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Molecular Electronics:

Two main questions:
How do molecules behave as circuit elements?

²Ƙŀǘ ŜƭŜŎǘǊƻƴƛŎǎ Ŏŀƴ ǿŜ Řƻ ǿƛǘƘ ƳƻƭŜŎǳƭŜǎ ǘƘŀǘ ǿŜ ŎŀƴΩǘ Řƻ ǿƛǘƘ ǎƛƭƛŎƻƴΚ 

Our approach:

Å ñManufacturableò devices 

tolerant of the real world

Å Large area (~10 µm2 to ~0.1 mm2)

molecular junctions. Nanoscale

(1-20 nm) in one dimension.

sp2 carbon

V

Cu

Au

Å Unique junction design based on

carbon-carbon bonding between

substrate and molecular layer
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Start with something you canôt do with siliconé..

Åmusical molecules (intro)

Åcarbon-based molecular junctions

Åtunneling & beyond

Ålight emission

Åaudio distortion

A short outline:
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ñAnalog Overdrive 

Pedalò
(produces intentional 

distortion)

amplifier
+

-

key component

200 builders worldwide

~1-3 B$/year sales 

+

-

Cu

MJ onMJ off



Southampton 2015- 5

ñmodified electrodeò

Ox         Red

FIB/TEM:

silicon (for contrast)

Cu

Si

10 nm

Cu (by e-beam 

deposition)

Yan, Bergren, McCreery, J. Am. Chem. Soc. 2011, 133, 19168

Au

e-carbon

BTB

PPF

e-C

Au

ñAll carbonò molecular junction:
V

Anariba, Steach, McCreery, J. Phys. Chem. B. 2005, 109, 11163

sp2 carbon
pyrolyzed photoresist

film (PPF). Roughness

< 0.4 nm rms by AFM

2-6 nm partially

oriented molecular

layer from diazonium

reduction

after e-C/Au

before e-C

800 1000 1200 1400 1600 1800 2000

Raman:
(nitroazo-

benzene)
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Åfrequency independent,0.01 to 105 Hz

Åsymmetric

Åcan scan > 109 cycles at 100 oC without change

Åsurvived 150 oC for > 40 hrs

Åsurvived 350 oC for 5 minutes

Åshelf life> 7 years

ACS Applied Materials & Interfaces 2010, 2, 3693

80 x 80

ɛmjunction

N N

N
OO

V

1 mA

0.5 V

no molecule

-2

-1

0

1

2

-1.0 -0.5 0.0 0.5 1.0

J
(A

/c
m

2
)

NAB (nitroazo-

benzene, 3.5 nm)

NAB

32 junctions

resistor

-1.0 -0.5 0.0 0.5 1.0
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

J
(A

/c
m

2
)

E(V)

 

 

log scale

exponential above ~0.2 V
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It looks ñactivatedò

Is it?

Cu
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1000/T,  K-1

Arrhenius:
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2.2 nm
2.8 nm 3.3 nm

4.5 nm
5.2 nm

d = 2.2 nm

2.8 nm

3.3 nm

4.5 nm

5.2 nm

molecular layer

thickness

J. Phys. Chem C, 2010, 114, 15806

Å not activated for T<200 K

Å NOT activated electron 

transfer, so what is it?
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A

AĖ

Cu
sp2

carbon
e¯

d

Tunneling:

alkane, 

ɓ= 8.6 nm-1

NAB:

ɓ= 2.5 nm-1
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d, nm

ln
J
 (

0
.1

)

vacuum: 

ɓ~ 25 nm-1

metal, ɓ~ 0 

◖electron

tunneling 

barriers:

◖hole

EFermi

eĖ

LUMO

HOMO

electron

density

molecules, 

insulator, etc

vacuum

by electrochemistry in

solution:

ɓ= 8-9 nm-1   (alkanes)

ɓ= 2.2 nm-1 (aromatics)

J(A/cm2) = V exp [                 d]q2 (2m F)1/2

h2 d

-4p(2m F)1/2

h

J =  VA e-bd

ɓ

ln J = ln(AV) - ɓd
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2.4 eV range of HOMOs,

2.3 eV range of LUMOs

ɓ= 8.7 nm-1

NH

S

S

N N

N N

N
OO

also: biphenyl, 

nitrophenyl, 

ethynyl benzene,

anthraquinone

(9 molecules, 

>400 junctions)

small effect!
PNAS (2012) 109, 11498

Carbon/molecule/Cu devices:

EFermi

eĖ

LUMO

HOMO

1.3* ± 0.2 eV
(aromatics)

*Independent determination of

energy levels (UPS and UV-Vis

photocurrents) agree with

observed Simmons barriers
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-6
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PPF

BTB

AB

PhBr

NAB

NP

NC8H17

Free molecule

HOMOs:

1.3 ± 0.2 eV
(aromatics)

NC8H17

2.0 ± 0.1 eV

Molecules bonded 

to PPF:

Independent determination of

energy levels (UPS and UV-Vis

photocurrents) agree with

observed Simmons barriers

0.69

2.99

Sayed, Fereiro, Yan, RLM,Bergren,  PNAS, 109, 11498 (2012)
Fereiro, McCreery, Bergren, A  J. Am. Chem. Soc. 135, 9584 (2013)
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90o dihedral

HOMO-1 orbital*
ñgrapheneò electrode

ñmoleculeò

dihedral angle

between G9

and NAB

*Gaussian ó03, B3LYP/6-31G(d)

90
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Ef = -4.7
Ef = -4.7

sp2 carbon

Cu

free HOMO-6.66

free LUMO

2.0 eV

Free components:

electrostatic 

potential

1.2 eV

ŭľ= -0.074 e¯

ñvacuum level shiftò:  Hwang, J.; Wan, A.; Kahn, A.; Materials Science and Engineering: R: Reports  2009, 64, 1-31

Vilan, A.; Yaffe, O.; Biller, A.; Salomon, A.; Kahn, A.; Cahen, D.; Adv. Mater.  2010, 22, 140-159
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ɓ= 8.7 nm-1

what happens 

beyond tunnelling?

metallic

contacts

Efermi

◖e 

◖h 

d

what if ◖h (or ◖e)

approach zero? 
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Free molecule

HOMOs:

AB

NAB

O

O

NH2

2-AQ (3-11 nm)

AQ

NC8H17

some different molecules,

and thicker junctions:

BTB (4-22 nm)*

BTBS

S

NH2

* Lacroix, et al. J. Am. Chem. Soc. 2009, 131, 14920-14927

Ef

Fc-phen (5-25 nm)

Fc
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factor of >107

å 500X

(10.5 nm)

(11.3 nm)

(10.2 nm)

10.2 ï11.3 nm

molecular layers: 
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V
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V

4.5 nm

300 K

10.5 nm

22 nm

<10 K

300 K

4.5 5.0 8.0 13 2216thickness, nm:

PPF (sp2 carbon)

Au

e-C

V

S

S

S

S

S

S

S

S

S

S

d

weak temperature dependence

not ñhoppingò by redox exchange



Southampton 2015- 19

-20
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0 5 10 15 20 25

d, nm

ɓå 3.0 nm--1

ln
J
(0

.3
 V

)
N N

N
OO

O

O

AQ

NAB, extended

S

S
BTB**

** Yan, Bergren, McCreery, Della Rocca, Martin, Lafarge, Lacroix, PNAS 2013, 110, 5326

NAB, other aromatics

alkanes

beyond ~ 6 nm, there

must be other

mechanisms involved,

ñbeyond tunnelingò

ɓå 0 nmð1

(300 K)

ɓå1.0 nmð1

(<10 K)

ɓå 3.0 nmð1
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ñMolecular field

ionizationò

+V<0

-

BTB subunits, connected but not polarons          

~0.35 V ñbarrierò

(i.e. HOMO)

V=0

Suppose the HOMO

is not too far below the

contact Fermi level:

Note: field ionization

in gas phase occurs

at ~107 V/cm; our

field is ~106 V/cm, but

barrier is  much smaller

Like ñoxidationò except

reorganization occurs 

after ionization
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PPF e-C

BTB
multilayer

BTB

ñdonor,ò

with HOMO

close to Efermi

ñacceptor,ò

with LUMO

close to Efermi

Efermi

S

S

NH2

12 nm

PPF

NDI
multilayer

NDI

12 nm
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PPF

-0.75

-0.5

-0.25

0

0.25

-6 -4 -2 0 2 4 6

V (V)

(~12 nm)

PPF

+
S

S

NH2

(~24 nm total)

note: 12 nm of thickness should decrease

current by a factor of 10-16 for ɓ= 3 nm-1

J
, 
A

/c
m

2

J(-4.5 V)

J(+4.5 V)
= - 0.58*

*
J(-4.5 V)

J(+4.5 V)
= - 450

*

*

certainly not tunneling !
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ñThere's Plenty of Room at the Bottomò

Richard Feynman, 1959

ñbarrier electronicsò and

not much control over 

barrier height

ɓ= 8.7 nm-1

ñthe bottomò for aromatic

molecular junctions ?

ɓ= 2.7 nm-1
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transport distance, nm

0 10 20 30 40 100+ nm

tunnel junctions

coherent tunnelling

conjugation length

scattering length

??
resonant transport

field ionization
??

bulk semi-

conductors 

hopping, redox exchange

There is plenty of room in the middle !!  

Phys. Chem. Chem. Phys., 2013,15, 1065

(low mobility,

reactive species)

??
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e-

e-

Electronic conduction in metals, carbon, and semiconductors is ñdiffusiveò:

scattering length, or ñmean free path (mfp)ò

metals:    10 - 40+ nm

insulators:    < 1 nm

scattering is the origin of:

1. Ohmôs law and resistance

2. low mobility

3. resistive heating

if transport distance is < mean free path, transport is ñballisticò 

N
NN

N

N
NN

N

N
NN

N

1 ï20 nm

how about molecular

junctions? 

- +

- +

e- is transport ballistic?

e-

e-

if it is, so what?
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SiO2

Al (45 nm)

AlOx (~ 5 nm)

Au (30 nm)

Light emitting tunnel junction:

e.g. Physical Review Letters 1976, 37, 923

* Physical Review B 1983, 27, 4601

e¯ hv

- +

e¯

energy
eVbias

ñhotò eľ

e¯

hv Ò eVbias

ɚ:  400         500         600        700

higher

V, i

lig
h

t 
in

te
n

s
it
y *

ɚ= hc/eVbias (cutoff)
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slope = 0.9 ï1.0

Vapplied

Al A
lO

x

Au

- +
hv

Á Maximum energy of photons is a linear function of Vapplied ,  i.e.   hvmax = eVapplied

Á Emission is stable for hours (18h of AC bias)

Á AC bias allows continuous emission without degradation (useful for molecular junctions)
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AlOx

slope = 1.0

NAB

slope = 0.49

NAB

slope = 0.83

Á Intensity and energy cutoff scale

with Vapplied, similar to AlOx junctions

Á Energetics of light emission are consistent 

with at least elastic transport for thin

(d< 5 nm) molecular layers.
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Something special about 

ballistic transport:
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electron transit time å 15 fsec

(15 x 10-15 seconds)

maximum frequency > 10,000 GHz

whatever we can do with ballistic junctions

should be VERY fast, with little resistance or

heat generation in molecular layer

5 nm

+1 V0 V

eĖ
molecules

if MJ transport is ballistic, so what?
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This one was built and

sold in 2007 ($2095);

ñclonesò currently sold by 

30 - 40 builders

Victoria ñ5E3ò

guitar amplifier

designed by Leo Fender in 1954

12AX7 preamp tubes (ca. 1946)

6V6GT power tubes (ca. 1940)

a little history about audio distortion:
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0.00 0.02 0.04
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1
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196 Hz tone (from function generator):

1
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0
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guitar ñGò string (196 Hz):

fundamental

ñnoiseò, distortion

Fourier transform:
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B

fundamental

harmonics




