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Abstract		

	 Molecular	junctions	have	proven	invaluable	tools	through	which	to	explore	the	electronic	
properties	of	molecules	and	molecular	monolayers.	In	seeking	to	develop	a	viable	molecular	
electronics	based	technology	it	becomes	essential	to	be	able	to	reliably	create	larger	area	molecular	
junctions	by	contacting	molecular	monolayers	to	both	bottom	and	top	electrodes.	The	assembly	of	
monolayers	onto	a	conducting	substrate	by	self-assembly,	Langmuir-Blodgett	and	other	methods	is	
well	established.	However,	the	deposition	of	top-contact	electrodes	without	film	penetration	or	
damage	from	the	growing	electrode	material	has	proven	problematic.	This	Review	highlights	the	
challenges	of	this	area,	and	presents	a	selective	overview	of	methods	that	have	been	used	to	solve	
these	issues.	

1.	General	introduction		
	

A	molecular	 junction	 consists	 of	 a	molecule	 (or	molecules),	 suitably	 functionalised	 to	 allow	
physical	and	electrical	contact	to	solid	substrates,	sandwiched	between	two	electrodes	(Figure	1).1	
The	 electrical	 transport	 through	 the	molecule	 in	 response	 to	 a	 bias	 applied	 across	 the	 electrodes	
forms	 the	 basis	 of	 the	 field	 of	 molecular	 electronics.	 Beyond	 wire-like	 conductance	 through	 the	
molecule	in	response	to	the	applied	bias,	the	ability	of	the	molecule	to	modulate	the	flow	of	current	
through	the	junction	either	through	inherent	asymmetries	in	structure	or	in	response	to	mechanical,	
optical,	 photochemical,	 electrochemical	 or	 chemical	 processes	 has	 given	 rise	 to	 examples	 of	
molecular-scale	 electronic	 components	 including	 switches,	 transistors,	 memory	 elements,	 diodes,	
rectifiers,2	and	single	molecule	light-emitting	diodes.3	The	discovery	of	quantum	interference	effects	
on	electron	transport	through	a	molecular	junction	has	given	rise	to	new	concepts	for	the	chemical	
design	of	molecular	electronic	components,4,	5	including	remarkable	‘better	than	vacuum’	resistors.6	
The	 quantum	 transport	 characteristics	 of	 molecular	 junctions	 may	 allow	 molecular	 materials	 to	
realise	properties	 that	are	difficult	 to	engineer	 in	solid-state	materials,	 such	as	 the	combination	of	
high	Seebeck	coefficients	and	high	electrical	conductivity	with	low	thermal	conductivity	necessary	to	
create	efficient	thermoelectric	materials.7,	8	
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Figure	1	Schematic	illustration	of	a	single-molecule	electrode|molecule|electrode	junction.		

	 Single-molecule	junctions	have	proven	to	be	remarkably	versatile	research	tools	in	the	field	
of	molecular	electronics.9,	 10	Perhaps	 the	most	 common	approach	 to	 the	 formation	of	 such	 single-
molecule	devices	is	the	use	of	a	scanning	tunnelling	microscope	to	create	a	break	junction	(STM-BJ)	
(Figure	2).11	Whilst	there	are	many	variations	of	the	technique,12	in	the	most	general	fashion	an	STM	
tip	 (typically	 gold)	 is	 crashed	 into	 a	 gold	 substrate	 to	 create	 a	 fused	 metal	 junction.	 The	 tip	 is	
subsequently	withdrawn	 from	 the	 surface,	 pulling	 a	metallic	 filament	between	 the	malleable	 gold	
surface	and	 tip.	As	 the	 tip	continues	 to	withdraw	the	 filament	 thins,	evinced	by	stepwise	drops	 in	
quantised	 conductance,	 and	 ultimately	 breaks,	 leaving	 two	 atomically	 sharp	 ‘electrodes’,	 with	 a	
consequent	 sharp	 drop	 from	 metal-atom	 point	 contact	 conductance	 (G0)	 to	 the	 exponentially	
distance	 dependant	 tunneling	 current.	 If	 the	 experiment	 is	 conducted	 in	 a	 dilute	 solution	 of	 the	
molecule	of	interest,	there	is	a	possibility	of	trapping	a	molecule	within	the	newly	formed	electrode	
gap	 to	 give	 the	molecular	 junction	 (Figure	 2).	 Other	methods	 such	 as	 the	 ‘in-plane’	mechanically	
controlled	break	junction	(MCBJ)	offer	advantages	in	terms	of	stability,	ability	to	operate	in	vacuum	
or	readily	introduce	a	back-gate	electrode,13,	14	but	the	basic	principals	are	similar.	Further	in-plane	
techniques	include	electromigration	break	junctions,15,	16	on-wire	lithography,17	also	in	combination	
with	 in	situ	molecular	synthesis	between	the	electrode	surfaces	using	chemical	18	or	biochemical19	
approaches.	
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Figure	2	A	cartoon	showing	the	key	features	of	single-molecule	junction	formation	using	the	
scanning	tunelling	microscope-break	junction	(STM-BJ)	method.	

The	remarkable	success	of	single-molecule	junctions	in	driving	the	development	of	structure-
property	relationships	in	molecular	electronics	should	not	overlook	the	origins	of	molecular	junction	
studies	and	the	important	role	that	‘large	area’	junctions	have	played	in	developing	the	field.	Almost	
a	decade	before	the	development	of	scanning	probe	microscopes	at	 IBM	by	Binning	and	Rohrer	 in	
the	late	1970s	and	early	1980s,20	Mann	and	Kuhn	had	already	explored	the	electrical	characteristics	
of	monolayers	of	fatty	acid	salts	deposited	on	Al	on	glass	substrates	and	contacted	by	a	Hg	drop	or	
evaporated	Pb	or	Al	second	electrode.21	The	exponential	relationship	between	the	thickness	of	the	
monolayer	and	conductivity	provided	clear	evidence	for	through	molecule	tunneling	behaviour.	The	
Donor-Acceptor	 structure	 and	 anisotropic	 arrangement	 of	 the	 Aviram-Ratner	 molecular	 rectifier	
within	a	 junction	presented	in	1974	prompted	a	vast	body	of	work	exploiting	the	use	of	Langmuir-
Blodgett	films	and	self-assembled	monolayers	in	the	construction	of	molecular	rectifiers	through	the	
1980s	and	1990s.22,	23	Despite	the	remarkable	success	of	these	early	works,	the	challenges	associated	
with	 the	 fabrication	of	high-quality	monolayers,	and	 the	vexing	 issues	of	 installing	 the	 top-contact	
electrode	has	seen	a	shift	 in	emphasis	 towards	single	molecule	 junctions	as	a	 tool	 for	probing	 the	
fine-details	of	through-molecule	charge	transport	phenomena.		

Over	 the	 past	 50	 years,	 these	 studies	 of	 film-based	 and	 single-molecule	 junctions	 have	
combined	 to	 give	 a	 remarkable	 level	 of	 understanding	 concerning	molecular	 electronic	 properties	
and	structure-property	relationships	that	control	the	electrical	properties	of	 junctions.	However,	 in	
order	to	exploit	molecular	electronics	as	a	viable	technology,	whether	as	components	for	advanced	
ultra-miniaturised	high-performance	electronics,	as	cheap	components	for	disposable	electronics,	or	
novel	 molecular	 materials,	 the	 issues	 of	 how	 to	 contact	 molecules	 within	 circuit	 elements	 or	
practical	device	structures	must	be	solved.	Thus,	whilst	single-molecule	junctions	have	proven	to	be	
extraordinary	research	tools,	the	translation	from	single-molecule	science	to	a	molecular	electronic	
technology	arguably	 requires	a	migration	back	towards	 junctions	 in	which	a	uniform	monolayer	of	
molecules	 is	 reliably	 contacted	 between	 larger-area	 electrodes.24,	 25	 There	 have	 already	 been	
tantalising	 glimpses	 of	 what	 is	 possible	 with	 such	 large-area	 and	 molecular-film	 based	 junctions,	
ranging	from	molecular	memories	featuring	on	redox-responsive	rotaxanes	in	nanofabricated	cross-
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bar	 architectures,26	 molecular	 diodes	 in	 audio	 circuits,27	 and	 molecular-junction	 based	
photosensors.28		

Fabrication	of	 large	area	devices	 implies	 first	 the	deposition	of	a	monolayer	onto	a	bottom-
electrode	to	form	high-quality	and	reproducible	assemblies	(Figure	3).	The	formation	of	well-ordered	
molecular	 monolayers	 on	 conducting	 substrates	 is	 a	 well-established	 process	 by	 any	 one	 of	 a	
number	 of	 processes	 (self-assembly,	 Langmuir-Blodgett,	 vacuum	 deposition,	 electrografting,	 etc.)	
that	allows	the	fabrication	of	modified	electrodes	with	a	surface	density	of	up	to	1015	molecules·cm-

2.	 As	 such	 the	 contacting	 of	 molecular	 films	 to	 the	 ‘bottom’	 electrode	 is	 essentially	 a	 routine	
operation.	The	second	step	is	the	deposition	of	a	top	electrode	onto	the	molecular	monolayer	that	
represents	a	more	open	research	 field	due	to	many	technical	difficulties	which	 include:	deposition	
without	 destroying	 the	 organic	monolayer,	 formation	 of	 pinholes	 and	 short-circuits,	 alteration	 or	
contamination	 of	 the	 interface,	 quality	 of	 the	 contacts,	 surface	 coverage	 of	 the	 top	 contact,	 etc.	
(Figure	3).	Consequently,	 the	creation	of	 the	 top	contact	 to	 the	monolayer	 to	complete	 the	 large-
area	junction	has	been	proven	to	be	a	remarkably	difficult	undertaking.29		

	

Figure	3	A	cartoon	showing	the	idealised	two	steps	involved	in	the	fabrication	of	large	area	
molecular	junctions.	The	expansion	illustrates	possible	defects	and	damage	arising	from	top-contact	
deposition.	

	

Top-contact	deposition	strategies:	An	overview	

The	 idealised	 large-area	metal|molecule|metal	 junction,	and	associated	key	 issues	 in	 realising	 this	
arrangement,	 are	 summarised	 in	 Figure	 3.	 To	 provide	 assessment	 of	 the	 electrical	 properties	 of	
molecules	contained	within	the	monolayer,	scanning	probe	tips	of	varying	radius	of	curvature	can	be	
used	 to	make	 a	 top	 contact	 to	 one	 or	many	molecules	 (Section	 2).	 Various	 strategies	 have	 been	
pursued	 to	 realise	 the	 idealised	 structure	 of	 a	 uniform	molecular	 layer	 sandwiched	 between,	 and	
electrically	well-contacted	to,	two	larger	area	electrode	surfaces.	The	use	of	 liquid	metals	(Hg)	and	
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eutectics	(Ga/In)	has	been	successfully	demonstrated,	although	the	suitability	of	liquid	electrodes	for	
device	 fabrication	 might	 be	 debated,	 and	 are	 discussed	 in	 Section	 3.	 Incubation	 of	 suitably	 ‘top	
surface’	functionalised	films	with	solutions	of	metallic	nanoparticles	leads	to	decoration	of	the	film	
with	 particles,	 but	 not	 a	 complete	metallised	 top	 contact.	 Similar	 structures	 have	 been	 obtained	
from	 the	 recently	 reported	 photoreduction	 of	 [AuCl4]-	 adsorbed	 to	 the	 surface	 of	 an	 ammonium-
terminated	 Langmuir-Blodgett	 film,	 and	 the	 thermally	 induced	 decomposition	 (reduction)	 of	
organometallic	 (gold	(I))	complexes	(TIDOC)	with	a	sacrificial	 (oxidisable)	co-ligand	on	a	conjugated	
molecular	monolayer.	These	metal	 islands	may	serve	as	seeds	for	further	electroless	 infill	to	give	a	
more	continuous	metallic	top	electrode	(Section	4).		

Various	 ‘soft’	deposition	methods	 including	nanotransfer	printing	and	 lift-off-float-on	have	
been	explored,	but	the	electrical	contact	to	the	underlying	molecular	layer	is	often	weak,	and	highly	
variable.	Electrochemical	deposition	of	metallic	top	contacts	frequently	leads	to	interpenetration	as	
reducible	metal	ions	migrate	through	the	organic	film	giving	mushroom-shaped	structures	or	shorts	
as	 growing	 metallic	 filaments	 contact	 the	 bottom	 electrode.	 Atomic	 layer	 deposition	 (ALD)	 is	 a	
promising	route,	although	the	surface	chemistry	between	the	mono-layer	and	the	ALD	precursor	and	
the	 subsequent	 reduction	 chemistry	 needs	 to	 be	 more	 fully	 explored	 to	 better	 understand	 the	
processes.	Perhaps	the	simplest	route	is	direct	thermal	evaporation	of	a	metal	onto	the	monolayer.	
However,	 here	 the	 high	 energy	 of	 the	 evaporated	 metal	 atoms	 often	 results	 in	 significant	 film	
damage,	interpenetration	and	formation	of	metallic	shorts,	or	migration	of	metal	atoms	through	the	
film	at	static	pinholes	or	through	transient	diffusion	channels	form	new	interlayers	and	alloys	at	the	
bottom	electrode.		

In	 seeking	 to	overcome	these	 issues,	 the	use	of	various	protective	barrier	 layers	on	 top	of	
the	monolayer	have	been	explored,	with	particular	promising	results	being	obtained	following	spin–
coating	 of	 a	 poly(3,4-ethylenedioxythiophene):poly(4-styrenesulphonic	 acid)	 (PEDOT:PSS)	
conductive	polymer	on	top	of	an	alkane	dithiol	monolayer	prior	to	vapour	deposition	of	a	gold	top	
electrode.	 However,	 this	 again	 results	 in	 the	 introduction	 of	 a	 series	 of	 gold:polymer:monolayer	
interfaces,	each	with	their	own	electrical	characteristics.	Similar	ideas	relating	to	the	blocking	of	the	
diffusion	 channels	 that	 lead	 to	metal	 penetration	 through	 the	monolayer	 have	 been	 explored	 by	
cross-linking	the	monolayer,	although	again	this	results	in	a	change	in	the	chemical	structure	of	the	
molecules	 comprising	 the	 monolayer.	 Other	 approaches	 that	 have	 met	 with	 a	 degree	 of	 success	
include	the	 introduction	of	functional	groups	capable	of	 interacting	with	the	metal	atoms	near	the	
monolayer	surface	to	limit	migration	of	metal	atoms	through	the	monolayer.	These	various	areas	are	
discussed	in	Section	5.	

In	 this	 Review,	 we	 seek	 to	 present	 a	 series	 of	 highlights	 drawn	 from	 various	 approaches	
taken	to	solve	the	‘top-contact	problem’	in	order	to	allow	the	reader	to	develop	an	appreciation	of	
the	main	concepts	and	methods	of	forming	large-area	molecular	electronic	junctions.	In	doing	so	we	
hope	 to	 raise	 awareness	 of	 new	 opportunities	 for	 the	 creation	 of	 nanosized	 electronic	 device	
structures	with	desirable	characteristics.	
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Table	1.	Summary	table	of	top-contact	deposition	methods.	

Method	 Common	Materials	 Advantages	 Disadvantages	
Liquid	top-electrodes	 Hg,	EGaIn	 Soft	and	cost	effective	

method;	Multiple	and	
repeated	
measurements	on	the	
same	device	structure	
are	unproblematic.	

Difficult	to	incorporate	
into	permanent	device	
structures;	Fluidity	of	
liquid	metal	contacts	
limits	miniaturization;	
Temperature	
dependent	changes	in	
volume.	

Self-assembly	of	metal	
nanoparticles	onto	the	
underlying	monolayer	

Au,	Ag,	Pd	 Soft	method;	
Metallic	nanoparticles	
can	be	used	as	top-
contact	directly,	or	
used	as	seeds	for	ELD	
or	as	buffers	to	protect	
the	monolayer	during	
vapour	deposition	to	
increase	metallization.	

Incomplete	
metallization;	Diffusion	
on	the	surface	and	
potential	aggregation	
of	the	nanoparticles	
upon	temperature	
changes	giving	
inhomogeous	contacts.	

Physical	vapour	
deposition	(PVD)	

Ti,	Ca,	Al	 Relatively	simple;	
Wide	range	of	
elements	or	
compounds	can	be	
deposited.	

Metal	atoms	reach	the	
monolayer	surface	
with	high	kinetic	
energy	during	
deposition	that	can	
lead	to	chemical	
modification	of	
monolayer	surface;		
Penetration	of	the	
high-energy	metal	
atoms	through	
monolayers	and	
formation	of	metallic	
filaments	that	can	
result	in	short-circuits.	

Chemical	vapour	
deposition	(CVD)	

AlxOyHz,	Au,	Pd,	Pt	 Suitable	for	deposition	
of	a	wide	variety	of	
materials.		
	

Damage	of	the	
monolayer	and	
penetration	of	metal	
atoms	through	the	
monolayer	resulting	in	
short-circuits;	Slow	
growth	rates	unless	
high	thermal	activation	
temperatures	(≥	200	
°C)	or	additional	
photochemical	
methods	are	employed	
	

Focused	electron	beam	
induced	deposition	
(FEBID)	

C	 High	stability	of	
junctions;	
Good	reproducibility;		

Expensive	
instrumentation;	
Deposition	may	cause	
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Well-defined	location,	
shape,	and	size	of	
deposited	top-contact.	

damage	to	
monolayers.	

Surface-diffusion-
mediated	deposition	
(SDMD)	

Au,	Pt,	Cu	 Good	yield	and	
reproducibility;	
Metal	is	not	directly	
evaporated	onto	
monolayers,	which	
helps	to	avoid	damage	
and	penetration.	

Limited	control	over	
the	precise	size	and	
location	of	the	
deposition.	

Atomic	layer	
deposition	(ALD)	

Al2O3,	Cu	

	
Relatively	gentle	
atomic	precision	
deposition;	
Provides	high-quality	
films	cost	effectively;	
Pinhole-free	
deposition.	

Requires	monolayer	
functionalised	with	
chemically	specific	
terminal	groups;	
Deposition	can	cause	
film	damage,	
interpenetration,	and	
short	circuits;	Unclear	
structure	and	
composition	of	the	
interfaces.	

Overpotential	
deposition	(OPD	

Cu	 Electrochemical	
procedure	that	does	
not	require	the	use	of	
expensive	vacuum	
equipment;	
Easy	to	control	top-
contact	thickness.	

Clusters	and	metallic	
filaments	formation;	
Incomplete	
metallization.			

Underpotential	
deposition	(UPD)	

Cu,	Ag,	Pd,	Al	 Electrochemical	
procedure	that	does	
not	require	the	use	of	
expensive	vacuum	
equipment;	
Easy	to	control	top-
contact	thickness	

Clusters	and	metallic	
filaments	formation;	
Not	a	homogeneous	
metal	layer;	
Formation	of	an	
interlayer;	
Incomplete	
metallization	

Electroless	deposition	
(ELD)	

Cu	 Simple,	cost	effective,	
and	soft;	No	
penetration	of	metal	
through	the	monolayer;	
Solution-based	
technique	that	does	
not	require	vacuum	
equipment;	Deposition	
of	metals	and	other	
materials	on	a	variety	
of	substrates;	
Compatible	with	
insulating	or	low	
conductivity	materials.	

Extreme	pH	conditions	
that	can	damage	
monolayers;	Co-
deposition	of	residual	
material	and	by-
products;	Use	of	
catalysts	that	may	
contaminate	the	organic	
layer.	

Nanotransfer	printing	 Au	 Soft	method	 Sensitivity	to	the	
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(nTP)	 chemical	nature	of	
terminal	groups	on	the	
monolayer.	

Lift-off,	float-on	(LOFO)	 Au,	Al	 Does	not	result	in	
penetration	of	top	
contact	through	the	
monolayer;	Does	not	
rely	on	chemical	binding	
of	molecules	to	top	
contact	electrodes.	

The	wrinkling	of	metallic	
layers;	Air	gaps	between	
monolayers	and	metallic	
layers.	

Polymer-assisted	lift-
off	(PALO)	

Au	 High	quality	metal	film;	
Non	damaging	
deposition;	Parallel	
device	fabrication.	

Difficult	to	align	top	
and	bottom	contacts	
without	using	cross-
bar	geometries.	

	

2.		STM	and	AFM	tips	as	temporal	top	contact	electrodes	
	

The	 introduction	of	 scanning	probe	techniques	 (SPM)	played	an	essential	 role	 in	 the	 field	of	
molecular	 electronics	 and	 created	 vast	 opportunities	 to	 fabricate	 top-contacts	 in	 both	 single-
molecule	and	large	area	molecular	junctions.30	In	a	vertical	junction	with	typical	bottom	electrode	|	
monolayer	|	top	electrode	structure,	an	STM	or	conductive	AFM	tip	plays	a	role	of	a	temporal	(and	
the	 smallest	 possible)	 top	 electrode	 thus	 making	 a	 junction	 with	 multiple	 numbers	 of	 molecules	
from	 one	 to	 hundreds	 dependent	 on	 the	 size	 of	 the	 tip	 and	 molecules	 as	 well	 as	 density	 of	 a	
monolayer	 (Figure	 4).24	 Despite	 the	 fact	 that	 systems	with	 a	 temporal	 top	 electrode	 are	 far	 from	
technological	applications,	molecular	 junctions	with	SPM-based	top	contacts	have	proven	essential	
in	 the	 search	 for	 fundamental	 understanding	 of	 electron	 transport	 properties	 of	 molecules	 and	
charge	 transport	 mechanisms.	 A	 key	 aspect	 of	 these	 studies	 arises	 from	 the	 possibility	 to	 more	
directly	compare	single-molecule	and	monolayer	based	junctions	and	thereby	explore	the	influence	
of	near	neighbour	interactions	and	the	effects	of	the	local	environment	on	the	electrical	properties	
of	the	 junction.31-34	 In	contrast,	 the	 inherent	averaging	of	electrical	transport	over	many	molecules	
contacted	under	a	 larger	 tip	 can	be	used	 to	give	a	more	 reasonable	estimate	of	 large	area	device	
performance	 free	 of	 the	 substantial	 statistical	 variation	 associated	 with	 single-molecule	
measurements.35	Moreover,	 the	 resistance	variations	 for	multimolecule	 junctions	are	 smaller	 than	
for	 single	 molecule	 junctions,	 suggesting	 that	 large	 contact	 area	 with	 an	 increased	 number	 of	
molecules	 may	 be	 able	 to	 result	 in	 excellent	 reproducibility	 in	 nanodevice	 fabrication.35	 STM	
conductance	 measurements	 in	 monolayers	 permit	 the	 study	 of	 a	 single	 molecule	 from	 this	
monolayer	by	 contacting	an	atomically	 sharp	 tip	 to	 the	molecule	 in	 the	 film.	Although	 this	 review	
focuses	 on	 large-area	 junction	 formations,	 several	 studies	 in	which	 the	 STM	 tip	 is	 in	 contact	with	
only	one	molecule	from	the	monolayer	are	also	discussed	here	to	give	a	wider	appreciation	of	the	
scope	of	the	technique.	
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Figure	4	A	schematic	illustrating	conventional	STM,	STM	‘Touch-to-Contact’	and	(contact-mode)	
AFM	tip-based	top-contact	electrodes	to	a	molecular	monolayer.		

One	of	the	difficulties	in	using	a	SPM	tip	as	the	top	contact	to	a	monolayer	film	junction	is	the	
precise	 determination	 of	 the	 relative	 position	 of	 the	 SPM	 tip	 and	 the	 monolayer,	 which	 is	
determined	by	the	set-point	current	(Figure	4).	If	the	tip	is	not	in	close	proximity	to	the	monolayer	
surface,	 the	 large	 tunnel	 gap	 can	 result	 in	 anomalously	 low	 conductance	 values,	 and	 given	 the	
exponential	relationship	between	distance	and	tunneling	current,	sample	to	sample	variation	can	be	
extreme	without	careful	control	over	the	set-point.	On	the	other	hand,	using	a	too	high	set-point	can	
result	 in	penetration	of	 the	 tip	 into	 the	monolayer,	distorting	 the	 film	 structure	and	giving	 rise	 to	
non-idealised	 junction	 geometries.	 A	 ‘Touch-to-Contact’	 method	 has	 been	 suggested	 for	 such	
measurements,	where	the	tip-substrate	distance	 is	determined	through	transforming	the	set-point	
parameters	into	an	absolute	gap	separation	allowing	the	STM	tip	to	precisely	contact	the	top	of	the	
molecular	 monolayer,36	 minimizing	 the	 gap	 between	 the	 top	 of	 the	 monolayer	 and	 the	 tip	 yet	
avoiding	incursion	of	the	tip	into	a	molecular	monolayer.		

The	 STM	 ‘Touch-to-Contact’	 method	 has	 been	 used	 to	 form	 junctions	 and	 explore	 the	
electrical	 properties	 of	 a	 wide	 range	 of	 different	 molecular	 backbones	 assembled	 in	 monolayers	
including	 organic37-39	 and	 organometallic36	 examples,	 and	 with	 different	 binding	 groups.40-42	 The	
sensitivity	of	molecular	conductance	measurements	to	the	nature	of	the	molecule-electrode	contact	
is	 well	 known	 and	 arises	 from	 a	 combination	 of	molecular	 geometry	within	 the	 junction	 and	 the	
electrical	coupling.43,	 44	Perhaps	unsurprisingly	 therefore,	 it	has	been	demonstrated	that	molecules	
with	 bidentate	 anchor	 groups	 are	 more	 conductive	 than	 monodentate	 analogues	 with	 the	 same	
molecular	 backbone.	 For	 example,	 the	 gold	 STM	 tip	 has	 been	 used	 as	 a	 top	 contact	 electrode	 to	
create	 junctions	with	 an	 	 Langmuir–Blodgett	 (LB)	monolayer	 of	 4,4’-(1,4-phenylenebis(ethyne-2,1-
diyl))bis(pyridin-2-amine)	 (Figure	5a).32	 The	molecular	 conductance	of	 the	monolayer	 formed	 from	
this	 oligo(phenylene	 ethynylene)	 (or	 OPE)	 derivative	 that	 contains	 a	 double	 anchoring	 2-
aminopyridine	group	was	approximately	an	order	of	magnitude	higher	than	OPE-based	compounds	
with	 amine	 or	 pyridine	 contacts.	 Similarly,	 deprotonation	 of	 a	 pyrazolyl	 anchor	 group	 provided	 a	
more	 effective	 ‘bidentate’	 NN	 contact	 than	 the	 native	 heterocycle,	 and	 a	 further	 increase	 in	
molecular	 conductance	 over	 the	 2-amino	 pyridine	 anchors	 (Figure	 5b).45	 In	 tripodal	
oligo(arylene)ethynylene	 derivatives	 two	 buttressing	 methylthioether	 groups	 provide	 additional	
strong	 S-Au	 interactions,	 enhancing	 the	 physical	 contact	 between	 the	 pyridyl	 groups	 and	 the	
electrode	 surface	 (Figure	5c).37	 The	buttressing	groups	were	designed	 to	be	electrically	decoupled	
from	 the	 molecular	 core	 by	 the	 methylene	 linker	 avoiding	 the	 quantum	 interference	 effect,	 and	
played	little	role	in	conductance	pathways.		



	 10	

		 						

Fig	5.	Selected	examples	of	compounds	used	to	investigate	molecular	conductivity	in	‘multi	
anchoring’	molecules.		

Conductive	 atomic	 force	microscopy	 (C-AFM)	 is	 the	other	 essential	 technique	 to	 investigate	
electron	transport	properties	of	molecules	assembled	into	films	and	has	been	used	to	explore	a	wide	
range	of	molecular	 structure	 types46-48	 and	 contacting	 strategies.49	 C-AFM	employs	 a	 sharp	metal-
coated	 conductive	 probe	 that	 also	 plays	 the	 role	 of	 a	 temporal	 top	 electrode	 (Figure	 4).24,	 50,	 51	
However,	 whilst	 sharp,	 the	 size	 of	 the	 C-AFM	 tip	 coated	 with	 a	 metallic	 layer	 is	 larger	 than	 the	
atomically	sharp	STM	tip	(radius	of	curvature)	and	usually	forms	junctions	with	tens	to	hundreds	of	
molecules	 depending	 on	 the	 tip	 geometry,	 applied	 force,	 and	 deformation	 properties	 of	 the	
monolayer.	 The	 main	 distinguishing	 point	 of	 AFM	 from	 STM	 is	 that	 the	 position	 of	 the	 tip	 is	
controlled	 by	 force	 feedback	 rather	 than	 the	 current	 feedback.	 When	 the	 current−voltage	
characteristics	are	recorded	in	the	C-AFM	measurement,	the	loading	force	of	the	tip	is	controlled	by	
the	AFM	feedback	loop.	This	allows	AFM	tip	to	be	in	direct	contact	with	the	target	material	and	to	
avoid	 the	 penetration	 of	 the	 tip	 into	 the	monolayer,	 as	 well	 as	 offering	 a	 tool	 through	 which	 to	
investigate	 electrical	 and	 mechanical	 properties	 of	 the	 junctions	 concomitantly.	 Furthermore,	 as	
with	 the	 STM	 ‘Touch-to-Contact’	 method,	 the	 direct	 contact	 of	 the	 AFM	 tip	 with	 the	 monolayer	
avoids	the	unknown	contribution	of	the	tunnelling	gap	to	the	detected	current.		

In	principle,	as	the	C-AFM	method	allows	accurate	control	of	the	tip-loading	force	it	becomes	
possible	 to	 investigate	 dependency	 of	 charge	 transport	 through	 a	 molecular	 junction	 on	 force	
applied	to	the	monolayer.52-54	The	 influence	of	this	contact	force	becomes	apparent	when	the	two	
contributions	 to	 the	 charge	 transport	 through	 self-assembled	 monolayers	 (SAMs)	 are	 each	
considered:	(i)	through-bond	tunnelling	where	a	current	flows	along	the	backbone,	and	(ii)	chain-to-
chain	 tunnelling	 caused	 by	 intermolecular	 coupling	 through	 van	 der	 Waals	 (vdW)	 interactions.53	
While	 the	 first	mechanism	 is	not	affected	by	the	tilt	angle	of	 the	molecules	within	the	monolayer,	
the	chain-to-chain	tunnelling	is	highly	dependent	on	the	precise	intermolecular	arrangement.	As	the	
molecular	 tilt	 increases	 with	 the	 tip-loading	 force,	 intermolecular	 interactions	 become	 significant	
leading	 to	 an	 increase	 in	 contribution	 from	 the	 chain-to-chain	 tunnelling	 to	 the	 overall	 junction	
conductance	 (Figure	 6).	 Different	 tilt	 angles	 of	 molecules	 and,	 as	 a	 result,	 different	 electrical	
properties	 within	 the	 C-AFM	 junction	 can	 be	 caused	 not	 only	 by	 an	 applied	 force	 from	 the	 top	
electrode	 but	 also	 by	 polymorphism	 of	 the	 monolayer	 structure.	 For	 example,	 Paradinas	 et	 al.	
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assessed	the	phase	dependent	conductivity	of	ω-(4ʹ-methylbiphenyl-4-yl)butane-1-thiol	monolayers	
with	two	different	phases	by	C-AFM.55	Using	different	surface	science	techniques	it	was	found	that	
rectangular	 centred	α-phase	has	 a	molecular	 tilt	 angle	of	 40°	while	oblique	β-phase	has	modestly	
larger	tilt	angle	of	45−49°.	The	resistance	value	estimated	from	the	linear	low	bias	region	was	found	
to	 be	 102	 GΩ	 and	 103	 GΩ	 for	 β	 and	 α,	 respectively,	 which	 clearly	 demonstrates	 the	 impact	 of	
monolayer	arrangement	on	electrical	properties.	Since	the	orientation	of	molecules	in	a	monolayer	
as	well	as	the	presence	of	neighbouring	molecules	affects	the	electrical	properties	the	use	of	binding	
groups	that	preference	only	one	configuration	of	the	molecules	in	the	monolayer	become	appealing	
targets	 for	 study.	 A	 Pt/Cr	 C-AFM	 tip	 has	 been	 used	 as	 a	 top	 electrode	 to	 investigate	
triazatriangulenium	 (TATA)	 as	 a	 binding	 group	 for	 tunnel	 junctions	 of	 molecular	 wires	 on	 gold	
substrate	surfaces.56	The	large	size	of	TATA	provides	both	a	normal	orientation	of	a	molecule	to	the	
substrate	as	well	as	preventing	contact	between	molecules	in	a	monolayer	and	thereby	eliminating	
the	 chain-to-chain	 transport.	 It	 was	 found	 that	 phenyl-,	 biphenyl-,	 and	 terphenyl-TATAs	
demonstrated	resistance	that	 is	only	slightly	higher	than	analogues	with	thiol	and	bis-thiol	binding	
groups.			

	

 	

Figure	6	Schematic	illustration	of	(a)	through-bond	tunnelling	pathway,	and	(b)	chain-to-chain	
tunnelling	caused	by	an	applied	tip-loading	force.		

	

Within	the	context	of	these	contact	mode	methods	of	forming	the	top	contact	to	a	monolayer,	
it	 is	 worth	mentioning	 the	 Peak	 Force	 Tunneling	 (PF-TUNA)	 variation	 of	 C-AFM.	 Typically,	 C-AFM	
operates	 in	 contact	mode	with	 the	 tip	 brought	 to	 a	 close	 contact	with	 the	monolayer.	Whilst	 the	
avoidance	 of	 a	 tunnel	 gap	 and	 ability	 to	 modulate	 tip-loading	 force	 has	 advantage	 as	 discussed	
above,	this	close	contact	can	cause	scratches	and	damage	to	the	delicate	monolayer	surface.	In	the	
PF-TUNA	 mode,	 the	 tip	 is	 oscillated	 at	 a	 frequency	 typically	 between	 100–500	 kHz,	 with	 an	
amplitude	of	approximately	20	nm,	so	that	the	tip	is	just	touching	the	surface	avoiding	lateral	forces	
that	make	this	mode	 less	damaging	 for	 the	tip	and	the	monolayer.	This	approach	was	successfully	
used	 to	 assess	 electrical	 properties	 in	 metal	 |	 monolayer	 |tip	 junctions,57	 and	 also	 metal	 |	
monolayer	|	NP	|	tip	junctions,58-60	where	the	AFM	tip	contacts	metal	nanoparticles	(NP)	at	the	top	
of	 the	 film	rather	 than	the	monolayer	 itself.	The	use	of	GNPs	as	a	 top	contact	electrode	 is	 further	
discussed	in	Section	4.						
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3.	Liquid	metals	top	contact	

Liquid	 top-electrodes	are	an	 inexpensive	and	practical	way	 to	achieve	 soft	 surface	 contact	
with	a	SAM	 in	a	molecular	 junction.61-63	 Ideally,	a	 liquid	 top-electrode	will	 i)	have	a	 sub-millimetre	
contact	area	with	the	SAM,	ii)	provide	conformal,	non-damaging	and	reversible	contact,	iii)	disfavour	
amalgamation	with	the	bottom	electrode	and	 iv)	be	non-toxic	and	simple	to	fabricate.64	To	ensure	
uniform	 contact,	 liquid	 top-electrodes	 are	 best	 used	 with	 ultra-flat	 substrates,	 such	 as	 template-
stripped	coinage	metals,65,	66	silicon61	or	graphene.67	Initial	devices	to	employ	a	liquid	top-electrode	
used	mercury	to	circumvent	the	need	for	metal	vapour	deposition,	but	there	is	a	tendency	to	cause	
short	 junctions	 by	 damaging	 the	 underlying	 SAM.21	 Nevertheless,	 by	 using	 a	 syringe	 and	 a	
micromanipulator,	a	mercury	drop	can	be	positioned	on	a	surface,	making	electrical	contact	through	
a	 van	 der	 Waals	 interface.68	 For	 mercury,	 the	 geometric	 area	 of	 this	 contact	 is	 in	 the	 order	 of	
millimetres	 and	 there	 are	 many	 successful	 molecular	 junction	 experiments	 using	 a	 mercury	 top-
electrode.	However,	this	contact	area	is	relatively	large,	so	may	cover	defects	in	the	SAM,	which	will	
affect	the	measured	electrical	properties	of	the	junction.	Further,	mercury	is	toxic,	can	penetrate	the	
SAM	causing	 short	 junctions	and	has	a	propensity	 to	 form	alloys	with	other	metals.69,	 70	 For	 these	
reasons,	alternative	liquid	top-electrodes	have	been	developed.		

The	most	common	modern	liquid	top-electrode	is	a	eutectic	mixture	of	indium	(25	w%)	and	
gallium	(75	w%).	This	material,	commonly	denoted	“EGaIn”	(pronounced	“e-gain”),	is	a	metallic	non-
Newtonian	liquid	under	ambient	conditions	with	a	conductivity	of	3.4×104	S	cm-1.64	Unlike	mercury,	
EGaIn	 has	 geometric	 contact	 areas	 as	 small	 as	 <	 50	 µm,67	 is	 biocompatible,	 and	 can	 form	 non-
invasive	and	reversible	contact	 in	molecular	 junctions.64	 Its	non-Newtonian	behaviour	 is	attributed	
to	a	0.7	nm	thick	gallium	oxide	(Ga2O3)	skin	on	its	surface,	which	causes	EGaIn	to	be	mouldable	into	
shapes	such	as	cones	and	filaments	as	small	as	1	µm	in	diameter	(Figure	7).64,	71		

	

Figure	7	Formation	of	an	EGaIn	tip	by	contacting	and	pulling	from	a	bulk	drop	of	this	non-Newtonian	
fluid.	

	

EGaIn	 top-electrodes	 are	 often	 referred	 to	 as	 “GaOx	 /	 EGaIn”	 to	 incorporate	 the	 gallium	
oxide	skin.72	This	oxide	layer	is	highly	conductive	as	it	contains	oxygen	vacancies	and	indium	defects,	
and	 is	thin	enough	for	a	current	to	tunnel	though	 it	 from	the	EGaIn	core.72	Nijhuis	and	co-workers	
have	found	that	this	skin	can	grow	considerably	thick	(>	2	nm)	when	a	bias	of	more	than	+1.0	V	 is	
applied	in	the	presence	of	water	and	ions.71	Crivillers	has	attributed	this	growth	to	the	generation	of	
a	Mott	potential	between	the	oxide-air	and	oxide-EGaIn	interface	when	a	tunnelling	current	through	
the	 oxide	 skin	 reduces	 adsorbed	 oxygen.67	 This	 Mott	 potential	 drives	 ions	 through	 the	 skin,	
promoting	oxidation	and	consequent	growth.	Under	normal	conditions,	however,	the	oxide	layer	is	



	 13	

shown	 to	 have	 little	 impact	 on	 electrical	 measurements	 of	 molecular	 junctions.73	 Whitesides	
reported	 that	 the	 contribution	 of	 Ga2O3	 on	 the	 current	 density	 through	 a	 molecular	 junction	 is	
constant	between	an	EGaIn	electrode	kept	under	nitrogen	gas	and	one	with	a	prolonged	exposure	to	
air.64	Many	studies	have	since	corroborated	this	conclusion.74		

An	advantage	of	EGaIn	as	a	top-electrode	is	its	ability	to	form	stable	molecular	junctions	for	periods	
long	 enough	 to	 collect	 statistically	 significant	 data	 sets	 (>	 400	 data).75	 A	 study	 by	 Nijhuis	 and	
colleagues	has	shown	that	EGaIn-SAM	junctions	can	withstand	more	than	100	J(V)	scans	at	a	bias	of	
±0.1	 V	 for	 16	 hr.71	 It	 also	 produces	 high	 working	 junction	 yields	 of	 80%	 -	 100%	 and	 is	 sensitive	
enough	to	conduct	detailed	physical-organic	analyses.76	However,	 the	precision	and	reproducibility	
of	measurements	performed	with	an	EGaIn	top-electrode	have	been	brought	into	question	because	
i)	 the	 gallium	 oxide	 skin	 causes	 a	 surface	 roughness	 which	 affects	 the	 true	 contact	 area77	 and	 ii)	
many	 EGaIn	 top-electrodes	 are	 manipulated	 manually	 which	 imparts	 significant	 human	 error.75	
Using	 a	 decanethiolate	 SAM	 on	 template-stripped	 gold	 and	 a	 conical	 EGaIn	 top-electrode,	
Whitesides	measured	current	density	though	the	junction	as	a	function	of	geometric	contact	area	of	
the	EGaIn	electrode.78	At	 contact	 areas	 less	 than	1000	µm2,	 it	was	 found	 that	 the	 current	density	
increases	with	contact	area	but	then	plateaus	from	1000	µm2	up	to	4000	µm2.	An	EGaIn	cone	has	a	
rough	 tip	 and	 smooth	 sides	 such	 that,	 at	 small	 geometric	 contact	 areas,	 the	 rough	 tip	has	a	 large	
contribution	 to	 the	 measurement	 (Figure	 8).	 At	 larger	 areas,	 this	 contribution	 diminishes	 as	 the	
smooth	sides	start	 to	contact	 the	surface.78	A	similar	conclusion	was	drawn	by	Yoon,	whereby	 the	
Seebeck	 coefficient	 of	 a	 thermoelectric	 molecular	 junction	 was	 found	 to	 depend	 upon	 the	 tip	
roughness	of	a	conical	EGaIn	top-electrode.76	This	means	that	small	area	measurements	tend	to	be	
quite	irreproducible	as	the	true	contact	area	is	variable	depending	on	tip	roughness.	However,	small	
contact	areas	are	needed	to	avoid	defects	in	the	SAM.79,	80	For	this	reason,	Whitesides	developed	a	
method	to	smooth	the	EGaIn	tip	by	moulding	it	against	a	clean	Si/	SiO2	surface	and	cycling	an	applied	
bias	 3	 times	 at	 ±0.2	 V.81	 Crivillers	 also	 found	 that	 the	 tip	 roughness	 was	 lessened	 in	 an	 oxygen	
atmosphere.67	While	these	methods	improved	the	reproducibility	for	a	single	data	set,	they	do	not	
address	the	discrepancies	between	different	users.	To	tackle	this,	several	authors	have	reported	the	
use	of	a	PDMS	microfluidic	device	instead	of	a	micromanipulator.	In	a	microfluidic	device,	the	EGaIn	
is	moulded	into	microchannels	which	has	a	stabilising	effect	and	removes	the	manual	element	from	
the	regime,	significantly	reducing	human	error	between	different	users.72,	82,	83		

	

Figure	8	(a)	Conical	EGaIn	electrode	with	a	rough	tip	and	smooth	sides.	(b)	A	smoothed	conical	EGaIn	
electrode	with	a	well-defined	contact	area	compared	with	the	rough	tip.	

	

In	2012,	Whitesides	and	Nijhuis	set	about	proving	that	using	EGaIn,	with	 its	oxidisable	and	
resistive	Ga2O3	skin,	in	an	asymmetrical	electrode	system	did	not	cause	rectification	in	an	electrode-
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SAM-electrode	 regime.84	 Instead,	only	 the	 SAM	 is	 thought	 to	 rectify	 current	 through	 the	 junction.	
Using	a	silver	bottom	electrode	and	an	EGaIn	top	electrode,	they	systematically	varied	the	structure	
of	 a	 ferrocene-terminated	 SAM	 (HS-(CH2)11-Fc)	 to	 assess	 its	 effect	 on	 the	 current	 rectification	
performance	 of	 the	 junction	 (Figure	 9).	 Despite	 its	 irreproducibility,	 they	 use	 a	 conical	 EGaIn	
electrode	 manipulated	 by	 a	 syringe,	 since	 the	 contact	 area,	 distribution	 of	 defects	 and	 organic	
contaminants,	 thickness	and	topography	of	the	EGaIn	/	Ga2O3	surface	are	constant	 for	a	particular	
junction.	As	 the	SAM	 is	 ferrocene-terminated,	 the	 ferrocene	HOMO	 lies	adjacent	 to	 the	 top	EGaIn	
electrode	and	is	separated	from	the	bottom	silver	electrode	by	a	long	alkyl	chain.		

	

Figure	9	Schematic	illustration	of	the	Ag-S(CH2)11Fc//GaOx/EGaIn	junction,	and	Energy-level	
diagrams	of	the	junction	at	+1.0	V,	0	V,	and	+1.0	V.84		

When	 a	 positive	 bias	 is	 applied	 to	 the	 junction,	 there	 is	 no	 charge	 transfer	 through	 the	
molecule	as	the	ferrocene	HOMO	lies	too	low	in	energy	relative	to	the	Fermi	levels	of	the	electrodes.	
At	negative	bias,	however,	the	energy	of	the	HOMO	is	raised	to	align	between	the	Fermi	levels	of	the	
electrodes,	 permitting	 a	 current	 to	 flow	 through	 the	 SAM.	 This	 implies	 that	 the	 rectification	
behaviour	is	molecular	in	origin.	The	length	of	the	tunnelling	barrier	is	approximately	the	length	of	
the	alkyl	chain	at	negative	bias,	whereas	this	extends	to	the	length	of	the	entire	molecule	at	positive	
bias.	This	change	in	the	tunnelling	barrier	length	causes	rectification	behaviour	since	the	tunnelling	
current	density,	J,	falls	exponentially	with	increasing	tunnelling	barrier	length.	Hence,	a	much	smaller	
current	 is	observed	at	positive	bias	as	the	tunnelling	barrier	 is	 longer	than	it	 is	at	negative	bias.	By	
adding	another	ferrocene	unit	in	line	with	the	original	ferrocene	unit	it	is	found	that	the	rectification	
ratio	is	increased.	This	supports	the	theory	that	the	rectification	is	molecular	as	the	total	molecular	
length	 is	 increased	 while	 the	 alkyl	 chain	 length	 remains	 the	 same,	 resulting	 in	 a	 greater	 current	
attenuation	 at	 positive	 bias.	 Rectification	 mechanisms	 involving	 the	 Ga2O3	 or	 the	 silver	 do	 not	
account	for	the	large	rectification	ratios	observed	and	their	dependency	on	the	molecular	structure	
of	the	SAM,	implying	this	property	is	intrinsic	to	the	molecule.		

	

Conventional	 current	 rectifiers	 exhibit	 rectification	 ratios	 of	 approximately	 105,	 whereas	
single-molecule	 rectifiers	 are	 limited	 to	 ratios	 in	 the	 order	 of	 103.	 However,	 Nijhuis	 et	 al	 have	
recently	modified	 the	molecular	 junctions	described	above	 to	develop	a	molecular	 rectifier	with	a	
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rectification	 ratio	of	6.3×105	 (Figure	10).85	 	They	used	a	platinum	bottom	electrode	 in	conjunction	
with	an	EGaIn	top	electrode	and	an	alkylthiolate	SAM	terminated	by	a	diferrocenyl	acetylene	moiety,	
(HS-(CH2)15-Fc-C≡C-Fc).	 Platinum	was	 chosen	 as	 the	 bottom	 electrode	 as	 it	 has	 sufficiently	 strong	
binding	to	the	SAM	(unlike	silver)	and	induces	a	tilt	angle	of	52°	(compared	with	62°	for	gold)	which	
allows	efficient	molecular	packing,	reducing	defects	and	consequent	current	leakage.	With	the	long-
chain	 alkyl	 groups	 encouraging	 efficient	 packing,	 the	 SAM	 can	 survive	 bias	 sweeping	 of	 ±3.0	 V	
without	 irreversible	 damage.	 The	 two	 ferrocene	 units	 are	 spaced	 by	 an	 alkyne	 group	 in	 order	 to	
ensure	 the	difference	 in	 the	HOMO	energy	 of	 each	moiety	 is	 small,	which	 allows	both	orbitals	 to	
enter	the	conduction	window	at	low	bias.		

	

Figure	10	(a)	Schematic	illustration	of	the	Pt-SC15Fc-C≡C-Fc//GaOx/EGaIn	junction,	double	arrows	
show	the	Coulomb	(at	negative	bias)	or	van	der	Waals	(at	positive	bias)	interaction	between	the	Fc–
C≡C–Fc	unit	and	the	top	electrode.	Energy-level	diagrams	at	(b)	negative	and	(c)	positive	bias.85	

	

At	negative	bias,	a	Coulomb	interface	forms	between	the	SAM	and	the	EGaIn	top	electrode	
and	a	sequential	hopping	charge	transport	mechanism	is	proposed	as	the	HOMOs	of	the	ferrocene	
units	 enter	 the	 conduction	 window.	 The	 rectification	 ratio	 increases	 with	 bias	 until	 saturation	 is	
reached	when	the	HOMOs	have	completely	entered	the	conduction	window	and	are	pinned	to	the	
EGaIn	 Fermi	 level.	 At	 positive	 bias,	 there	 is	 a	 van	 der	Waals	 interface	 between	 the	 SAM	 and	 top	
electrode	though	which	a	very	low	current	directly	tunnels.	This	behaviour	is	molecular	in	origin	and	
it	is	hypothesised	that	multiple	molecules	are	contributing	to	charge	transport	in	order	to	achieve	a	
rectification	ratio	higher	than	103.	Since	the	EGaIn	electrode	is	negatively	charged	at	negative	bias,	
positively	 charged	 ferrocene	 moieties	 are	 attracted	 to	 the	 electrode.	 Molecular	 dynamics	
calculations	suggest	that	the	larger	the	voltage	applied,	the	more	molecules	are	at	the	interface.	So	
it	is	reasonable	to	assume	that	at	–3.0	V	multiple	molecules	may	be	participating	in	charge	transport.		
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In	 another	 study,	 a	 methyl	 viologen-terminated	 SAM	 has	 been	 used	 simultaneously	 as	 a	
current	 rectifier	 and	 a	 resistive	 switch,	 such	 as	 those	 found	 in	 restive	 random-access	 memories	
(Figure	11).86	A	rectification	ratio	of	2.5×104	and	a	resistance	on/off	ratio	of	6.9×103	at	a	low	drive	
voltage	of	0.89	V	has	been	achieved	in	such	devices.	This	dual-functionality	is	promising	as	rectifiers	
and	resistive	switches	are	typically	two	separate	components,	so	the	footprint	of	the	device	can	be	
significantly	 reduced.	 Further,	 the	 drive	 voltage	 is	 applied	 only	 to	 single	 junction	 so	 can	 be	 lower	
than	if	applied	across	two	junctions.	The	methyl	viologen	(MV)	exists	 in	3	states:	MV0,	MV•+·X-	and	
MV2+·2X-,	where	X	 is	a	counter	 ion.	The	radical	cation	state	dimerises	by	π-π-stacking	and	electron	
spin	 pairing	 to	 form	a	dimer	 complex,	 provided	 that	 the	 SAM	 is	 densely	 packed.	All	 the	 junctions	
studied	 demonstrate	 a	 uni-polar	 hysteresis	 which	 is	 strongly	 dependent	 on	 the	 size	 of	 the	
counterion.	 It	 is	 found	 that	 the	on/	off	 ratio	decreases	with	 increasing	counter	 ion	 size	across	 the	
halogen	series	and	becomes	very	low	when	bulky	ions	are	used,	such	as	ClO4

-	or	PF6-.	The	highest	on/	
off	 ratio	 of	 6.9×103	 and	 rectification	 ratio	 of	 2.5×104	 was	 found	 when	 iodide	 was	 used	 as	 the	
counter	ion.	Larger	counter	ions	require	a	lower	voltage	to	switch	between	the	on	and	off	states	and	
can	demonstrate	switching	speeds	as	fast	as	0.1	ms	at	1.6	V	drive	voltage.	Further,	the	iodide	ions	
can	be	driven	at	bias	as	low	as	0.89	V	due	to	the	bifunctionality	of	the	junction	(compared	with	2.0	–	
6.0	V	for	separate	memory	and	rectification	elements).		

	

Figure	11	(a)	Schematic	illustration	of	the	Ag-S(CH2)11MV2+X-2//GaOx/EGaIn	junction	at	positive	bias	
and	Ag-S(CH2)11[MV●+]	X-2//GaOx/EGaIn	junction	at	negative	bias,	where	X-=	I−,	Br−,Cl−,	F−.	Energy-
level	diagrams	at	(b)	positive	and	(c)	negative	bias.86	
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It	 is	 thought	 that	 large	 counter	 ions	bind	more	weakly	 to	 the	methyl	 viologen	dimer	 than	
smaller	 ions,	 so	 are	 more	 mobile	 within	 the	 SAM	 allowing	 them	 to	 be	 driven	 at	 low	 voltage.	
However,	as	the	counter	ions	become	too	bulky,	they	can	disrupt	the	SAM	packing	causing	defects	
and	consequent	leakage	currents.	Ions	that	are	too	small	bind	too	strongly	to	the	dimer	resulting	in	
poor	 reversibility	 of	 the	 dimerisation.	 It	 is	 proposed	 that	 switching	 proceeds	 via	 a	 two-step	
mechanism	 starting	 with	 charging	 of	 the	 methyl	 viologen	 and	 EGaIn	 electrode,	 followed	 by	
dimerisation	 and	 counter	 ion	 transport	 through	 the	 SAM.	 Without	 the	 charged	 methyl	 viologen	
units,	no	switching	or	rectification	behaviour	is	observed.	Junctions	fabricated	with	EGaIn	stabilised	
in	microchannels	show	on/	off	ratio	an	order	of	magnitude	higher	(104)	than	those	fabricated	with	a	
conical	EGaIn	electrode	 (103).	These	stabilised	 junctions	show	a	 resilience	against	cycles	of	±1.5	V	
for	 2×106	 sweeps,	 indicating	 that	 no	 electrochemical	 reactions	 are	 occurring	 at	 the	 SAM/	 Ga2O3	
interface.	

	

4.	Metal	nanoparticle/nanoisland	top	contacts		

The	 deposition	 of	 metallic	 nanoparticles	 (NPs)	 on	 top	 of	 a	 functionalized	 monolayer	 by	
incubation	of	the	substrate-supported	monolayer	in	a	metal	nanoparticle	dispersion	has	been	widely	
used	to	deposit	nanoparticle	‘top	contacts’	and	create	metal	|	monolayer	|	NP	junctions.87	A	critical	
aspect	of	the	assembly	of	these	structures	is	the	termination	of	the	monolayer	by	a	functional	group	
suitable	 for	 contacting	 to	 the	nanoparticle.	 In	 the	case	of	gold	particles,	 thiol(ate)	 contacts	are	an	
obvious	choice,88,	89	but	alternative	contacts	have	been	developed	that	avoid	the	various	challenges	
of	the	rather	capricious	thiol	functional	group.	For	example,	terminal	alkynes	(HC≡CR)	are	known	to	
react	with	under-coordinated	gold	surfaces	to	give	direct	Au-C≡CR	structures.90,	91	The	incubation	of	
a	 directionally	 oriented	 LB	monolayer	 bearing	 exposed	 terminal	 alkynes	 in	 a	 fresh	 uncapped	 gold	
nanoparticles	 (GNPs)	 solution	 results	 in	 creation	 of	 a	metallic	 top	 electrode	 through	 the	 covalent	
attachment	of	 the	GNPs	on	 top	of	 the	 film	via	a	heterolytic	 cleavage	of	 the	alkyne	C–H	bond	and	
formation	 an	 alkynyl	 carbon–Au	 σ-bond	 (Figure	 12).59	 In	 a	 similar	 way,	 deprotection	 of	 a	
trimethylsilyl-protected	octa-1,3,5,7-tetrayne	monolayer	via	fluoride-induced	desilylation	chemistry	
has	allowed	the	formation	of	an	unusual	polyynyl	monolayer,	which	when	incubated	in	a	solution	of	
freshly	 prepared	 un-capped	 GNP	 results	 in	 formation	 of	 robust	 Au	 |	 C≡CC≡CC≡CC≡C	 |	 AuNP	
junctions.92	This	simple	wet	chemical	procedure	reliably	creates	robust	and	reproducible	junctions	in	
which	the	10	–	50	nm	diameter	GNP	top-contacts	are	chemically	bound	to	the	monolayer	without	
damaging	 the	 underlying	 organic	 monolayer	 film	 and	 free	 of	 metallic	 short-circuits	 through	 the	
monolayer.	
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Figure	12	An	ethynyl-functionalised	LB	monolayer	(a)	before	and	(b)	after	incubation	in	dispersion	on	
GNPs.59	

Solid	 electrode-based	 bilayer	 molecular	 junctions	 have	 been	 constructed	 using	 gold	
nanoparticles	as	linkers	to	join	two	Co(II)	bis(terpyridine)	({Co})	based	SAMs	supported	on	separate	
electrode	surfaces.	The	NP	is	strongly	electronically	coupled	through	the	SAMs	to	the	Au	electrodes	
resulting	 in	 length	 independent	 high	 conductance	 through	 the	 complete	 bilayer	
Au|{Co}|NP|{Co}|Au	junction	(Figure	13).93	Nanostructured	linear	arrays	of	thin	film	gold	electrodes	
were	firstly	patterned	onto	two	graphene/polydimethylsiloxane	(PDMS)/polyethylene	terephthalate	
(PET)	 substrates,	 and	 a	 monolayer	 of	 cobalt(II)	 bis-terpyridine	molecules	 subsequently	 grafted	 to	
give	the	initial	Au|{Co}	structures.	Secondly,	gold	nanoparticles	were	immobilized	on	top	of	one	of	
these	monolayer	functionalised	electrode	arrays	by	incubating	the	modified	substrate	into	a	solution	
of	gold	nanoparticles	to	give	an	Au|{Co}|NP	structure.	Finally,	the	two	electrodes	were	contacted	in	
a	cross-bar	configuration	with	 the	gold	nanoparticles	now	contacting	across	 the	cobalt	complexes.	
Electrochemical	 and	 DFT	 studies	 revealed	 that	 the	 nanoparticles	 significantly	 shift	 the	 frontier	
molecular	 orbitals	 close	 to	 the	 electrode	 Fermi	 levels,	 resulting	 in	 facile	 sequential	 tunnelling	
through	the	entire	bilayer	device.	
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Figure	13	Schematic	illustration	of	the	molecular	junction	where	two	molecular	wires	are	linked	by	
gold	nanoparticle.93	

	

As	 an	 alternative	 to	 depositing	 pre-formed	 nanoparticles	 on	 a	 monolayer,	 the	 Thermal	
Induced	 Decomposition	 of	 an	 Organometallic	 Compound	 (TIDOC)	 method	 allows	 synthesis	 of	
metallic	nanoparticles	directly	on	the	monolayer	film	from	a	single	precursor	(Figure	14).	The	TIDOC	
method	 is	 based	 on	 the	 incorporation	 of	 a	 terminal,	 thermally	 sensitive	 gold(I)	 acetylide	 complex	
(typically	 -C≡CAuPPh3	 or	 -C≡CAu(CNC6H4OMe-4))	 into	 the	 molecular	 precursor	 of	 the	 monolayer	
film.	After	Langmuir-Blodgett	or	self-assembly	of	the	film	on	a	bottom	substrate	electrode,	the	film	
is	annealed	at	moderate	temperatures	resulting	in	cleavage	of	the	Au-P	or	Au-C	bond	and	reduction	
in	situ	of	the	Au(I)	to	Au(0)	in	the	form	of	gold	nanoislands.	These	metal	deposits	are	distributed	on	
the	 surface	 of	 the	 film	 without	 producing	 short-circuits	 by	 penetration	 through	 the	 conductive	
organic	 layer.94,	 95	 Although	 incomplete	 metallization	 of	 the	 monolayer	 is	 unavoidable,	 since	 the	
precursor	film	offers	only	a	maximum	surface	coverage	of	7.2×10−10	moles	of	gold	atoms·cm−1	these	
metallic	 nanoparticles	 could	 be	 used	 as	 seeds	 for	 increasing	metallization	by	 depositing	 a	 thicker,	
more	uniform	metal	top	contact	electrode	using	other	methods	such	as	electroless	metal	deposition	
or	direct	metal	evaporation.	

	



	 20	

	

Figure	14	Schematic	illustration	of	TIDOC	process	where	annealed	monolayer	result	in	thermal	
decomposition	and	a	formation	of	gold	nanoparticles.95		

	

Other	 in	 situ	 methods	 for	 deposition	 of	 a	 metallic	 structure	 on	 a	 monolayer	 include	 the	
photoreduction	 of	 a	metal	 precursor.60,	 96	 An	 OPE	 derivative	 functionalised	 by	 an	 amine	 (NH2)	 or	
carboxylic	acid	(COOH)	was	assembled	 into	a	Langmuir	 film	on	an	aqueous	sub-phase	containing	a	
metal	precursor	(HAuCl4	or	AgNO3	respectively).	When	transferred	to	a	solid	substrate	the	resulting	
Langmuir-Blodgett	 film	 bears	 photosensitive	 AuCl4-	 or	 Ag+	 ions	 on	 the	 top	 surface.	 After	 film	
exposure	 to	 a	 simple	 254	 nm	 UV	 light,	 the	 metal	 ions	 are	 reduced	 in	 situ	 to	 generate	 metal	
nanoislands	on	top	of	the	conductive	OPE	monolayer	(Figure	15).	With	this	methodology,	a	surface	
coverage	of	 the	monolayer	 surface	 as	 high	 as	 76%	has	 been	obtained	without	 penetration	 of	 the	
nanoparticles	 nor	 damaging	 the	 underlying	 organic	 film.	 Similar	 methods	 based	 on	 reduction	 of	
silver	 ions	 coordinated	 to	 a	 thiol-functionalized	 monolayer	 surface	 by	 wet	 chemical	 or	
nanolithiographic	electrochemical	reduction	with	a	C-AFM	tip	has	also	been	developed.97	The	use	of	
nanopatterned	 surfaces98	 for	 site-specific	 coordination	 of	 metal	 complex	 precursors	 prior	 to	
reduction	has	also	been	used	to	give	metal	patterns	on	monolayers.99,	100		
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Figure	15	(a)	The	carboxylic	acid	moieties	are	deprotonated	on	the	aqueous	sub-phase	containing	AgNO3	and	
forms	double	ionic	layer	with	cations	(Ag+);		(b)	the	resultant	1Ag

+	Langmuir-Blodgett	(LB)	monolayer	formed	
by	immersion	of	a	gold	substrate	into	the	water	sub-phase;	(c)	silver	nanoparticles	formed	as	a	result	of	
photoreduction	of	the	silver	cations.96		

In	 the	 case	 of	 palladium,	 surface	 area	 coverage	 of	 up	 to	 85%	 has	 been	 achieved	 by	 in	 situ	
deposition	of	anisotropic	palladium	nanostructures	onto	a	 self-assembled	monolayer	of	an	amine-
terminated	 oligo(phenyleneethynylene)	 derivative.101	 In	 this	 strategy,	 the	 substrate-supported	
monolayer	 is	placed	 into	an	autoclave	 containing	a	 solution	of	Na2PdCl4	 and	KBr.	 The	autoclave	 is	
pressurized	under	CO	(6	bar)	and	heated	(80	°C).	The	palladium	precursor	 likely	coordinates	to	the	
monolayer,	 providing	 a	 seed	 site	 for	 the	 subsequent	 nanoparticle	 growth.	 During	 nanoparticle	
formation	 on	 the	 surface,	 the	 CO	 strongly	 binds	 to	 the	 basal	 [111]	 planes	 of	 the	 growing	 Pd	
nanoparticles.	 The	 ‘CO-confined	 growth’	 directs	 the	 formation	 of	 anisotropic	 sheet-like	 palladium	
nanostructures	directly	on	the	film.102,	103	These	nanodeposits	do	not	result	in	short-circuits	through	
the	organic	film	and	junctions	is	reproducibly	formed	in	high	yield.	

More	recently,	Puebla-Hellmann	et	al.104	have	developed	a	strategy	for	the	deposition	of	gold	
nanoparticles	 from	 solution	 to	 the	 top	 anchor	 group	 of	 a	 SAM,	 creating	 a	 film	 of	 immobilized	
particles	which	is	non-destructive	for	the	organic	layer	and	is	used	later	for	the	reinforcement	of	the	
top	contact	by	direct	metal	evaporation	(Figure	16).	This	process	allows	the	fabrication	of	thousands	
of	identical,	ambient	stable	metal–molecule–metal	devices.	For	that,	a	platinum	bottom	electrode	is	
used	 (since	 it	 is	 compatible	with	 complementary	metal–oxide–semiconductor	 (CMOS)	 fabrication)	
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for	 assembling	 the	 molecular	 monolayer	 without	 affecting	 the	 quality	 of	 the	 SAMs,105	 and	 also	
engineering	 a	 lower	 contact	 resistance	with	 the	 sulfur	 anchors	 than	 the	 one	on	 gold.106	Once	 the	
monolayer	 is	 assembled,	 the	 molecules	 are	 constrained	 laterally	 into	 circular	 pores	 of	 variable	
diameter	(from	70	μm	down	to	60	nm)	by	a	dielectric	matrix	and	the	gold	nanoparticles	(which	can	
readily	 be	 replaced	 by	 platinum	or	 palladium	 particles	more	 compatible	with	 CMOS-material)	 are	
bonded	from	a	solution	to	the	top	anchor	group	of	the	molecular	layer	creating	a	film	of	immobilized	
nanoparticles,	 which	 is	 later	 reinforced	 by	 direct	 metal	 evaporation	 to	 seal	 the	 device.	 Although	
prototypical	 densely	 packed	 SAMs	 consists	 of	 alkane(di)thiol	 molecules	 were	 used,	 it	 can	 be	
extended	to	other	molecules	as	it	was	demonstrated	that	the	intrinsic	molecular	properties	are	not	
affected	 by	 the	 nanoparticle	 film	 and	 subsequent	 top	 metallization;	 providing,	 therefore,	 a	 new	
route	 to	 the	 large-scale	 integration	 of	 molecular	 compounds,	 even	 scaled	 down	 to	 the	 single-
molecule	level,	into	solid-state	devices.	

	

Figure	16	(a)	Platinum	bottom	electrode	for	molecular	assembly;	(b)	formation	of	self-assembled	
monolayer	on	the	platinum	electrode;	(c)	binding	of	gold	nanoparticles	from	the	solution	to	the	top	
anchor	group	of	the	monolayer;	(d)	top-contact	evaporation.104	

	

5.	Direct	Deposition		

One	of	 the	 simplest	and	more	widely	used	methods	used	 to	deposit	 a	metallic	 layer	onto	a	
general	 surface	 is	 Physical	 Vapour	 Deposition	 (PVD).	 In	 PVD,	 a	 metal	 source	 is	 evaporated	 in	 a	
vacuum	chamber	 to	 give	 a	metal	 atom	vapour	which	 is	 subsequently	 condensed	onto	 a	 substrate	
surface	 and	 form	 a	 thin	 metallic	 film	 (Figure	 17).	 The	 thickness	 of	 the	 metal	 deposit	 can	 be	
controlled	 with	 the	 aid	 of	 a	 quartz	 crystal	 microbalance	 (QCM)	 or	 by	 the	 integrated	 flux	 from	 a	
controlled	rate	source	(e.g.	XPS).		
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Figure	17	Schematic	illustration	of	physical	vapour	deposition	(PVD).	

	

Despite	being	 successfully	used	 to	deposit	 the	 top-contact	electrode	 in	 the	microelectronics	
industry	 (for	 instance	 in	 organic	 light	 emitting	 devices	 (OLEDs),	 polymer	 light-emitting	 diodes	
(PLEDs),	 photovoltaic	 (PV)	 cells,	 etc.)	 this	 methodology	 has	 significant	 drawbacks	 in	 molecular	
electronics.	 In	 PVD	 metal	 atoms	 reach	 the	 monolayer	 surface	 with	 a	 high	 kinetic	 energy	 which	
together	with	the	radiation	emitted	from	the	heated	source	often	results	in	chemical	modification,	
such	 as	 the	 carbide	 formation	 that	 occurs	 during	 PVD	 of	 Ti107	 or	 Ca108	 onto	 –OCH3	 terminated	
monolayers	and	other	chemical	transformations	of	surface	functional	groups.108,	109	Further	damage	
can	 arise	 from	 penetration	 of	 the	 high-energy	 metal	 atoms	 through	 the	 monolayer,	 given	 the	
dimension	of	a	‘typical’	OPE-type	molecular	wire,	which	might	be	only	1-3	nm	thick.	108,	110,	111	Such	
penetration	 may	 result	 in	 generation	 of	 an	 adlayer	 between	 the	 bottom-electrode	 and	 the	
monolayer,110,	 112	 in	formation	of	metallic	filaments	with	a	mushroom	type	structure	that	results	 in	
short-circuits,113	or	insulating	pillars	if	the	evaporated	metal	can	be	easily	oxidized	(e.g.	Al114).		

Several	strategies	have	been	explored	to	overcome	these	shortcomings	 in	the	use	of	PVD	to	
form	the	top	contacts	in	large	area	molecular	junctions.	For	instance,	filling	the	evaporator	chamber	
with	 an	 inert	 gas	 considerably	 reduces	 the	 energy	 at	 which	 metal	 atoms	 reach	 the	 surface	 and,	
therefore,	 damage	 to	 the	 monolayer	 can	 be	 minimized.115	 However,	 this	 methodology	 may	
compromise	 the	 deposition	 efficiency.	 Additionally,	 coolers	 have	 been	 used	 to	 decrease	 the	
substrate	temperature	in	an	effort	to	avoid	the	high	temperatures	that	contribute	to	damage	of	the	
organic	 monolayer.	 The	 use	 of	 indirect	 evaporation	 and	 blocking	 the	 ‘line	 of	 sight’	 between	 the	
substrate	and	the	metal	source	through	use	of	baffles	has	also	been	shown	to	decrease	the	effects	
of	penetration	of	metal	atoms	through	the	monolayer.115-117	The	nature	of	the	metal	has	also	been	
described	to	be	 influential	 in	 the	damage	to	the	organic	 layer.	For	 instance,	Haick	et	al.115	showed	
that	 while	 gold	 atoms	 can	 diffuse	 between	 molecules	 in	 the	 monolayer,	 palladium	 metal	 atoms	
condense	through	a	2-D	growth	mechanism,	which	limits	 its	 interaction	with	the	terminal	group	of	
the	molecules	in	the	film.		

Chemical	 Vapour	 Deposition	 (CVD)	 is	 widely	 used	 for	 the	 deposition	 of	 thin	 solid	 films	 of	
controlled	 thickness	 and	 composition	 in	 the	 fields	 of	 microelectronics,	 optoelectronics,	 energy	
conversion	 devices,	 coatings,	 fibre	 production	 and	 fibre	 coating.118	 In	 this	 method,	 one	 or	 more	
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gaseous	reactants	diffuse	to	a	substrate	surface	where	they	adsorb	and	undergo	various	dissociation	
and/or	chemical	reactions	that	lead	to	the	formation	of	a	stable	thin	film;	it	is	a	chemically	selective	
technique	in	which	a	wide	variety	of	materials	can	be	deposited.	Despite	these	advantages,	CVD	has	
been	only	occasionally	used	in	the	deposition	of	the	top-contact	electrode	in	molecular	electronics.	
Early	 attempts	 successfully	 resulted	 in	 metallization	 of	 monolayers	 of	 organic	 compounds	 with	
aluminium	oxides	and	hydroxides	and	whilst	alumina	and	aluminium	can	be	selectively	deposited	on	
patterned	monolayers	by	careful	control	of	the	experimental	conditions;	in	these	cases,	the	growth	
rate	 proved	 to	 be	 rather	 low.119	 120	 The	 growth	 rates	 can	 be	 increased	 by	 thermal	 activation	 (ca.	
70°C)	 but	 this	may	 induce	 damage	 in	 the	monolayer.121	 Shi	 et	 al.	 probed	 that	 an	 increase	 of	 the	
deposition	rate	of	Al	in	CVD	processes	can	be	achieved	by	using	UV	light	at	room	temperature	while	
maintaining	 the	 selectivity	 of	 the	 deposition.122	 Moreover,	 this	 photoactivated	 CVD	 reaction	 is	
selective,	i.e.	patterned	surfaces	can	be	used	as	templates	for	metal	deposition.		

Deposition	of	a	 conducting	 interlayer	has	been	used	 to	protect	 the	organic	monolayer	 from	
direct	evaporation	of	a	metal	(Figure	18).	Examples	include	thin	spin-coated	films	of	the	conducting	
polymer	 poly(3,4-ethylenedioxythiophene)	 polystyrene	 sulfonate,	 PEDOT:PSS.	 This	 polymeric	 film	
avoided	the	formation	of	short-circuits	upon	deposition	of	gold	by	CVD.25,	123,	124	In	addition,	parasitic	
currents	 and	 crosstalk	 were	 prevented	 by	 processing	 within	 lithographically	 defined	 vertical	
interconnects.	Other	π-conjugated	undoped	polymers	have	also	been	successfully	used	as	interface	
layers	to	avoid	short-circuits	due	penetration	of	the	top	contact	electrode	through	the	monolayer.	
Large	 area	 molecular	 electronic	 devices	 (1	 mm2)	 prepared	 by	 deposition	 of	 poly[(m-
phenylenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene)],	PmPV,	with	a	Hg	top	contact	electrode	
resulted	 in	 a	 75%	 yield.125	 However,	 the	 resistance	 of	 the	 devices	 prepared	 using	 this	 conducting	
interlayer	 is	 significantly	 different	 to	 those	 of	 molecular	 junctions	 that	 do	 not	 incorporate	 the	
polymer	 interlayer123,	 126,	 127	 due	 to	 poor	 contact	 between	 the	 polymer	 and	 the	molecules	 in	 the	
monolayer.	 In	particular,	 the	conductance	of	molecular	devices	 incorporating	PEDOT:PSS	 is	 limited	
by	 the	 low	 vertical	 conductance	 of	 PEDOT:PSS	 itself.128	 Additionally,	 the	 yield	 of	 these	
metal|molecule|polymer|metal	devices	has	been	reported	to	be	dependent	on	the	type	of	isolating	
layer	 (photoresist	 or	 SiO2)25,	 127	 and	 also	 on	 the	 molecular	 contact	 groups	 (hydrophilic	 or	
hydrophobic).25		

	

	

Figure	18	Schematic	illustration	of	a	deposition	of	a	conducting	interlayer	to	protect	monolayer	from	
a	direct	deposition	of	a	metal.25	
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For	these	reasons,	the	concept	of	using	an	interconnect	between	the	top	metal	electrode	and	
the	monolayer	has	been	extended	to	other	materials.	Graphene-based	devices	have	shown	a	better	
electronic	 coupling	 between	 graphene	 and	 the	 molecules	 in	 the	 monolayer	 in	 comparison	 with	
equivalent	PEDOT:PSS	based	devices.129,	 130	 Importantly,	graphene,130	multilayered	graphene131	and	
reduced	graphene	oxide	(rGO)132	also	may	perform	as	the	top-contact	electrode	obviating	the	need	
for	an	additional	top	metal	contact.	Additionally,	solution-processed	reduced	graphene	oxide	(rGO)	
films133	and	 single	 carbon	nanotubes134	were	demonstrated	as	good	 interlayer	electronic	 contacts.	
Introduction	of	an	interlayer	of	electron	beam	deposited	silicon	(e-Si)135	or	carbon	(e-C)135	represents	
another	widely	used	methodology	 to	prevent	 filament	 formation	and	short-circuits	 in	direct	metal	
evaporation	 over	 the	 monolayer.	 For	 instance,	 this	 technique	 has	 been	 successfully	 used	 in	 the	
group	 of	 McCreery	 for	 the	 construction	 of	 carbon-based	 molecular	 junctions	 by	 grafting	 of	 a	
diazonium	salt	onto	a	pyrolyzed	photoresist	film	(PPF).	Then,	an	eC	top	contact	is	deposited	followed	
by	 evaporation	 of	 a	 thin	 layer	 of	 gold.	 These	 devices	 [PPF|molecular	 layer|eC|Au]	 have	 been	
demonstrated	 to	 result	 in	 high	 yield	 (>90%),	 good	 reproducibility,	 long	 cycle	 life	 and	 wide	
temperature	tolerance	in	addition	to	be	flexible	and	semi-transparent	if	the	appropriate	substrate	is	
used.136	

	

In	this	context	the	so-called	“all-carbon”	molecular	junctions	consisting	of	covalently	bonded	
oligomers	between	two	carbon	based	electrodes	(e.g.	fabricated	by	electron	beam	deposition)	have	
been	 demonstrated	 to	 provide	 contacts	 with	 equal	 work	 functions	 and	 sufficient	 optical	
transparency	 to	allow	 light	 transmission	 through	 the	molecular	 junction,	which	opens	 the	door	 to	
studies	 in	 the	 field	of	optomolecular	electronics.	Thus,	photocurrents	generated	by	 illumination	of	
carbon-based	molecular	 electronic	 devices	 have	 been	 recently	 investigated	 as	 diagnostics	 of	 how	
molecular	structure	and	orbital	energies	determine	the	electronic	behaviour	of	the	junction	(Figure	
19).137	 Focused	 electron	 beam	 induced	 deposition	 (FEBID)	 has	 been	 employed	 to	 fabricate	 top-
contact	 carbon	 electrodes	 without	 the	 need	 of	 resists	 nor	 masks;	 in	 addition,	 this	 methodology	
results	in	a	well-defined	location,	shape	and	size	of	the	C-FEBID	top	contact	electrode	as	defined	by	
the	path	of	the	e-beam.138	Conductive	protective	layers	made	of	commercially	available	carbon	paint	
have	also	been	reported	recently	as	conducting	interlayers	in	molecular	electronics.139	These	carbon	
paints	have	a	 series	of	advantages	 including	 their	ease	processability,	 low	contact	 resistance,	high	
stability	 of	 the	 junctions,	 good	 reproducibility	 and	 100%	 yield	 in	 non-shorting	 junction	 yields.	
Recently,	 an	 aluminium	 oxide	 (AlOx)	 layer	 was	 deposited	 by	 e-beam	 evaporation	 onto	 an	
electrografted	 monolayer	 to	 produce	 Au	 |	 eC	 |	 monolayer	 |	 AlOx	 |	 eC	 |	 Au	 devices,	 which	 are	
similar	 to	 an	 electrochemical	 cell	 but	 lacking	 ions,	 double	 layers,	 and	 solvent	 and	 involve	 only	 a	
single	 half	 reaction.140	 These	molecular	 junctions	 represent	 an	 excellent	 benchmark	 that	 not	 only	
provides	 kinetic	 information	 about	 electron	 donor−acceptor	 reactions,	 basic	 electron	 transfer	
reactions	underlying	electrochemistry,	and	electrostatic	effects	 in	organic	electronics,	but	also	may	
have	 applications	 in	 the	 production	 of	 memory	 devices,	 charge	 storage,	 and	 capacitors.	 Metallic	
nanoparticles	 deposited	 by	 soft	 methodologies	 have	 also	 been	 used	 to	 protect	 the	 underlying	
monolayer	 upon	 the	 evaporation	 of	 a	 metal	 layer.	 Thus,	 it	 is	 well-known	 that	 incubation	 of	 a	
monolayer	with	 the	appropriate	 top-anchor	group	 (e.g.	–SH,	 -NH2,	 -C≡C-H,	etc.)	 in	a	dispersion	of	
the	metallic	nanoparticles	results	in	formation	of	a	chemical	bond	between	the	nanoparticle	and	the	
molecules.58,	 59	 Subsequent	 evaporation	 of	 a	 metal	 results	 in	 the	 metallization	 of	 the	 film	 and	
completion	of	metal|monolayer|metal	junctions	with	high	yields	(up	to	95.5%).104	
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Figure	19	Carbon	electrode	deposited	on	top	of	the	monolayer	by	focused	electron	beam	induced	
deposition	to	form	‘all-carbon’	molecular	junctions.137		

Surface-diffusion-mediated	 deposition	 (SDMD)	 represents	 another	 alternative	 for	 the	
deposition	of	metallic	contacts	(e.g.	Au,	Pt	and	Cu)	onto	molecular	 layers	that	results	 in	good	yield	
(>90%)	and	reproducibility.141	In	this	“soft”	approach,	the	metal	is	not	directly	evaporated	onto	the	
monolayer	but	deposited	onto	a	 surface	adjacent	 to	and	ca.	50	nm	away	 from	the	monolayer.	An	
additional	 SiO2	 ‘overhang’	 fabricated	 above	 the	 monolayer	 protects	 the	 molecules	 from	 direct	
impingement	of	metal	atoms	and	source	radiation.	Subsequently,	the	surface	diffusion	of	the	metal	
adatoms	deposited	on	the	surface	adjacent	 to	 the	monolayer	causes	 the	migration	of	 these	metal	
atoms	toward	and	onto	the	molecular	layer,	albeit	this	methodology	has	a	significant	addressability	
problem.	

Atomic	 layer	deposition	(ALD)	 is	another	technique	used	for	the	metallization	of	monolayers	
of	organic	compounds	 in	 the	context	of	molecular	electronics	and	 it	 is	 considered	as	a	key	enable	
technology	for	future	(molecular)	electronic	devices	for	several	reasons:142-144	(i)	it	typically	proceeds	
at	 low	 temperature	using	metal-organic	 precursors	 under	 controlled	 conditions;	 (ii)	 ALD	 results	 in	
the	 formation	 of	 metal	 layers	 with	 chemical	 bonds	 to	 the	 organic	 molecules;	 (iii)	 formation	 of	
undesired	 intermediate	 compounds	 in	 the	 ALD	 chamber	 and	 their	 subsequent	 deposition	 on	 the	
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monolayer	surface	can	be	minimized	though	careful	control	of	the	experimental	conditions;	(iv)	the	
film	 thickness	 can	 be	 controlled	 at	 an	 Ångstrom	 or	 monolayer	 level	 since	 growth	 is	 truly	 atomic	
layer-by-layer	and	self-limiting,	which	results	in	extremely	smooth	films;	(v)	ALD	coating	is	conformal	
and	results	 in	a	pinhole-free	deposition;	(vi)	ALD	is	scalable	to	very	 large	substrates	and	to	parallel	
processing	of	multiple	substrates.	Successful	examples	of	ALD	deposition	onto	organic	monolayers	
can	be	found	in	the	literature.	For	instance,	Seitz	et	al.145	used	ALD	to	deposit	a	thin	layer	of	Cu	by	
from	 the	 precursor	 [Cu(sBu-amd)]2	 (sBu-amd	 =	 di-sec-butylacetamidinate).	 The	 thin	 Cu	 film	
deposited	 by	 ALD	 protects	 the	 SAM	 layer,	 opening	 the	 door	 to	 a	 subsequent	 deposition	 using	
traditional	methods	to	form	a	thicker	layer.	Park	et	al.144	studied	the	deposition	of	Ru	onto	organic	
monolayers	by	ALD	demonstrating	that	this	methodology	is	very	advantageous	in	fabricating	metal-
insulator-metal	tunnel	junctions	(MIMTJ).	

The	conventional	electrochemical	methods	applied	to	the	formation	of	metallic	deposits	onto	
monolayers	 often	 result	 in	 formation	 of	 clusters	 on	 the	 surface	 as	 well	 as	 metal	 entry	 into	 the	
monolayer	 or	 even	 penetration	 of	 the	 metal	 to	 the	 bottom	 electrode	 and	 formation	 of	 floating	
monolayers	 onto	 this	 new	 metal	 layer.146,	 147	 In	 some	 cases,	 bulky	 terminal	 groups	 have	 been	
demonstrated	 to	 reduce	 or	 prevent	 the	 metal	 penetration	 through	 the	 monolayer,	 and	 a	 few	
successful	examples	in	which	short-circuits	were	not	observed	have	been	described.148	For	instance,	
electrochemical	 deposition	 of	 palladium	 onto	 a	 pyridine-terminated	 monolayer	 has	 been	
achieved;149	 however,	 it	 should	 be	 noted	 that	 the	 metallic	 Pd	 was	 deposited	 in	 the	 form	 of	
nanoparticles	 across	 the	 surface	 rather	 than	 a	 homogeneous	 metal	 layer.	 In	 addition,	 both	
overpotential	 deposition	 (OPD)150	 and	 underpotential	 deposition	 (UPD)147,	 151	 of	 metals	 on	
monolayers	have	also	been	reported	to	result	in	short	circuits	since	the	metallic	film	formed	is	often	
accompanied	by	metallic	filaments.		

Despite	these,	in	general,	unsuccessful	attempts	to	use	electrochemistry	for	deposition	of	the	
top	 contact	 electrode,	 electroless	 deposition	 (ELD)	 has	 emerged	 as	 a	 complementary	 technique	
useful	to	achieve	a	full	metallic	coverage	of	the	surface	of	the	monolayer.	ELD	is	a	simple,	cheap	and	
soft	 method	 in	 which	 metallization	 occurs	 via	 the	 chemically	 promoted	 reduction	 of	 metal	 ions	
without	 application	 of	 any	 electrical	 current.152-155	 Since	 no	 external	 applied	 potential	 is	 required,	
ELD	is	fully	compatible	with	insulating	or	low-conductivity	monolayers	after	the	surface	is	activated	
with	some	“seeds”	that	catalyse	the	redox	process	of	the	ions	in	the	solution.	The	catalyst	decreases	
the	 activation	 energy	 of	 metal	 formation	 by	 acting	 as	 a	 temporary	 electron	 bridge	 between	 the	
metallic	precursor	and	the	reducing	agent.	Typical	 industrial	 surface	activation	processes	occur	via	
surface	treatment	with	stannous	chloride	and	subsequent	reduction	of	Pd2+	to	a	catalytic	state,	e.g.	
colloidal	Pd0,	by	Sn	ions	adsorbed	on	the	surface.156	However,	this	methodology	involves	the	use	of	
toxic	 tin	 compounds	 and	 several	 complex	 additives,	 surfactants,	 and	 other	 adsorption	 promoters.	
These	 reactants	 may	 contaminate	 the	 surface	 and	 have	 a	 non-negligible	 influence	 on	 the	 final	
electrical	properties	of	 the	 junctions.	To	avoid	these	problems,	metal	nanoparticles	or	nanoislands	
deposited	 onto	 the	 monolayer	 using	 any	 of	 the	 methodologies	 previously	 reported	 in	 this	
contribution	 (e.g.	 self-assembly	 methodologies	 and	 click	 chemistry58,	 59,	 155)	 can	 be	 used	 as	 the	
catalysts	 for	 a	 subsequent	 ELD.	Often	 these	methodologies	 result	 in	 a	 random	distribution	 of	 the	
nanoparticles,	that	may	also	have	an	influence	on	the	deposition	behaviour	as	well	as	on	the	deposit	
quality	and	does	not	allow	selective	deposition.		

Patterning	methods	such	as	photopatterning,	microcontact	printing	(MCP)	and	scanning	probe	
lithographies	can	be	used	 to	confer	spatial	 selectivity	 to	 the	“seeding”	step.157-160	Thus,	electroless	
nanowire	deposition	on	micropatterned	substrates	has	also	been	employed	to	address	the	growth	of	
metallic	 nanowires	 on	 the	 monolayer	 surface.161	 Additionally,	 ELD	 can	 also	 proceed	 without	 any	
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fixation	of	 the	surface	with	a	catalyst,152	e.g.	deposition	of	a	copper	 layer	onto	–COOH	terminated	
monolayers,	although	penetration	of	metallic	copper	 in	the	monolayer	has	been	reported.152-154,	 158	
Self-seeding	of	the	monolayer	with	Cu2+,	accompanied	by	the	formation	of		Cu2+-surface	complexes,	
has	successfully	resulted	in	a	good	control	the	morphology	of	the	deposit	without	penetration	of	the	
top-contact	 metal	 in	 the	 monolayer.154	 In	 addition,	 since	 this	 self-seeding	 Cu2+	 ELD	 method	 is	
chemically	 sensitive	 to	 the	 functionalization	 of	 the	 monolayer,	 patterned	 monolayers	 can	 be	
employed	as	templates	for	the	deposition	of	large	area	patterned	devices.154		

In	an	attempt	to	solve	the	problems	of	damage	of	the	monolayer	or	formation	of	short-circuits	
often	encountered	in	the	techniques	described	above,	soft	lithographic	contact	processes	have	been	
developed	and	explored	in	the	field	of	molecular	electronics.	 In	the	so-called	nanotransfer	printing	
(nTP)	 method	 the	 metallic	 top-contact	 electrode	 is	 transferred	 onto	 the	 monolayer	 by	 soft	
mechanical	 contact	 (without	 applied	pressure)	 from	elastomeric	 poly(dimethylsiloxane)	 (PDMS)	or	
perfluoropolyether	(PFPE)	stamps	incorporating	features	or	patterns	defined	by	a	master	substrate	
(Figure	 20).162,	 163	 The	 transference	 results	 from	 the	 strong	 chemical	 affinity	 between	 the	 metal	
contact	and	the	terminal	anchoring	group	present	in	the	monolayer;	for	instance,	a	thiol-terminated	
monolayer	 and	 a	 gold	 metal	 contact.163-165	 Therefore,	 in	 the	 nTP	 method	 the	 monolayer	 is	 not	
exposed	 to	 external	 chemical	 agents	 (etchants,	 sacrificial	 resists,	 developers	 or	 solvents)	 and	 the	
process	 occurs	 in	 ambient	 conditions.	 In	 addition,	 multiple	 devices	 can	 be	 fabricated	 in	 parallel	
(arrays	of	electrodes)	and	the	technique	is	potentially	scalable	resulting	in	permanent	and	device-to-
device	reproducible	molecular	junctions.	Finally,	the	size	and	shape	of	the	top	contact	electrode	are	
defined	by	 the	 feature	size	and	shape	 formed	on	 the	stamp,	and	not	by	other	 factors	 such	as	 the	
wavelength	of	light.	The	yield	of	the	devices	that	have	been	reported	in	the	literature	as	prepared	by	
the	nTP	technique	is	rather	variable.	For	instance,	Au|monolayer|GaAs	junctions	were	produced	by	
nTP	with	a	yield	larger	than	95%	yield.162,	166,	167	In	contrast,	Au|monolayer|Si	junctions	fabricated	by	
nTP	exhibited	a	yield	as	low	as	20%	accompanied	by	a	poor	electrical	behaviour.164	

	

	Figure	20	Schematic	illustration	of	the	nanotransfer	printing	(nTP)	procedure.162	

	

Lift-off	assisted	approaches	have	also	been	applied	in	molecular	electronics	for	the	fabrication	
of	 the	 top-contact	 electrode.	 In	 the	 “lift-off,	 float-on”,	 LOFO,	 technique,168	 a	 metallic	 film	 is	 first	
deposited	on	a	 solid	 substrate	and	 subsequently	 the	 substrate	 is	dissolved	 in	a	 liquid	media	 (“lift-	
off”);	the	metallic	film	is	then	floated-on	to	the	monolayer	deposited	onto	the	bottom	electrode,	in	a	
liquid-mediated	process	 (“float-on”).	An	 illustrative	example	of	the	LOFO	method	 is	 the	work	from	
Vilan	 et	 al.169	 who	 deposited	 tartaric	 acid	 derivatives	 by	 the	 self-assembly	 methodology	 onto	
GaAs(100).	 Gold	 dots,	 ca.	 0.5	 mm	 in	 diameter	 and	 60	 nm	 thick,	 were	 evaporated	 onto	 a	 glass	
substrate.	These	gold	dots	were	released	from	the	surface	by	immersion	of	the	gold-modified	glass	
substrate	in	a	solution	of	HF	in	acetonitrile;	subsequently,	water	was	added	to	increase	the	surface	
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tension,	to	allow	the	gold	dots	to	float.	The	GaAs	covered	by	the	organic	monolayer	of	tartaric	acid	is	
then	lifted	with	deposition	of	the	gold	dots	(top-electrode).	Finally,	the	samples	were	dried	at	60	–	
70	°C	in	a	vacuum	oven.	Other	bottom	electrodes	were	used	in	later	contributions	that	lead	to	Au-
monolayer-Si170	and	Au-monolayer-ZnO	junctions.171		

The	 LOFO	 method	 has	 a	 number	 of	 specific	 advantages	 over	 other	 methods.	 The	 LOFO	
method	 does	 not	 result	 in	 penetration	 of	 the	 top	 contact	 and	 it	 is	 appropriate	 for	 biomolecular	
electronics	since	the	LOFO	technique	does	not	rely	on	the	actual	chemical	binding	of	the	molecules	
to	the	top	contact	electrode,	and	the	monolayer	is	kept	wet	until	the	electrical	contact	takes	place	at	
(or	 very	 close	 to)	 room	 temperature.172	 However,	 there	 are	 severe	 drawbacks	 (roughening	 of	 the	
metallic	 film	during	 the	etching	process,	wrinkling	of	 the	metallic	 layer	upon	 the	 transfer	process,	
presence	of	air	gaps	between	the	monolayer	and	the	metallic	film	and	lower	molecular	contact	areas	
as	 compared	 to	 vapour-deposited	 contacts)	 that	 limit	 LOFO	methodology	 for	 further	 applications	
and	mass	production.168,	173-175		

Shimizu	 et	 al.176	 have	made	 a	 further	 improvement	 of	 the	 LOFO	method	 to	 overcome	 the	
wrinkling	 problem.	 The	 essence	 of	 the	 new	 method,	 known	 as	 polymer-assisted	 lift-off	 (PALO),	
combined	 concepts	 from	 LOFO	 and	 nTP	 methodologies.	 In	 the	 PALO	 technique,	 a	 hydrophobic	
polymer	 (e.g.,	 poly(methyl	 methacrylate)	 (PMMA)	 or	 poly(styrene))	 -	 that	 should	 have	 a	 high	
interfacial	energy	with	the	 lift-off	solvent	chosen	-	 is	used	as	a	backing	 layer	on	the	top	electrode,	
which	 renders	 the	metallic	 film	with	both	mechanical	 stability	 and	a	 thermodynamic	driving	 force	
that	avoids	wrinkling	of	 the	 contacts.	 The	PALO	method	has	 several	 advantages	 including,	parallel	
device	fabrication,	nanoscale	to	centimeter	device	sizes,	high-quality	metal	films,	and	non-damaging	
deposition	(yields	>90%).	Extensions	of	the	LOFO	and	PALO	methods	have	also	been	considered	for	
the	creation	of	many	junctions	simultaneously,	so	as	to	facilitate	collecting	meaningful	statistics	for	
I(J)	measurements	on	molecular	junctions.177	

5. Conclusion 
	

The	field	of	molecular	electronics	has	been	advanced	through	the	development	of	methods	for	the	
formation	 of	 single-molecule	 and	 ‘large-area’	 molecular	 junctions.	 Single-molecule	 junctions	 are	
almost	 ideal	objects	 for	 research	and	discovery,	 allowing	 transport	phenomena	 to	be	 studied	 free	
from	complications	arising	from	near-neighbour	effects	and	cross-talk	between	adjacent	molecules.	
However,	 the	 sensitivity	 of	 the	 transport	 properties	 of	 a	 single-molecule	 junction	 to	 molecular	
geometry	and	variation	in	electrode-molecule	contact	results	in	a	statistically	significant	variation	in	
electrical	 characteristics	 from	 junction	 to	 junction.	 Large-area	 junctions	 can	 allow	 an	 averaging	 of	
molecular	environment	and	more	consistent	electrical	response,	and	naturally	lend	more	readily	to	
technologically	 relevant	 device	 structures.	 The	 past	 decades	 have	 seen	 an	 intense	 body	 of	 work	
addresses	the	problems	of	reliably	creating	these	large	area	junctions,	both	as	experimental	objects	
for	 study	 and	 in	 the	 context	 of	 realising	 true	 electronic	 devices	 with	 functional	 molecular	
components.	 These	 techniques	 continue	 to	 be	 evolved,	 refined	 and	 optimised,	 and	 as	 the	
technologies	 for	 fabrication	of	 ‘large	 area’	 junctions	mature,	 and	 as	 these	methods	 are	 combined	
with	 the	 immense	 power	 of	 nanolithography	 developed	 within	 the	 conventional	 solid-state	
electronics	 industry,	 the	 field	 of	 molecular	 electronics	 cannot	 help	 but	 continue	 to	 reveal	 new	
fundamental	science	and	exciting	technological	opportunities.				
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