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Red blood cells
(~7-8 µm) 

Things ManmadeThings Manmade

Fly ash
~ 10-20 µm

Head of a pin
1-2 mm

Quantum corral of 48 iron atoms on copper surface
positioned one at a time with an STM tip

Corral diameter 14 nm

Human hair
~ 60-120 µm wide

Ant
~ 5 
mm

Dust mite

200 µm

ATP synthase

~10 nm 
diameter Nanotube electrode

Carbon nanotube
~1.3 nm diameter
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The Challenge

Fabricate and combine 
nanoscale building 
blocks to make useful 
devices, e.g., a 
photosynthetic reaction 
center with integral 
semiconductor storage.
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1,000 nanometers 
= 1 micrometer (mm)
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1,000,000 nanometers
= 1 millimeter (mm)

Zone plate x-ray “lens”
Outer ring spacing ~35 nm
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The Scale of Things The Scale of Things –– Nanometers and MoreNanometers and More

MicroElectroMechanical
(MEMS) devices
10 -100 µm wide

Red blood 
cells

Pollen grain

Carbon 
buckyball

~1 nm 
diameter

Self-assembled,
Nature-inspired structure
Many 10s of nm

Atoms of 
silicon
spacing 

0.078 nm

DNA
~2-1/2 nm diameter

Things NaturalThings Natural
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carbon nanotubes
semiconductor nanocrystals
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What is a Semiconductor  nanocrystal?

- Organic molecules ‘cap’ the outer surface of core
semiconductor. They prevent aggregation, oxidation,
and stabilize nanoparticles in the solution. Most
important, they electronically isolate the particles and
passivate the surface states.
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Si2H6 disilane
molecule

The evolution from molecules to 
bulk crystals

Very large 
silicon
Crystal –
surface H 
capped

Local chemical bonding around each Si atom 
is the same in the molecule and crystal –

tetrahedral covalent sp3 hybridization



What does theory predict?
Chemistry perspective: 

Bonding and Antibonding local Si-Si Molecular Orbitals

Nanometer crystallite should have discrete molecular 
orbitals rather than continuous bands

Nanometer crystallite should have larger bandgap than 
bulk crystal  -- band gap increases with decreasing size



The evolution from molecules to 
bulk crystals

Challenges for Nanoscience

Intellectual challenge:  how to quantitatively 
describe electronic properties as a function of size? 
Physics concepts? Chemistry concepts?

Synthetic challenge: can we actually make well 
defined nanometer crystallites? Can we vary the 
surface chemistry? 

Characterization challenge:  can we measure 
physical properties one nanocrystal a a time? 

Technology Challenge: Nanocrystals are new 
families of large molecules. Can we use them in 
technology?



Can we understand the electronic properties of 
crystalline silicon when it reaches molecular 
scale?

Transistor Design must change on the nanometer 
scale

Intel Corp.

Technological motivation in the early 1980s



1983
An accidental observation:



An Accidental Observation

Why is band gap a function of size?

Size effect in spectroscopy, that is, in Maxwell’s 
equations??

Size effect in the basic wavefunctions, that is, in 
Schrodinger’s equation??

Conclusion: stiochiometric 50 A diameter CdS nanocrystal 
with ca. 5000 atoms is not yet a bulk crystal!

Resulting Plan: 

1. Simple theoretical modeling of quantum mechanics 
and electrostatics.

2. Begin research in synthesis of smaller sizes. 



Synthesis 1986       Steigerwald etal, JACS 110, 3046 (1988)



Synthesis 1988     Bawendi etal J. Chem. Phys. 91, 7282 (1989)



Thermocouple
Argon gas at little above 
ambient pressure

Organometallic chemical synthesis of nanocrystals

- Narrow size distribution (~5%)
is obtained by the fast injection
of the chemical reagents into the
flask at high temperature (~ 350 

C).

- The precursors are prepared in
the glove box to avoid oxygen
and water.

0

Semiconductor: CdSe, CdTe, PbSe, etc.
Metal: PtFe



100 nm

5 nm5 n 5 nm

TEM images of PbSe quantum cubes after size selection 
(reaction temperature 215oC), 
size ~12 nm

Change of shape from spherical  to cubic in the size regime of 
8 to 11 nm

PbSe nanocrystals: chemical synthesis and 
size  separation

Chris Murray, Wolfgang Gaschler, Franz Redl, IBM-Columbia 



Self Organization of Nanocrystals

CoPt3 nanoparticles
Columbia-IBM collaboration

van der Waals crystal of nanocrystals
Hexagonal close packing of spheres



Bimodal superlattice crystal of 11 nm 
magnetic Fe2O3 nanocrysals and 

semiconducting 5 nm PbSe nanocrysals

Redl, Cho, Murray, O’Brien Nature 423, 968 (2003)

Columbia – IBM collaboration



Optical Spectra of  CdSe Semiconductor Nanocrystals 
solubilized in hexane at 23 C



High Quantum Yield Luminescence if surface passivated

More stable and brighter than dye molecules

Possible use in biological imaging if surface is 
biologically compatible

Semiconductors are excellent light emitters

Nanocrystals – Size Dependent Luminescence 
Color



Core/Shell Nanocrystals:
ZnS surface shell layer “insulates” the 

luminescent CdSe core

high quantum yield and photostability

B. O. Dabbousi, et al. (1997)

CdSe

CdS
TOPO

ZnS

E

Spatial Coordinate

~0.9 eV

~0.9 eV
~0.2 eV

~0.5 eV



Qdots, Inc. – Invitrogen

Nature Biotechnology Online

Biological Imaging Applications



Three-color staining of HeLa cells using fluorescent Qdot®
nanocrystal conjugates. The intracellular structures in fixed HeLa
cells were visualized using a red-fluorescent Qdot® 655 F(ab′)2 
goat anti–mouse IgG (Q11021MP, Q11022MP)(nuclei), a yellow-
fluorescent Qdot® 585 F(ab′)2 goat anti–rabbit IgG
(Q11411MP)(Golgi), and a green-fluorescent Qdot® 525 
streptavidin conjugate (Q10141MP)(microtubules). 

Invitrogen Website



A mouse intestinal section visualized using fluorescent Qdot nanocrystal conjugates. Actin
was labeled with a mouse anti-actin monoclonal antibody and visualized using red-
fluorescent Qdot 655 goat F(ab')2 anti–mouse IgG (Q11022MP, Q11221MP). Laminin was 
labeled with a rabbit anti-laminin polyclonal antibody and visualized using green-fluorescent 
Qdot 525 goat F(ab')2 anti–rabbit IgG (Q11441MP). Nuclei were stained with blue-
fluorescent Hoechst 33342 (H1399, H3570, H21492). Image contributed by Thomas 
Deerinck and Mark Ellisman, The National Center for Microscopy and Imaging Research, 
San Diego, 

Imaging Mouse Intestine



Simple Quantitative Model for Electronic 
Structure:  Quantum Size Effect

Eg

• Energy of HOMO-LUMO  Blue 
Shifted from bulk band gap

k

E

|v>

|c>

electron wavelength λ
quantized in particle:

k ~ n /R;  n=1,2..

Optical Spectra are Discrete and Size Dependent

Model uses known bulk band structure, and ignores
bonding reconstruction on surfaces

E(k) ~ Eg + n2h2/(8meR2)+ n2h2/(8mhR2)

DeBroglie Electron 
Momentum 
mv=hk=h/λ

Empty 
conduction 
band

Full
valence
band



Quantum Size Effect including Electrostatics

L. Brus, J. Chem. Phys. 79, 5566 (1983);  80, 4403 (1983)



Even the best chemical synthesis is not Perfect

Nanocrystal samples have distributions of size, shape 
and surface chemical structure

Properties depend strongly on size

Thus, we need to characterize physical properties 
of individual nanocrystals



Nanocrystals have several thousand atoms
Size distribution ca. 5% in diameter
Each nanocrystal is unique
Spectra average over distributions

How can we observe the band gap luminescence
of single nanocrystals?

Betzig, Trautman  (Bell Labs):
Confocal Scanned Stage Luminescence Spectrometer

Macklin etal, Science 272, 255 (1996)



Sunney Xie etal, Science 312, 228 (2006)

Single Nanocrystal Luminescence:
Kinetics of Microtubule Motor Steps



Nirmal etal, Nature 383, 802 (1996)

Raster scan image

field of luminescing
nanocrystals

Luminescence “blinking” of single nanocrystals



Schematic Blinking Mechanism: 
Photoionization and Re-neutralization

Vacuum Level

Ef = 5.0 eV

Metal

EA ~
2 eV

Eg > 4 eV

Insulator

EA ~ 4.8 eV

Eg ~ 2.0 eV

CdSe

Eg hν

A

B

A

B

Dark State:   Ionized Nanocrystal with hole inside
Bright State:  Neutral Nanocrystal



Electric Force Microscopy

Direct Measurement of Electric Field Due 
to One Ionized Nanocrystal

IBM invention

Martin etal, Appl. Phys. Lett. 52, 1103 (1988)E



CdSe/ZnS Charge Blinking on 
Graphite 

1ω 2ω

400 nm

• Illuminated with 20 W/cm2 at 442 nm

•Direct observation of Charge Blinking provides evidence for 
photoionization mechanism of Luminescence Blinking

Krauss etal  J. Phys. Chem. 2001, B105, 1725

Charge image Polarizability  image

time



Evolution from molecules to bulk crystals 
as size increases



Thoughts for Students:

We are all trapped by our educational  backgrounds.

Learn something new every day; this is the greatest skill we 
have.

What are your colleagues working on, why is it important?

Search continuously for a better problem than the one you are 
working on at present. The choice of problem is the most 
important scientific decision you will ever make. 

Problems difficult in one field are easy in other fields

Intelligence, dedication and discipline required, but not genius.
.


