERFERITIEE

A4 Type | Type ll Type ll Reverse Type |

1 19 ) P

MHRBBEF S

B |w Type | filvizFcm, REEFEE

=3 [raei]

R | (L Typell | GRBEESH IR

E (eV) vs. vacuum

U FE ] [Reverse Type 1 | ZEisssBassz
71 :L ‘;~,H;flg ;: :‘;i - i  jG;.::iA:T';E fti{iEﬁgzsggﬁiﬁﬂgiEﬁygﬁi

ppl. Phys. Lett.,

|

InN |
GaN |
InP

> GaP |
AIP |
InAs |
nSb
GaSb
AlISb |
Cds

— CdSe|
CdTe
ZnS
ZnSe|
ZnTe

A. Zunger~, 998, 72, 2011



FERYERE BE5RNER—8, RARIHEBATEE

Material Structure Type E.a Lattice Density
[300K] [:\:'3] parameter [A] [kg m~?] Elﬁ-?'rﬁiﬁ'*il E(Jq%ﬁE
ZnS Zinc blende 1=Vl  3.61 5.41 4090
ZnSe Zinc blende II-VI  2.69 5.668 5266
ZnTe Zinc blende II-VI 2.39 6.104 5636
Cds Wurtzite -Vl  2.49 4.136/6.714 4820
CdSe Wurtzite -Vl 1.74 4.3/7.01 5810
CdTe Zinc blende II-VI  1.43 6.482 5870
GaN Wurtzite -V  3.44 3.188/5.185 6095
GaP Zinc-blende IlI-V  2.27 5.45 4138
GaAs Zinc blende IllI-V  1.42 5.653 5318
GaSb Zinc blende IlI-V  0.75 6.096 5614
InN Wurtzite n-v 0.8 3.545/5.703 6810
InP Zinc blende IlI-v  1.35 5.869 4787 s —
InAs Zinc blende IlI-V  0.35 6.058 5667 j-’*?‘ﬁgﬁm E(Jﬂ:—
InSb Zinc blende  1I-V  0.23 6.479 5774 KIZHF R EM
PbS Rocksalt V=Vl 0.41 5.936 7597
PbSe Rocksalt V=Vl 0.28 6.117 8260

PbTe Rocksalt V=Vl 0.31 6.462 8219
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Banwendi*, Nat. Mater., 2013, 12, 445
Peng*, J. Am. Chem. Soc., 2003, 125, 12567
L. J. An*, Adv. Mater., 2005, 17, 176



Intensity

ZnSed ZnS|

CdSe.
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{057 0.92
AVB 3.13% 0.99
— z 0.00%
400 450 500 550 600 650 700 750 800 850 a "ﬁi:- +0.001% 1.52
o
Wavelength (nm) M 6.44%

“ay,, ,  107%

T. Nann*, J. Mater. Chem., 2008,18, 2653 U. Banin*, J. Am. Chem. Soc. 2000, 122, 9692



T. Basche " *,

Small 2006, 2, 1454
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4 50 [ 0 200
Wavslength (rim)

W. Knoll*, Chem. Mater., 2005, 17, 4038
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Gas B Gas A

H. Yang*, Angew. Chem. Int. Ed., 2011, 50, 2674 O. Y. Min*, Science, 2010, 327, 1634
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ﬁj
Polvmer mucelles

Peng*, J. Am. Chem. Soc. 2005, 127, 10889

H.Y. Chen*, Acc. Chem. Res. 2013 DOI:10.1021/ar400020



BE#ZEEHNER, BRETARMBOET=E,
EXBBHATEREEREREE.

Sundar *, Adv. Mater., 2000, 12, 1102




RLEH) (heterostructure)

FRE: BRI ENTRESTESE—NE—RIRNKREHH
TRESFANFELASEERF —LMNEES ThEER R







4keFESH 1€ (Continuous Growth)

miFE & (Crystallites Coalescence)

BEME 4 (seeded growth)

BN K R ( Galvanic Replacement )

Tao*, Chem. Soc. Rev., 2012, 41, 7979
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oty u’, Pt*
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(1)
O"‘ /1,
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Pd{mn)t . (3) .
\‘—/ L J LJ LJ
Galvanic: Pd+Pt*— Pd”" +Pt
pd MBr HPt M Pd-Ptalloy

Co-deposition: Pd**+Pt*" <2+ pd +Pt

CNCs

M g J. Yang*, ACS Nano, 2012, 6, 1165
awne: X1a*, J. Am. Chem. Soc., 2011, 133, 607¢

" @R ACS Nano, 2011, 5, 8212
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Banin*, Angew. Chem. Int. Ed.2010, 49, 4878
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FRE-F5

Paul Alivisatos

14 15 16
M" (liguid) + C-A (crystal) = C™ (liquid) + M-A (crystal) (’ 3 SI P S
NANOCRYSTAL CATION EXCHANGE GUIDELINES 3 O 32 33 34
Ge | As | Se
1. High mobility of both cations in crystal host ) O ) O
(small ionic radius) ™ ) C. ) 50 51 52
2. Solubility of both cations in solvent @0 Sn Sh | Te
3. Outgoing cation solvent solubility > or ~ ingoing 3 ) 3 )
4. Lattice energy of final crystal ~ or < original 82 83 84
5. Lattice constants of original & final crystal allow 090 Pb j Bi | Po
continuous anionic sublattice or low strain (<15%) 3 ) 3 )
6. Reaction zone small compared to size of (nano)crystal ) 3 ) 3
for shape /porosity control e ) v )

Kl|'.|, chalcogenide I ] < I I < D

Jeong* Nano Today 2011, 6, 186
Jain*, Chem. Soc. Rev., 2013, 42, 89

B FRMER G RREES
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Cation Exchange: A Versatile Tool for Nanomaterials Synthesis KRRE. ng;E_E:‘FJF G149
Brandon J. Beberwyck, Yogesh Surendranath, and A. Paul Alivisatos EE ;g %.IJ I:F H(J Z; H iﬁﬁ'l‘i °
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J. Am. Chem. Soc. 2009, 131, 5285 J. Am. Chem. Soc. 2009, 131, 4962
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T + 54
e, R (@) SR

A S(I21)

‘--'-.
d=0.26nm
Ag:S(-121)

dAg,S(121)
0.247nm

Snm

J. Am. Chem. Soc. 2011, 133, 148 Science 2007. 317. 355
Angew. Chem. Int. Ed. 2011, 50, 7115 ’ ’




Yu*, Angew. Chem. Int. Ed. 2012, 51, 6365

Chem. Comm. 2012, 48,9762
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Molecule
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Scavenger

Banin*, Nano Lett., 2008, 8, 637
J. Y. Ying*, Angew. Chem. Int. Ed., 2007, 46, 2448
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