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Molecular Electronics:

Our approach:

A AManufacturableodo dev] c A
tolerant of the real world u

A Large area (~10 pm2 to ~0.1 mm?)
molecular junctions. Nanoscale
(1-20 nm) in one dimension.

A Unique junction design based on
carbon-carbon bonding between
substrate and molecular layer

—— sp?carbon
Two main guestions:

How do molecules behave as circuit elements?
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A short outline:

A musical molecules (intro)

A carbon-based molecular junctions
A tunneling & beyond

A light emission

A audio distortion

Start with something you

Southampton 2015- 3



MJ on

amplifier

057
04-
03-
0.2-
0.1-
0.0-
01-
02-
03
-0.4-

"clean” MJ ON MJ OFF| [MJ ON]| [[M3 OFF|

%

Southampton 2015- 4




NAI'l carbono mol ecul—r jegFefmti on:
\%
10 nm
Raman: | after e-C/Au Au 1 d
(nitroazo-

benzene)

e-carbon

pyrolyzed photoresist , .
film (PPF). Roughness __ SP= €arbon
< 0.4 nm rms by AFM I

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

Southampton 2015- 5 Yan, Bergren, McCreery, J. Am. Chem. Soc. 2011, 133, 19168



no molecule

80 x 80
€ munction 2
Cu 1
o. 0
N
NAB (nitroazo-
benzene, 3.5 nm) 0
NN

/. | ! 05V
resistor | «———»
-2 T v . v T
-1.0 -0.5 0.0 0.5 1.0
Afrequency independent,0.01 to 105 Hz 10
Asymmetric
Acan scan > 10° cycles at 100 °C without change
Asurvived 150 °C for > 40 hrs 101 |
Asurvived 350 °C for 5 minutes o
Ashelf life> 7 years 5102 |

IS it?

| t | ook s

104 1

exponential above ~0.2 V

10>
-1.0

ACS Applied Materials & Interfaces 2010, 2, 3693
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Arrhenius: T (K)
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molecular layer
thickness ~ 33 nm

A not activated for T<200 K

A strong thickness
dependence

A NOT activated electron
transfer, so what is it?

J(A cm?)
A O NN B o FRr M W B

1.2 -08 04 0 0.4 0.8 1.2

Southampton 2015- 7 J. Phys. Chem C, 2010, 114, 15806



electro
density

J(A/lcm?) =V [

J= VAeMd

vacuum:

b ~25nml 8
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Tunneling:

A

molecules,
insulator, etc

g (2m F)¥2lax

alkane,
b=8.6nm1t

4 b

p [4P (r21m F)y? d]

In J = In(AV) - bd

metal, b ~ 0

3 4
d, nm

tunneling
barriers:

¢ electron

LUMO

v

by electrochemistry in
solution:

b =8-9 nm! (alkanes)

b=2.2nm1 (aromatics)



Carbon/molecule/Cu devices:

LUMO
also: biphenyl,

nitrophenyl,
ethynyl benzene,
anthraquinone
(9 molecules,
>400 junctions)

I \_/ \

Fermi
1.3*+0.2 eV

(aromatics)

HOMO

*Independent determination of
energy levels (UPS and UV-Vis
photocurrents) agree with
observed Simmons barriers

d (nm) 2.4 eV range of HOMOs,
2.3 eV range of LUMOs

small effect!
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2 3
Free molecule Molecules bonded
-3 1 HOMOs: to PPF:
3
S -4 1
&
> - \ o
%) B AT
= 5 0.691 .
> e
D A BTB - 1.3+0.2eV
= v A (aromatics)
9 i —— \V
LI(_] 6 1 A =
AB 2.0+0.1eV
N
PPF H— PhBr |5 99 —\LNC8H17
-7
T % NAB
Independent determination of
? ‘ N energy levels (UPS and UV-Vis
photocurrents) agree with
8 + % NCgH,, observed Simmons barriers

Sayed, Fereiro, Yan, RIB&rgren, PNAS, 109, 11498 (2012)
Southampton 2015- 10 Fereiro, McCreery, Bergrgh J. Am. Chem. Sdii35,9584 (2013)



HOMO-1 orbital*
Nfgrapheneo el ectr 0dyf ginedral

dihedral angle
between G9
and NAB

*Gaussian 0-818%d) B3L
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Free components:

Cu

electrostatic
potential _

~

Avacuum |
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sp? carbon

free LUMO

2.0 eV

-6.66 % free HOMO

ul=-0.074e

eHwaigl J.; \Bah, A.; KKdhnOA.; 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



5.71
H-2

-5.82 H-1

Southampton 2015- 14



what if ¢, (or «.) e

approach zero?

B=2.7+£0.6 nm?
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Efermi

what happens

/ beyond tunnelling?

\
N\
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some different molecules,
and thicker junctions:

2-AQ (3-11 nm)

BTB (4-22 nm)*

~

S

N

~

S

N

NH,

Fc-phen (5-25 nm)

)

NH,

Fc
BTB

AB

NAB

AQ

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

HOMOs: A

Energy (eV vs. Vacuum)



10.27 11.3 nm

)
molecular layers: j/ (11.3 nm)

Q)
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thickness,nm: 45 5.0 80 13 1622

. \\\ Vo
)
d Eo-
i-z— [[ 300 K
w -4 1

PPF (sp? carbon) -5 | | | | | | | | |
S5 4 3 2 1 0 1 2 3 4 5
\%

weak temperature dependence

not fAhoppingo by

I
0
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|
|
|
|
|
|
|
|
|
y
|

b& 3.6 nm NAB, other aromatics
\
v’
° ~ BTB**
'’
0 ~ beyond ~ 6 nm, there
must be other
alkanes mechanisms involved,
SR Abeyond tunne
o R \Tmmmmmym e e == - 1
=2 |
2 -10 A I
= l
|
c | I ba 0% m
— | -: (300 K)
|
0 = |
|
J
~

pbal. 0%'nm
(<10 K)

** Yan, Bergren, McCreery, Della Rocca, Martin, Lafarge, Lacroix, PNAS 2013, 110, 5326
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BTB subunits, connected but not polarons
Suppose the HOMO
IS not too far below the
contact Fermi level:

~0.35 V { ¢
(i.,e. HOMO) 4] 4l 4l 4l 4l
| =
AMol ecul ar -
l oni zati:=o
Note: field ionization \\\\
in gas phase occurs v IR
at ~107 V/cm; our —A— T
field is ~108 V/icm, but = P

barrier is much smaller

Li ke noxi dat i
reorganization occurs
after ionization

V<0
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y 12 nm 12 nm
>—

N
\

BTB

multilayer

BTB

| 4
v |

NDI

Jrl

fiacceptiodro noo r==o
PPF with LUMO  with HOMO €e-C
close to Eq,,,, close to Eg,,;

@) % O

NDI [
multilayer

(@) <5 O

Southampton 2015- 21

Energy, eV vs vacuum



J(-4.5V
0.25 7 O \ <« ( ) =-0.58
PP J(+4.5 V)
0 1 *
N 7{ ” \ J(-4.5 V)
S ) J+45v) 90
= -0.25 7 +4.
< 0« _N__O z
'_)— \ OO + N
-0.5 7 oo (~24 nm total)
J
J( PPF
-0.75 ' -

note: 12 nm of thickness should decrease
current by a factor of 1016 for b= 3 nm!

certainly not tunneling !
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Richard Feynman, 1959

AThePlenty ef RoomattheBot t o mo

b=27nm!

2
InJy,y (Acm?)
o N h AN~ ORN

\ | Abarrier electr

! not much control over
nthe bottomo for ar ongartier leeight
molecular junctions ?
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bulk semi-

tunnel junctions transport distance, nm conductors
I I I I | // |
I I I I l// I
0 10 20 30 40 100+ nm
—>--- coherent tunnelling
> conjugation length
?2? .
>-mnne- field ionization 5
e T > scattering length
?7?
e e e e > resonant transport

hopping, redox exchange

low mobility,
There is plenty of room in the middle !! Seactive Spgcies)

Southampton 2015- 24 PhyS Chem. Chem. PhyS, 2013,15, 1065



El ectronic conduction i n metal s, car bo

4\/\_/\/ scattering | engt hmfp)oor
e- /
= ___—>

metals: 10 - 40+ nm

e —r . 2 insulators: <1 nm
e- _/\/v—\/\» scattering is the origin of:

) 1. Ohmdés | aw and r e
_\/\\/ 2. low mobility
3. resistive heating
iIf transport distance is < mean free path, transportisibal | i st i c o0

- L=y OO +
how about molecular @NM@O”
junctions? Q‘*N—@@NN@
L0 &ﬁg
QNMQ W

v

IS transport ballistic?

~—>

if it is, so what?

N
v

17 20 nm
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Light emitting tunnel junction:

AIOX (=~ 5 nm)

— \\I _|_

e

/ Al (45 nm)

Sio,

s
energy

L
N

Au (30 nm)

eVbias

e.g. Physical Review Letters 1976, 37, 923
* Physical Review B 1983, 27, 4601
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light intensity
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300- _ 2.4-

A 2.2 |

slope =0.97 1.0

V applied

Intensity (cts/s)
cutoff (eV)
N
o

-
o

50

IM

-
(0]

500 600 700 800 900 1000

Wavelength (nm) -2.8 2.4 -2.0 -1.6

Vapplied

A Maximum energy of photons is a linear function of Vappiied + 1-€ NV = €Vappiied

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

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

A Energetics of light emission are consistent

-' SiOx/Si

Intensity and energy cutoff scale
With V,,piieqs Similar to AIOx junctions

with at least elastic transport for thin
(d< 5 nm) molecular layers.
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optical cut-off, eV

NN W
N © Bk
1 1 I

N
w o
1 1

N
=
1

==
~N ©
1

&

N

intensity

NAB (7.5 nm)

500 700 900
wavelength, nm

NAB
slope = 0.49
AlOx
slope = 1.0
NAB
slope = 0.83
applied V
-4 -3 -2 -1



If MJ transport is ballistic, so what? 45

10

Something special about
ballistic transport:

5,

0,

5 /
_10 I T

-1.5 -1 -0.5 0 0.5 1 1.5

j (Alent)

5nm

el ectron tr dsacsi t t 0o
(15 x 101> seconds)

maximum frequency > 10,000 GHz

whatever we can do with ballistic junctions
oV +1v Should be VERY fast, with little resistance or
heat generation in molecular layer
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history about audio distortion:

7
\
7 MARANRRRRARRRRRRERY L7

_

6V6GT power tubes (ca. 1940)
This one was built and
sold in 2007 ($2095);
A

designed by Leo Fender in 1954
12AX7 preamp tubes (ca. 1946)

a little

c |
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196 Hz tone (from function generator):

100 mV
<>

0.00 0.02 0.04

t, seconds
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Fourier transform:

1| < fundamental A
inoi seo, distolr@ior
o
o
—

harmonics

0 1,000 2,000 3,000 4,000 5,000

frequency, Hz






