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Introduction to the topics I

(Organic) molecules are inherently related to nanotechnology, even though topics are 
strongly shared with chemistry and chemical physics

Huge interest for organics in nanotechnological applications driven in the last decade(s)  
by the huge flexibility, scalability, compatibility, and cheapness of molecular systems: we 
will focus mostly (only) on electronics and optoelectronics applications, which are 
among the most advanced and demanding areas

Potential advantages in the nanotechnological context include:

-Molecules are “obviously” nano (or sub-nano) sized objects (and “perfect”)
-A very broad range of molecules can be engineered and produced by well established
methods
-A very broad range of transport properties can be achieved 
-Bottoms-up techniques can be used, contrary to conventional approaches where a 
top-down rule is followed (i.e., material is produced at the elemental level, and not 
removed to obtain a nanostructure)
-Mutual organization of molecular entities may take advantage of specific processes like 
self-assembly and, perhaps, replication 
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Miniaturization and polymers

Poole, Owens, 
Introduction to Nanotechnol

(Wiley, 2003)
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Introduction to the topics II

Many families of organics compounds may have a technological role: we will 
focus mostly on polymers, especially conjugated polymers

Polymer: skeleton (chain, ring, or other geometries) comprised of unit entities (monomers) organized 
in a typically long sequence
Conjugation: alternate double/single C-C bonds 

Crucial issues (besides technological problems, as durability, process):

-Interface with the outer (inorganic) world: structural and transport problems
-Addressing and control of the single molecule: for applications a functional 
device should be designed and realized (not just demonstration in solutions!)

Main topics (for this presentation):
-Polymer films on inorganic substrates for hybrid molecular electronics
-Examples of intramolecular electronics for fully molecular electronics
-Optolectronics devices (OLED) 
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Outlook

1. Langmuir-Blodgett vs Self-Assembling Monolayers: fabrication 
and a few features

2. Basic mechanisms for transport in polymers: bands, effects of 
doping

3. Examples of intramolecular electronics and a short discussion on
their practical exploitation

4. Efforts to address single molecules (so far, mostly test devices)

5. A very few words on the potential exploitation of DNA-based 
systems in the nanoelectronic realm

6. Organic Light-Emitting Devices (they already exist!): techniques, 
materials and problems
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1. Interface between inorganics and organics

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Chemical vs van der Waals bonds,
i.e.,

Self-Assembly vs Langmuir-Blodgett films



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 7

DefDef : : monomono, multi strato trasferiti , multi strato trasferiti dall’interfacciadall’interfaccia ariaaria--acqua su un substrato acqua su un substrato 
solidosolido

LaLa tecnica tecnica LangmuirLangmuir--BlodgettBlodgett è stata la prima è stata la prima tecnicatecnica chimicachimica per costruire per costruire 
strutture ordinatestrutture ordinate di molecole.di molecole.

Langmuir-Blodgett films I

Materiale tratto dal seminario di 
Fabia Galantini, Apr. 2004

3.  Il substrato

La maggior parte delle deposizioni coinvolge substrati idrofilici tuttavia la 
tecnica LB è unica proprio perché consente il trasferimento dei monostrati
su diversi tipi di materiali :

Substrati trasparenti come il vetro permettono lo studio dello spettro in 
trasmissione ma hanno bisogno di un trattamento di pulitura con H2SO4 
/H2O2 4 :1 a 120° per 20 min seguita da sciacquatura con acqua, etanolo e 
acetone più un asciugatura nella porzione non ossidante della fiamma di 
un Bunsen per 10 sec circa .
Altri substrati idrofilici sono l’alluminio, il cromo e lo stagno in tutti i loro stati 
di ossidazione .
L’argento, previa pulitura con CCl3CH3 o plasma di argon.
L’oro, essendo privo di ossido, è il migliore per studi di spettroscopia in 
riflessione.
Oggi tuttavia uno dei più usati è un wafer di silicio pulito tramite 
riscaldamento a 90° in una miscela di H2O2 e H2SO4 concentrato         ( 
30:70 v/v ) per 30 min ( soluzione piragna ) .
Anche wafer di arseniuro di gallio o miche spaccate di fresco possono 
essere rese idrofiliche e utilizzate come substrati
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materiali solubili in acqua                              idrofilici
materiali solubili in solventi apolari idrofobici

una molecola anfifilica è per metà idrofilica e per metà idrofobica :

es.   Acido stearico C17H35 CO2H idrofilico
idrofobico

Data la loro duplice reattività, le molecole anfifiliche sono portate a collocarsi 
alle interfacce come aria-acqua o olio-acqua .

Langmuir-Blodgett films II

La solubilità di una molecola anfifilica in acqua 
dipende dal bilanciamento tra la lunghezza della 
catena alchilica e la forza della testa idrofilica .
Nella tab. seguente è riportato l’effetto di diversi 
gruppi funzionali sulla formazione di film da 
composti del -C16 :

molto debole
( no film )

Debole
( film instabile )

Forte
( film stabile )

molto forte
( C16 si dissolve )

-CH2I
-CH2Br
-CH2Cl
-NO2

-CH2OCH3

-C6H4OCH3

-COOCH3

-CH2OH
-COOH

-CN
-CONH2

-CH=NOH
C6H4OH

CH2 COCH3

-NHCONH2

-NHCOCH3

-SO3
-

-OSO3
-

-C6H4SO4
-

-NR4
+

menisco
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Example of rectifying behavior in a LB film

Amphiphilic molecule

The operating principle of the molecule will be explained later on!!
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Thermal stability of LB films

IR spectra of LB films at different temperatures
(useful to ascertain the bond stability)

LB: cheap technique, useful to build 
monolayers of specific molecules on 
inorganic substrates, so to provide an 
interface between inorganic/organic 
worlds

Main limitations:
- Few systems can be grown;
- Van der Waals bond not very strong;
- Thermal and chemical stability can be 

an issue

With its simplicity, LB technique 
demonstrates the ability to produce an 

organic layer over an inorganic substrate
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Self-Assembled Monolayers (SAM) I

Materiale tratto in parte dal seminario di Marco 
Donato, Apr. 2004, e dall’Elaborato di Tesi in Fisica 
dei Materiali di Federico Prescimone, 2005

Specific molecules which grow up spontaneously in an 
ordered monolayer over an inorganic substrate
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Self-Assembled Monolayers (SAM) II

The simplest SAM are linear molecules with an head group able to undergo strong binding 
with an inorganic surface (but non linear molecules can be envisioned as well)  

Energies involved in SAM Examples of SAM/substrate choices
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Thiol/Au bonding
(energy ~30 kcal/mol ~ 

1.2 eV/molecule)

Van der Waals forces rule 
mutual organization

(max energy ~10 kcal/mol~0.4 
eV/molecule)

Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

Alkanethiols on Au I

Linear molecule with alkyl (CH2)n chain (typ n = 3-15), a thiol (HS) head group and an end 
group which can be “functionalized” (most frequently an hydrofobic methyl group, CH3) 

“Inclined” growth

Strong chemical affinity between thiol and 
gold surfaces

Fabrication from the liquid state (simple 24 hrs 
dipping in a mM SAM solution in methanol)

Simple and efficient fabrication
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Alkanethiols on Au II

Chemical bond possible with any Au surface (e.g., SAM useful as a spacer to prevent Au 
nanoparticle coalescence in the liquid phase)… J.C.Huie, Smart Mater. Struct. 12 264 (2003)

… but , but crystalline (111) Au is preferred because of dense molecule packing

STM image

Dense (virtually defect-free) 
mutual organization of molecules 

bound to Au (111) surfaces
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Alkanethiols on Au III
X-ray photoelectron 
spectroscopy (XPS)

Ellipsometric
measurement of the 
SAM thickness for 
different lengths of 
the alkyl chain (n)

Chemical nature of 
the thiol/Au bond

Homogeneous monolayers are 
formed, with thickness in the 
nm range (depending on the 

length of the alkyl chain)
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Dependence of the SAM quality on the Au substrate

Hydrofobic character of 
the exposed metyl surface 
(in case of metyl-
terminated SAMs) can be 
investigated with 
macroscopic contact 
angle measurements

Results depend on the 
quality of the underlying 
Au layer (here available 
as grown by two different 
methods, evaporation and 
sputtering – we will see 
more on that!)

Dense SAM organization clearly 
fails at Au grain boundaries
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SAM exploitation in nanotechnology I

The availability of a dense and homogeneous organic monolayer grown with simple and self-
assembling method can be useful for a variety of purposes, e.g.:

- Particle-sensitive resist for advanced lithography (we 
will see more on that!)
- Molecular template for single molecule holding (we 
will see more on that!)
- Local modification by functionalization of inorganic 
surfaces
- Inorganic/organic interface for single nanoparticle
addressing (see next slide!)

Nanoimprint
by SAM

Dip-pen 
lithography

SAM can be used as “ink” to locally 
modify (functionalize) surfaces
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See Andres et al., 
JVSTA 14 1180 (1996);
Science 272 1323 (1996)

SAM acts as a spacer/holder for a 
gold nanoparticle (on gold)

STM 
current/voltage 
(spectroscopy) 
measurement

XYL: p-xylene-α,α’

SAM Dithiol (bond on both sides with 
Au) used as a dielectric nanospacer 
in a very prototypal single electron 
device (a gold quantum box)

Gold nanoparticles deposited on SAM

SAM exploitation in nanotechnology II

AFM image
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Other (more complicated) examples of self-assembling

Self-assembled dendritic macrostructures
Biochemical-ruled assembling (replication)

We will see more on that later on!
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2. Molecular electronics

Major question:

“once we have solved the problem of interfacing the two worlds (which means, we 
can potentially hold and electrically access an organic entity using inorganic 
substrates), what can we do with such molecules of interest for nanotechnology?” 

Keeping in mind the most striking appealing features of nanotechnology in the 
(restricted but important) field of nanoelectronics, the above question can be 
rephrased as:

“what kind of functional device can we envision exploiting organic entities?” 

More generally: 

“what kind of electronic functions can we associate to organic compounds and how 
can we exploit them in potential advanced applications?”

Note: we will restrict ourselves to electronic-driven applications, neglecting a wide 
range of other goals which can, at least potentially, be met with nanotechnologies
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Molectronics scenarios

Two approaches, aimed 
at using transport 
properties in bulk 
systems, or at addressing 
specific systems

Hybrid Molecular

Molecular-Molecular
We are mostly concerned with those



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 22

Basics of electron transport in carbon-based molecules

σ bonds involving sp3

orbitals

localized electrons

dielectric behavior

See M. McGehee,
www2.latech.edu (Louisiana Tech, 2002))

BUT...

π bonds involving sp2

orbitals

de-localized electrons

semiconducting behavior

Some transport can be supported by (or within) an organic molecule
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A little bit on nomenclature

Huge range of possibilities offered in engineering and building 
up conjugate systems

“Substitution” of groups may lead to affect the electron density 
acting like donors or acceptors

Enormous flexibility, unknown to the inorganic realm

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 24

A little bit on synthesis

Simple, relatively well-
controlled and highly 

scalable methods exist 
for synthesis of 

organics (typically, 
based on liquid phase 

manipulations)

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)
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Transport in conjugated polymers I
benzene ethene ethene

Examples of 
simple conjugated 
species

Energy level calculation 
made by LCAO (linear 
combination of atomic 
orbitals) and/or HMO 
(Hueckel molecular orbitals) 
approaches

Superposition of π mol. 
orbitals leads to π∗ and π 
bands
(σ orbitals do not strongly 
overlap)

“As usual”, when (atomic) orbitals overlap 
each other, energy bands are formed
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Examples: polyanilyne, pirrols, thyophens, polyphenylenvinylene,...

Current-voltage plot  on 2-nitro-
1,4phenyletynil-benzene 

NO2

Materiale tratto dal seminario di 
Marco Donato, Apr. 2004

In the liquid phase!! 
(many molecules 
addressed at one 
time)

Transport in conjugated polymers II
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Co-polymers 
can be 
fabricated 
exhibiting band 
gaps 
coresponding to 
photon energies 
in a wide 
spectral range
(useful in light 
emitting 
devices)

“Tunable” band gap
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Doping the conjugate polymers

Doping trans-acetylene
with AsF5

Heegers et al., PRL (1977)
Nobel Prize 2000

“As usual” (i.e., as with 
inorganic semicond), 
material can be doped to 
enhance electron or “hole” 
conductivity

Conductivity can be 
varied in a very 

wide range
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3. Electronics at the single molecule level
J.M. Tour, Molecular Electronics

(World Scientific, 2003)

Intramolecular electronics: the operation depends on the specific features 
(by design) of a single (or few) molecules

Interface issues are “restricted” at the borderline of the (molecular) device

Inherently nanotechnological approach with bottoms-up fabrication
Inherent “single electron” and “ballistic transport” capabilities
Possibility of  “molecular engineering” to tailor specific functions 

(e.g., wires, diodes, switches, memories, or any combination of them)
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Requirements of synthesis methods for molectronics
J.M. Tour, Molecular Electronics

(World Scientific, 2003)

Need for synthesis methods able to produce elemental units (sized below 10 nm, 
the dimension typical of nanoscopy probes, i.e., the bridge to the macroscopic 
world) which can be replicated at will in order to produce longer chains
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Some advantages: 
• cheap and simple large scale 
production;

• nanosized (or even sub-nanosized) 
units readily produced;

• possibility to exploit self-assembly

Some disadvantages:
• fabrication process control;
• cumbersome integration with 
inorganics technologies;

• stability (chemical, temperature, 
light) and durability;

• how toaddress the single element? 

Examples of molectronics

Continuously growing enormous 
variety of “electronic” molecules

See Joachim, Gimzweski, Aviram,
Nature 408 541 (2000)
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Molecular wires (Tour) See Tour et al., 
Acc. Chem. Res. 33 791 (2000); 

J. Am. Chem. Soc. 120 8486 (1998)

Materiali tratti dai seminari di 
Oliviero Andreussi, Feb. 2002
Marco Donato, Apr. 2004

Expectred behavior similar to 
electron waveguides (ballistic)
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“Molecular engineering” for molecular conductors/dielectrics 

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Chains, donors, acceptors, 
spacers as building blocks
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Rectifying behavior (diodes) I

Intramolecular tunneling rules the transport 
and leads to a rectifying behavior

Diode

A spacer produces a barrier
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Resonant Tunneling DiodeRectifier

Redox-based
single-electron process

Single charges are typically involved

Single electron behavior achieved

Potential well with discrete energy levels

Barrier

Rectifying behavior (diodes) II
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Bistable molecular systems can be engineered with 
potential exploitations as switches/memories 

(but control is typically non electric, e.g., light, pH, etc.!)

Molecules with switch (and storage) functions

Rotaxane
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4. Addressing a single molecule (test measurements)

Examples of intramolecular electronics are typically thought to operate in liquid, i.e., involving a 
multitude of molecules

As mentioned before, organic films can be produced (LB, SAMs) interfacing with the outer 
world and simple functions (e.g., diodes) involving the molecular film can be realized

Practical exploitations, especially for more advanced functions (e.g., three terminal devices) do 
require the ability to integrate the molecule with inorganics and to address single molecules

So far, no universal method has been discovered
(great efforts are being devoted to this aim)

However, in particular for test purposes, procedures have been developed:
- Metal templates (electrodes with a gap in between, where the molecule can be located at 
chance) worked out by lithographies of inorganics (e.g., metals);
- SAM based templates as single molecule holder, for further addressing by Scanning Probe 
Microscopy (STM, in particular);
- Scaffolding techniques with biological entities (yet very rudimental)
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Test devices for single molecule electronics I

Since the molecule length is below the 
maximum space resolution offered by 
lithography, a special “mechanical” break 
method is used to produce interelectrode (Au) 
gaps  compatible with the molecule length, 
allowing single molecule addressing

I vs V plots

dI/dV plots
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Test devices for single molecule electronics II

Single-electron transistor behavior may be 
achieved in organic/inorganic test devices

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 40

SAM-based molecular templates I

SAM can be used to “hold” a single 
molecule (e.g., OPE, oligophenylene
ethynylene) which is thus precisely 
located and contacted to the metal 
layer underlying the SAM

Electrical/topographical addressing 
can be accomplished by tunneling 
microscopy (STM)
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J.M. Tour, Molecular Electronics
(World Scientific, 2003)

See also Bumm et al, 
Science 271 1705 (1996)

SAM-based molecular templates II

The OPE molecule can undergo a 
(conformational and electrical) switching  
between two stable states after application 
of a localized electric field 

STM allows for control and 
assessment of the single 

molecule properties (electrical 
and morphological)
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See also Donhauser et al, 
Science 292 2303 (2001)

SAM patterning with STM

The location where the single molecule will 
be placed can be controlled by patterning 
the SAM layer through application of a 
voltage pulse (again, with STM) 

SAM is locally damaged or 
removed after application of an 
electric pulse

The damaged (void) SAM 
molecule is “replaced” by a 
molecule to be investigated
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“Caveat” about the organic/inorganic interface 

Fermi level is in between HOMO and  LUMO

Quantum confinement effects may be 
masked because of the metal electrodes

Inelastic scattering processes can occur 
at the interface;
The quantum-mechanical model of the 
molecule must account for the presence 
of the electrodes (but this is a highly 
demanding task)

See Nitzan and Ratner 
Science 300 1384 (2003))

The use of electrodes to contact the 
molecule implies modifications of the 
designed transport properties of the 
molecule because of:
-Modifications of the vicinal orbitals
(especially in the case of chemical bonds);
-Molecular dipole images due to the 
presence of the conductive layer;
-Geometries of the electrodes can play a 
role 
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5. A very few words on potential applications of DNA-based systems I

Materiale tratto dal seminario di 
Daniele Tomerini, Lug. 2005

DNA (and other biophysical 
macromolecules) can be of interest 

also in view of bottoms-up 
fabrication of systems aimed at 

electrical transport

Key points:
-Great flexibility in tailoring the molecule;
-Complex self-assembling features;
-Compatibility with biological entities

Among other molecules, DNA has several 
specific features, including, e.g.:
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A very few words on potential applications of DNA-based systems II
Long (16 μm) DNA filament between two electrodes

No conductivity observed!!

DNA filament between a short (8 nm) gap

Conductivity observed 
(blue trace)!!

In specific conditions, DNA can 
exhibit conductive properties (but the 

topic is still under debate)
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CNTs as interconnects in DNA-based systems

Public release date: 20-Jul-2005
[ Print Article | E-mail Article | Close Window ]

Contact: Garazi Andonegi
garazi@elhuyar.com
34-943-363-040
Elhuyar Fundazioa

DNA-based molecular nano-wires
An international consortium of 7 universities and research centres are seeking an alternative to silicon-based microelectronics in using molecules of DNA,
which could enable a reduction in size of the current systems by a thousand times. The University of the Basque Country (UPV/EHU) is participating in this
project through the research group led by Professor Angel Rubio Secades of the Department of Materials Physics. 
The really innovative nature of this project lies, on the one hand, in the use of all the recognition and self-assembly potential of biological systems, more
specifically, using derivatives of DNA such as G4-DNA, M-DNA and PC-DNA with a greater electronic potential than DNA itself (which is by itself an insulator). 
On the other, it lies in carrying out studies in surface chemistry combined with scanning probe microscopy (SPM) and spectroscopy, the measurement of
electrical transport, sophisticated nano-manufacture and theoretical studies of the computational simulation of the stability and properties of synthesised 
devices and/or motivating new structures that might have a greater potential. In this way the manner of designing nano-wires using these molecular 
derivatives is being developed. As is the way of controlling the interaction between the molecular electrode and the molecular substrate, seeking a deep 
understanding of the energy conduction mechanisms of these nano-wires and being able to produce models of nanomolecular devices based on these DNA
derivatives. 

http://www.eurekalert.org/p
ub_releases/2005-07/ef-
dmn072005.php

Specifically functionalized CNTs can be used as interconnects
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Supramolecular structures and scaffolding

Supramolecular structures can be 
built based on DNA, including 
molecular scaffolds

Possibilities seem to exist for producing (in 
a way similar to self-assembly) complex 
molecular networks interconnected by 

nanowires consisting of CNTs
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6. Organics and optolectronics I

General situation with all proposed electronics applications of organics is that work has still to 
be done to overcome technical and, maybe, fundamental problems

In particular, contrary to the enormous variety of molecules and approaches, ways to 
practically exploit single molecule properties are still far from being found

Contrary to “pure” electronics applications, organics-based 
optoelectronics is gaining momentum

In this case, there is no need for single molecule 
addressing (more molecules emit, the better is the 
device…)

Fabrication of Organic Light Emitting Diodes (OLEDs) is 
presently in the industrial stage, with advantages respect 
to conventional inorganic (semiconductor) devices in 
terms of: 
Cheapness, simple fabrication and large scale production;
Wide spectral range which can be covered (e.g., “white” 
light achievable);
Exploration of new possibilities (e.g., “electronic paper”).

Durability and stability problems are being solved (but lasing effect, mostly due to the high 
intracavity energy density and the broad emission features, is not yet fully achieved)
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Organics and optolectronics II

Transport properties
+

Alternate layers

Emission (from charge 
recombination)

OLED

Thin molecular crystal films or 
polymers can be used to both 
charge transport and emission

As in semiconductor LEDs, 
emission involves charge 
recombination (in molecular 
terms, this can be seen as a 
vibronic emission)
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Double layer OLED

Double layer structures lead to emission close to the interface,
thus preventing loss of charges reaching the electrodes (which, 

obviously, do not participate in the recombination process) 
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OLED structure

See MRS Bull. 27 (July 2002)
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OLED materials I

Da R. Waser Ed., 
Nanoelectronics and 
information 
technology (Wiley-
VCH, 2003)

Polymers (spin 
coated)

Vs 
Small molecules 

(vacuum deposited)
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Discrete levels appear

Energy diagrams with discrete levels appear in systems 
comprised of small molecules or van der Waals crystals 

(as well in polymers, as we have already seen)

OLED materials II
Molecular (van der Waals) crystals
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Vibronic emission
Charge hopping-based transport

“Molecular excitons” and charge transport

Vibronic transitions involved



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 55

Singlet/triplet fluorescence emission

Singlet: antisymmetric (S=0) state
Singlet to singlet (ground state) 
transitions allowed

Triplet: symmetric (S=1) state
Triplet to singlet (ground state) 
transitions disallowed

Excitation of triplet states should be avoided in order to 
increase fluorescence efficiency
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Doping with molecular dyes can enhance efficiency (through 
phosphorescence) and allow tuning on a larger spectral range

Dye-doping in OLEDs
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Practical choices of materials/techniques for OLEDs
Fabrication

Typ. thick. 50 nm
Materials

Doping
Durability

Oemagazine (SPIE, Feb 2001)



Fisica delle Nanotecnologie 2005/6 - ver. 4b - parte 7 - pag. 58

OLED + QDs as an alternative possibility

Coe et al., Nature 420 800 (2002)

(Broad) molecular 
emission sometimes 
is not desirable (e.g., 

in lasers)

Doping with CdSe nanocrystals 
(QDs) can enhance efficiency 
and narrow the emission band

nc-CdSe fabricated by liquid methods
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Conclusions

Organics do offer huge potential advantages as building blocks 
for nanoelectronics; DNA-based systems can open even wider 
perspectives

First issue to be solved: interface with inorganics (e.g., 
molecular films on metal layers)

Second issue: addressing the single molecule (so far, mostly 
test devices have been proposed)

Intramolecular electronics provides molecular engineers with 
strong impulse to design entities showing almost any desired 
electronic behavior

Contrary to electronics, optoelectronics with organics has much
progressed and OLEDs are commercially available


