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• Molecules can be insulator, semiconductor and metal
• The band gap of a molecule can be tuned by its structure

insulator                 semiconductor                metal

Decreasing HOMO-LUMO gap

Energy 
levels

Molecular Band StructureMolecular Band Structure



Theory on molecular 
rectification

Molecular logic and 
memory device 
demonstrated

Spiro-switch synthesized
Different variants of 
molecular rectifiers made
Individual molecular 
conductance measured
Modeling work

Sensitive new tools 
invented

1970              1980              1990                2000    2010

Brief History of Molecular ElectronicsBrief History of Molecular Electronics



The Beginning of Molecular ElectronicsThe Beginning of Molecular Electronics

In 1974 Aviram
and Ratner
predicted that 
molecules with a 
donor and 
acceptor would 
like a pn junction. 

A. Aviram, Chem. Phys. Lett. 29 (1974) p.277



A DonorA Donor--Acceptor JunctionAcceptor Junction



Forward BiasForward Bias

Current flows.



Reverse BiasReverse Bias

Very little current flows.
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Nanopore
Reed and Tour
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Kondo effect
McEuen and Park
2002

Memory crossbar
HP, 2001

Molecule: Active Electronic ComponentMolecule: Active Electronic Component



2 decades of work
Individual molecules or supramolecular structures
Covalently bonded molecular structures, electrically 
isolated from bulk substrate
Different from “organic devices” that use bulk-effect 
electron transport
Easily made identical by the trillions of billions
Great power and variety of organic chemistry offers 
more options for designing and fabricating nm-scale 
devices than Si
Inexpensive

Why Molecule?Why Molecule?



Molecular StructuresMolecular Structures

Molecular nanowires
– A sequence of benzene-like rings connected by acetylene 

linkage
– Orbital or clouds of π-electrons to form a single large orbital 

through the length of wire to permit mobile electrons to flow.

Buckytubes
– Carbob nanotubes

• 10nm diameter CNT = > carry 10mA current



Why Molecular Devices?Why Molecular Devices?

Nano-scale Dimension
– The “last” engineering level human can handle
– Few/single electron operation - low voltage / low power

Uniform Components
– Achieved by chemistry synthesis – less variation

Tunable Functionality
– Availability of many molecule species tailored for different 

device applications through surface chemistry engineering

Great potential to build ultra-dense, low-power, low-cost 
computing chips (logic, memory)  



Molecular TransportMolecular Transport

S. Lenfant, Nano Letters 2003





Molecular SelfMolecular Self--Assembly  Assembly  

At NASA lab, functional organic molecular monolayers can be self-
assembled onto metal (Au) and semiconductor (Si, In2O3) surfaces



Radical Chemistry/Direct Functionalization
on Si or Ge Surface

Direct attachment of conjugated systems onto Si surface 
will minimize coulomb blockade and give optimal electron 
transport behavior.  In addition, the covalent nature of Si-C 
bond will give stable and robust devices.

Si Si Si Si Si

H H H H H

Si Si Si Si Si

radical chemistry

Concept



The nature of the terminal group influences the order of the SAM.

SAc SH

1. Ammonium hydroxide/
tetrahydrofuran

2. Deposition on Au
1. Deposition on Au

SelfSelf--Assembled Molecular MonolayerAssembled Molecular Monolayer



(1) Good self-assembly property
(2) Make good contacts
(3) Conducting
(4) Switching at low potential
(5) Magnetic property
(6) Optical/opto-electronic property
(7) Amenable to high density 

memory arrays
(8) Robust and stable

(1) Rigid rod-like structure
(2) Conjugated pi-electron system
(3) Facile redox properties
(4) Conformational barriers
(5) Metal-ligand charge transfer
(6) Transition metals with unpaired 

electrons
(7) Imbedded chemical interactions at 

strategic and periodic positions 
in molecules

Device Requirement Chemical Synthesis

Band gap engineering – Molecular structure

Molecular Design BasisMolecular Design Basis



Molecular Memory: IssuesMolecular Memory: Issues

Adhesion to ultra-small nanowire/nanotube for novel 
devices
Localized charge distribution in the intermolecular 
direction – discrete charge storage nodes
Molecule-semiconductor interface
– Tunneling mechanism
– Charge retention
– endurance

Quantum well effect – Coulomb Blockage?
Thermal stability



1µm

As-fabricated device Id-Vg 
-500

-400

-300

-200

-100

0

I (
nA

)

-30 -20 -10 0 10 20 30
Vg (V)

A01, Before MD
Vds= -100mV

Control gate
Oxide

Metal
Nanowire

+M2+ M3+

SiO2

In2O3
nanowire

molecules Charged molecules

+Vg -Vg

+  +  +  +

Si Gate

Key feature: Molecules are chemisorbed on doped In2O3 surface, molecular 
component (ligand/linker) replaces insulating oxide as charge transfer barrier.

Li, et al. App. Phys. Lett. 2004.

MolecularMolecular--NanowireNanowire MemoryMemory



Molecular Memory  Molecular Memory  

Programming (high Vth) Erasing (low Vth)

+VP -VE

Large gate bias for P/E
– Positive +VP for 

programming
– Negative -VE for 

erasure

“Chemical gate” to 
modulate channel 
conductance 

High threshold
(programmed)

Low threshold
(erased)

Id
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Physisorption
Poor contact
Weak barrier

Chemisorption
Robust contact
Strong barrier

Chemisorption
Robst contact
Stronger barrier
(Conformation)

Li, et al. App. Phys. Lett. 2004.
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Molecular Self Assembly on Molecular Self Assembly on NanowireNanowire

(W. Fan, NASA)



MultiMulti--Level Molecular MemoryLevel Molecular Memory

Multilevel charge storage in redox molecules
Nonvolatile nature (charge retention ~ 600 
hours)

Control gate
Oxide
Floating gate
P-type substrate
Lightly n-doped
Heavily n-doped

Silicon Memory
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(NASA/USC, APL, March 2004)



Molecular SwitchMolecular Switch

A molecule based on 
three benzene rings

With a specific voltage 
applied, the E-field 
twists the molecule and 
permits current to flow.



Molecular QM DevicesMolecular QM Devices



Proposed Resonant Tunneling in a Conjugated MoleculeProposed Resonant Tunneling in a Conjugated Molecule

Goldhaber-Gordon, Proc. of IEEE, 85 (1997) p.521



SiliconSilicon--Base Molecular Device Base Molecular Device -- TheoryTheory

T. Rakshit, Nano Letters 2004



SiliconSilicon--Base Molecular Device Base Molecular Device -- TheoryTheory

T. Rakshit, Nano Letters 2004



SiliconSilicon--Base Molecular Device Base Molecular Device -- ExperimentExperiment

M. Hersan, 2004



Top-Down 
Nanoscale Technology

Hybrid 
Nanotechnology

Bottom-Up 
Nanotechnology

- Lithography
- Thin-film
- Etch

- Nanocomponents
- Nanofabrication

- Self-assembly
- Supra-chemistry

Microelectronics
Bulk-effect

Hybrid integration
quantum-effect/bulk
effect

Quantum-effect
Spintronics
Molecular electronics

102 ~ 103x density

104 ~ 105x density

Electronics: Possible Evolution PathElectronics: Possible Evolution Path



Merging of Mind and MachineMerging of Mind and Machine

our intelligent creations will soon 
eclipse us

and that their creations will 
eventually eclipse them.

Neural Implants


