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Overview

Intro molecular charge transport:
-Basics, techniques, results, stability?
Molecular switching:

-Functionality loss and gain!
Molecular logic

Towards practical devices?
Outlook



Molecular charge transport

Motivation
a) Curiosity: -quantum system (e-phonon, Kondo, ...
b) Nanodevices: -natural nanoscale

-all molecules identical
-cheap
-synthetic possibilities (!):

diodes (.2l switches, logic gates?

[1]1 A. Aviram and M. A. Ratner, Chem. Phys. Lett. 29, 277 (1974): starting point
[2] R. M. Metzger, J. Mater. Chem. 18, 4364 (2008): review



How to contact a molecule?
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Feasible for devices: multimolecular
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e

Ct. Organic (plastic) electronics

t>few 10 nm

plastic electronics
(OLED, OFET, OPV)

some products already
commercialized

Ref. D. Vuillaume



Properties < Molecular Orbitals
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Connect to Electrodes
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Hybridization: broadening & shift
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Voltage V, measure |

Conductance < 2e4/h
<< 2e?/h

Note: R > 13 kQ!

molecule




General issues

-Stability of junction (depends on T)
-Exact device geometry?

-How do we know it is the molecule?

Single-molecular: fundamental studies (low T)

Multi-molecular: more stable at RT: ‘devices’
niche integration w/ CMOS?



Molecular switches: principle

potential energy surface for switching Stimuli:
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Contacting a Switch?

Switchable molecule Switchable device

Coupling

Passive device



State of the Art

Essential molecular switching experiments

From single molecules to multimolecular devices

Review: SJvdM & P. Liljeroth, J. Phys. Cond. Matt. 22, 133001 (2010)



Light-sensitive azobenzenes
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- light-induced frans to cis isomerization

- change of length: flexible geometry needed!



STM: azobenzene on surface

T=30 K

Comstock and Crommie et al., Phys. Rev. Lett. 99 038301 (2007)



Napthalocyanine

{ VAN i« - Aratoiasd g o o i

0 5 10 15 20
time (s)

Induce H-tautomerization

Control LUMO by H-position

Low T STM: Liljeroth, Repp, Meyer, Science (2007)



Multi-molecular devices
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Interlocked molecular switches

C——
mER Lt s e

alks o 07

0 ' 0=

O, Bty Oy

%) e - - (@ - -V o) @] -
© J XT=3 o9 @ 2-terminal

) e v (@ " T N O N y

o N i N o e voltage switch
Qo @ Ca o ¥ g
'‘Co-conformer’ [AD] 'Co-conformer’ [B']

, /

Resistance at 0.1V (10° ©)
T
‘—I

L)

4 1 10
Read/Write Cycles

ot

Heath, Williams, Stoddart




Switchable diarylethenes
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Chemical engineering: Decrease overlap

Thiophene: Meta-Phenyl:
Strong coupling: Weak coupling:
hampers switching switching

HOMO HOMO

T. Kudernac, SJvdM et al. Chem Comm (2006). Calc. by Zhuang and Ernzerhof, see Mayor et al. Ang. Ch. (2003)



Multiple devices at RT

~exchange of molecules
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Set-up




Conductance Switching at RT
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SAM-based photochromic device
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‘Extrinsic switching’

Switchable molecule

Switchable device

Coupling

Passive molecule

Passive device



‘Extrinsic switching’

Switching becomes possible in

Metal-molecule-metal configuration

Stimuli: current, voltage or E-field
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Au-H,-Au break junction: hysteresis
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Switching 5000x

| Em 5000 x switching!

But at 4.2 K!
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BPDN molecule: Field-induced

T=100 K

1.0

a
NO,
N
AcS @ = \JA%“}_Z \ ) SAc
ON
b
4 T
34 g
e
2k £
— =
2o
o O
c
S 4
] w
3 2| g
3| e
-
- >
SN0 08 08 7 e 0.8
Voltage [V]

Lértscher et al. (IBM) Small 2, 973 (2006)

(]

o Voltage [V]

Current [nA]

16} l
08}
0.0}
0.8}
-16}
‘ i
L~ Erase
w4 Vis| 4
Reading
3.0¢ time 3 s é =
=ilik= | — 0 |
000 055 110
20}
“on ”

1.0} ﬂ N e -
H‘H_:Cﬂﬂ JJ L‘L J!\J |_N_I l_HJ
0.0F |_m

-]

I_. Read

; Write

100
Time [s]




SWOT for switchable molecular devices

Strengths

* programmable functionalities
(vs. light, E-field, temperature)
* natural nanometer scale

* switchability is well explored
* cheap (in principle)

Weaknesses

* Low stability at room temperature
* Low conductance per molecule
* Electrodes define true dimensions

Opportunities

* Multimolecular devices

(by self-assembly: SAMs, networks)
* Sensors and specific functionalities
connected to CMOS

* Functionality enhancement by other
nano-objects

Threats

* Still mostly basic research
* a niche technology at most

(specific sensing functions)



Molecular Logic: Paper and Practice

Main issue:
things look great on paper,

but are difficult in reality...



Pioneering ideas

A Ellenbogen and Love: Proc. IEEE (2000)

-synthesis difficult
-very low transport

-four contacts needed




Can you do logic with smaller molecules?

(Linearly) Quinone switch
conjugat< A A
o = O‘O ’
T4 Ted T
OH
Cross-
A=0, T=1 A=1, T=0 conjugated

Advantage: virtually no length change

E. H. van Dijk (= H. Valkenier), D. J. T. Myles, M. H. van der Veen, J. C. Hummelen, Org. Lett. 2006, 8, 2333



Can the principle work?

>

® ® Au coated AFM tip ——
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The principle works via quantum interference!

Ref. Guédon, SJvdM et al. Nature Nano (2012)



Tt-logic: very academic

A B T4
a 00 1
b 0 1 1
c 10 1
d 1 1 0

NAND

 channels A & B act
cooperatively

« change the terminals
changes the Tt-logic

M.H. van der Veen, J. C. Hummelen



Multidevice logic

A first step is set (interesting physics!)

but single molecular logic is very far away.

Way out: Multi device logic?
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Integration of many switchable devices in series

A.J. Kronemeijer et al. See also J. Heath, T. Lee, et al.



Skoldberg & Wendin approach
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SWOT for molecular logic

Strengths Weaknesses

* programmable functionalities * Low stability at room temperature
(vs. light, E-field, temperature) * Low conductance per molecule

* natural nanometer scale * Definition of electrodes

* cheap (in principle)

Opportunities Threats

* Multiple devices * Even basic research is still in infancy.
(by self-assembly: SAMs, networks)




General: Opportunities

*Single molecular research for basic understanding

(connect to plastic electronics)

*Niche applications: multimolecular sensors, connected to CMOS

either SAMs or open-access nanoparticle networks.

*Use nano-objects (nanowires and nanoparticles) to:
-Bridge size gap between molecules and electrodes (stability)

-Improve device functionality



Example for nanoparticles
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Molecular electronics for devices

Strengths Weaknesses

* Making use of quantum effects * Low stability at room temperature
at room temperature * Low conductance per molecule

* natural nanometer scale * Electrodes define true dimensions
e programmable functionalities * Will not replace CMOS

(vs. light, E-field, temperature)
* cheap (in principle)

Opportunities Threats
* Multimolecular devices * Mostly basic research
(by self-assembly: SAMs, networks) * A niche technology at most

* Sensors and specific functionalities
connected to CMOS

* Functionality enhancement by other
nano-objects

* Control of guantum interference
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