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ABSTRACT:	Surface	doping	of	graphene	with	redox-active	molecules	is	an	effective	approach	to	tune	its	electrical	properties,	
in	particular	for	application	as	transparent	electrodes.		Here	we	present	a	study	and	application	of	surface	n-doping	of	gra-
phene	 with	 the	 molecular	 reductant	 (pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene)ruthenium	 dimer	
([RuCp*Mes]2).	 Photoemission	 spectroscopy	 and	 carrier-transport	measurements	 are	 combined	 to	 investigate	doping-in-
duced	 changes	 in	the	electronic	 structure	 of	 the	 interface	 between	 graphene	 and	 phenyldi(pyren-2-yl)phosphine	 oxide	
(POPy2),	which	is	a	low-electron-affinity	material	that	has	been	used	as	an	electron-transport	layer	(ETL)	in	organic	light-
emitting	diodes.		Photoemission	and	Hall-voltage	measurements	confirm	the	n-doping	of	graphene.	Doping	with	1-2	nm	of	
[RuCp*Mes]2		reduces	the	graphene	work	function	by	1.8	eV	and	the	electron	injection	barrier	by	more	than	1	eV,		enhancing	
electron	injection	into		POPy2	by	several	orders	of	magnitude.	Graphene/POPy2/Al	diodes	with	doped	graphene	cathodes	ex-
hibit	reasonable	stability	both	in	nitrogen	and	air.	These	results	represent	a	significant	step	toward	the	use	of	graphene	as	a	
transparent	cathode	for	organic	devices	in	general	and	for	OLEDs	in	particular.

■	INTRODUCTION 
The	properties	of	transparent	conducting	electrodes	(TCE)	
are	 crucial	 to	 the	 design	 of	 state-of-the-art	 organic	 light-
emitting	 diodes	 (OLED).	 Three	main	 criteria	 are	 typically	
used	 to	 evaluate	 a	 TCE	 layer:	 low	 sheet	 resistance,	 high	
transmittance,	 and	proper	 energy	 alignment	 between	 the	
Fermi	level	of	the	electrode	and	the	frontier	orbitals	of	the	
organic	semiconductor	with	which	it	forms	an	interface.1	To	
date,	indium	tin	oxide	(ITO)	has	been	widely	used	as	a	TCE	
material	in	OLEDs,	due	to	its	exceptional	electrical	proper-
ties2	and	high	transparency.3	However,	ITO	is	expensive	and	
brittle,	and	thus	unsuitable	for	flexible	applications,	and	is	
known	to	release	indium	ions,	which	diffuse	into	the	active	
layers,	resulting	in	device	degradation.4	Moreover,	its	work	
function	(WF)	is	generally	suitable	for	use	as	an	anode,	but,	
at	least	without	further	modification,	not	as	a	cathode.	The	
mechanical	properties	and	transparency	of	single-	to	few-
layer	graphene	5	are	attractive	for	a	number	of	applications,	
including	the	TCE	of	flexible	OLEDs.5,6	However,	its	WF	(~	
4.5	eV)7,	like	that	of	ITO,	is	relatively	high	and	typically	un-
suitable	for	use	as	a	cathode	in	OLEDs.	In	general,	doping	is	
an	effective	method	to	circumvent	this	issue	and	manipulate	
the	electrical	properties	of	graphene	by	tuning	its	WF,	lead-
ing	to	higher	device	performance.6,8–14	In	addition,	the	rela-
tively	high	sheet	resistance	of	single-layer	graphene	(>	300	

W/sq)15,	compared	to	that	of	ITO	(10-20	W/sq),	could	be	re-
duced	 upon	 doping.6,8	 n-Doping	 of	 graphene	 has	 been	
achieved	via	 alkali	metal	deposition,16	 substitutional	dop-
ing,17,18	 alkali	 metal	 carbonates,19,20	 transition	 metals,21,22	
gases,23–25	and	molecular	doping.1,26–28	The	first	two	meth-
ods,	 which	 are	 the	 most	 common	 in	 graphene	 n-doping,	
however,	present	some	difficulties.	Alkali	metals	are	unsta-
ble	 in	 air,	 and	 their	 deposition	 on	 graphene	 is	 known	 to	
cause	damage,	leading	to	a	significant	reduction	in	carrier	
mobility.17,19,29	 In	 addition,	 alkali-metal	 ions	 may	 diffuse	
into	adjacent	organic	layers.	Substitutional	doping	requires	
high	 processing	 temperatures	 and,	 more	 importantly,	 in-
volves	covalent	bonding	of	the	dopant	to	graphene,	which	
perturbs	 the	 hexagonal	 carbon	 lattice	 and	 induces	 struc-
tural	and	electronic	distortions.30,31	 In	contrast,	doping	by	
adsorption	 of	 reducing	 organic	 and	 metal-organic	 mole-
cules	onto	the	graphene	sheet	preserves	the	structure	and	
is	less	perturbing	than	substitutional	doping.18	Such	mole-
cules	have	been	shown	to	be	adsorbed	onto	graphene	with-
out	forming	a	covalent	bond,	and	can	decrease	the	sheet	re-
sistance	with	minimal	impact	on	carrier	mobility.1,32	
The	molecular	reductant	2-(2-methoxyphenyl)-1,3-dime-

thyl-2,3-dihydro-1H-benzoimidazole	 (o-MeO-DMBI)	 has	
been	used	on	graphene	and	led	to	an	air-stable	decrease	of	
the	WF	 by	 0.70	 eV.33	 However,	 this	 decrease	 is	 generally	



 

insufficient	 for	 electron	 injection	 into	 transport	 material	
with	an	electron	affinity	(EA)	smaller	than	3	eV.34	Recently,	
organometallic	dimers	have	been	found	to	reduce	the	WF	of	
various	conducting	electrodes	effectively	by	either	deposi-
tion	 in	 vacuum	 or	 drop-casting	 from	 solu-
tion.28,35,36	Mansour	et	al.	reported	the	largest	reduction	in	
WF	(1.5	eV)	for	graphene	to	date	for	solution-based	doping	
using	 (pentamethylcyclopentadienyl)(1,3,5-trimethylben-
zene)ruthenium	dimer	([RuCp*Mes]2).1,37	 In	this	work,	we	
investigate	the	surface	doping	of	a	single	graphene	sheet	by	
deposition	of	[RuCp*Mes]2	(Figure	1b),	using	contact	poten-
tial	 difference	 (CPD),	 ultraviolet	 photoelectron	 spectros-
copy	(UPS),	and	Hall-effect	measurements.	We	show	here	a	
nearly	2	eV	decrease	of	the	graphene	WF	(from	4.5-4.8	eV	
to	2.6	eV),	resulting	in	part	from	a	surface	dipole	formed	by	
electron	 transfer	 from	 the	 dopant	 monomers	 to	 the	 gra-
phene,	and,	in	part,	from	an	upward	shift	of	the	Fermi	level	
into	the	graphene	conduction-band	states.	We	build	diodes	
that	 demonstrate	 improved	 electron	 injection	 from	 the	
doped	graphene	 into	the	 low	EA	electron-transport	mate-
rial	phenyldi(pyren-2-yl)phosphine	oxide	(POPy2,	EA	=	2.2	
eV)	 (Figure	1a).	This	 investigation	 allows	a	better	under-
standing	of	the	interface	between	graphene	and	an	organic	
layer,	and	of	the	potential	role	of	graphene	as	a	transparent	
electron-injection	contact	in	organic	devices.		

	

Figure	 1.	 (a)	 Chemical	 structure	 of	 	 POPy2	 and	 (b)	 chemical	
structure	 of	 [RuCp*Mes]2	 and	 its	 overall	 doping	 reaction	 to	
form	two	[RuCp*Mes]+	cations	and	to	release	two	electrons.	

■	EXPERIMENTAL SECTION 
Preparation	 of	 Graphene:	 Single	 layer	 graphene	 was	
grown	by	chemical	vapor	deposition	(CVD)	on	18	µm	thick	

copper	catalyst	 foil	and	cut	 into	6	×	4	cm2	samples.	These	
samples	were	transferred	to	a	Si/SiO2	(2.5	×	2.5	cm2	or	1	×	
1	cm2)	substrate	using	a	wet	transfer	process.	The	transfer	
of	graphene	from	the	copper	foil	was	done	using	poly(me-
thyl	 methacrylate)	 (PMMA),	 dissolved	 in	 chlorobenzene	
with	a	concentration	of	50	mg	ml–1.	The	PMMA	solution	was	
first	spin-coated	on	graphene/copper	foil	for	50	s	at	a	speed	
of	4500	rpm.	The	graphene/copper	 foil	was	 left	 in	air	 for	
one	 day	 to	 allow	 the	 drying	 of	 the	 PMMA.	 Then	 PMMA-
coated	graphene	was	etched	with	aqueous	solution	of	0.4	M	
FeCl3,	followed	by	rinsing	in	HCl	(32%).	The	graphene	was	
then	rinsed	 in	DI	water	and	transferred	onto	Si/SiO2	sub-
strate.	The	PMMA	was	then	removed	in	acetone	for	30	min.	
UPS	and	vacuum	Kelvin	probe	(Vac-KP):	The	dopant	

[RuCp*Mes]2	 was	 synthesized	 as	 previously	 described.38	
POPy2	(purity	>	99%)	was	purchased	 from	Luminescence	
Technology	and	used	as	received.	 [RuCp*Mes]2	and	POPy2	
layers	were	deposited	via	thermal	evaporation	under	ultra-
high	vacuum	(UHV,	base	pressure	less	than	1	x	10-9	Torr).	
Prior	 to	 the	 deposition	 of	 POPy2,	 the	 surface	 doped	 gra-
phene	 was	 activated	 with	 375	 nm	 photons	 (Thorlabs,	
M375L3	LED)	for	15	s.	The	n-doped	POPy2	films	were	co-
evaporated,	with	 host	 and	 dopant	 evaporation	 rates	 con-
trolled	by	quartz	crystal	microbalances.	The	doping	molar	
ratio	(mol%)	was	defined	as	the	percentage	of	dopant	mol-
ecules	per	total	number	of	host	molecules,	i.e.,	(N[RuCp*Mes]2/	
NPOPy2)	×	100%.	The	CPD	measurements	using	the	Vac-KP	
were	done	in	an	interconnected	chamber.	The	samples	were	
transferred	under	UHV	to	the	analysis	system	(p	<	5	x	10-10	
Torr),	and	measured	with	UPS	using	the	He	I	(hv	=	21.22	eV)	
photon	line	of	a	He	discharge	lamp.	For	each	UPS	spectrum,	
the	emission	features	due	to	satellite	line	excitations	of	the	
He	discharge	lamp	were	subtracted.	The	experimental	res-
olution	for	UPS	was	0.15	eV,	and	the	Fermi	level	reference	
in	UPS	was	determined	with	a	clean	Au	substrate.	
Hall-effect	 measurement:	 For	 Hall-effect	 measure-

ments,	the	surface-doped	graphene	samples	were	prepared	
in	a	thermal	evaporator	(Angstrom	Engineering,	Inc.)	con-
nected	to	a	glovebox	(O2	≤	0.1	ppm).	Aluminum	contacts	
were	 fabricated	 via	 evaporation	 through	 a	 shallow	mask.	
The	doped	graphene	films	were	encapsulated	in	the	glove-
box	with	epoxy	(LT-U001UV	Adhesive,	Lumtec)	to	mitigate	
the	effects	of	air	exposure.	Hall	effect	measurements	were	
performed	 at	 room	 temperature	 in	 air,	 using	 the	 van	der	
Pauw	method	with	a	reversible	sweep	of	magnetic	field	up	
to	 3600	 G.	 The	 changes	 in	 the	 transverse	 voltage	 were	
measured	with	DC	excitation	currents	of	0	mA,	-1	mA,	and	1	
mA.	Details	on	the	encapsulation,	calculation	of	carrier	den-
sity	and	calculation	of	Hall	mobility	are	shown	in	Support-
ing	Information.		
Field-effect transistor (FET)	measurement:	 The	 CVD-

grown	single-layer	graphene	was	transferred	onto	a	300	nm	
SiO2	on	Si	substrate.	100	nm	of	aluminum	was	evaporated	
on	top	with	a	shallow	mask	to	contact	the	graphene	as	drain	
and	source	electrodes.	The	dimension	of	the	graphene	FET	
channel	was	about	4	mm	x	4	mm.	The	backside	of	the	Si	sub-
strate	was	scratched	with	a	diamond	knife	 to	 remove	 the	
native	 oxide,	 followed	 by	 backside-metalization	 with	 in-
dium.	The	FET	with	doped	graphene	was	UV-activated	(375	
nm	OLEDs,	15	s)	and	measured	in	a	dark	box.	All	graphene	



 

FETs	were	fabricated	and	characterized	in	the	N2	glovebox	
with	O2	less	0.1	ppm.		

■	RESULTS AND DISCUSSION 
Changes	induced	by	evaporation	of	[RuCp*Mes]2	onto	a	gra-
phene	surface	were	first	evaluated	via	UPS.	The	secondary	
electron	cutoff	(SECO)	and	the	top	of	the	valence	band	are	
displayed	in	Figures	2a	and	2b,	respectively.	The	graphene	
WF,	 determined	 by	 linear	 extrapolation	 of	 the	 SECO,	 de-
creases	 from	4.45	 eV	 to	 2.62	 eV	with	 the	 deposition	 of	 a	
nominal	1	nm	layer	of	[RuCp*Mes]2.	The	top	of	the	valence	
band	undergoes	a	radical	change.	The	spectrum	of	the	as-
loaded	graphene	shows	 the	monotonic	decrease	expected	
from	the	graphene	density	of	state	close	to	EF.	In	contrast,	
the	spectrum	of	 the	doped	surface	shows	a	new	emission	
feature	extending	above	EF,	with	a	dip	around	-0.55	eV	at-
tributed	to	the	Dirac	point	(DP).	The	changes	in	UPS	spectra	
are	similar	to	those	observed	by	Paniagua	et	al.	when	dop-
ing	 graphene	 with	 the	 solution-deposited	 1,2,3,4,5-pen-
tamethylrhodocene	dimer,28	in	both	cases	indicating	a	shift	
of	EF	to	well	above	the	DP	due	to	the	filling	of	the	conduction	
band	states	by	electrons	transferred	from	the	dimeric	do-
pants.		
Ultra-violet	irradiation,	which	is	necessarily	present	dur-

ing	UPS	measurements,	may	contribute	to	the	photo-activa-
tion	of	the	doping	process,	as	previously	shown	by	Lin	et	al.	
in	the	case	of	n-doping	POPy2.39	In	order	to	gauge	the	impact	
of	 [RuCp*Mes]2	 on	 graphene	 without	 interference	 by	 UV	
photons,	we	investigated	the	graphene	WF	via	CPD	using	a	
Vac-KP,	 before	 and	 after	 irradiation	with	 an	 independent	
UV	source.	As	shown	in	Figure	3a,	the	UPS	and	CPD	meas-
urements	of	 the	as-loaded	graphene	show	different	 initial	
WFs,	presumably	due	to	the	effect	of	UV	on	graphene	sur-
face	contaminants.40	The	Vac-KP	CPD	measurements	show	
that	the	WF	of	as-loaded	graphene	decreases	without	pho-
toactivation	from	4.75	eV	to	3.50	eV	following	the	deposi-
tion	of	1	nm	[RuCp*Mes]2.	This	is	attributed	to	electron	do-
nation	by	a	fraction	of	the	[RuCp*Mes]2	dopants	to	easily	re-
duced	conduction	states	in	graphene.	Additional	doping	is	
achieved	with	 a	 15	 s	UV-activation	 (375	nm	LED),	which	
lowers	the	WF	from	3.50	eV	to	2.60	eV,	consistent	with	the	
value	obtained	from	UPS	where	the	measurement	inevita-
bly	involves	UV	irradiation.	
This	behavior	is	consistent	with	the	known	solution	dop-

ing	mechanism	for	[RuCp*Mes]2;	the	initial	step	is	an	exer-
gonic	to	moderately	endergonic	electron	transfer	from	the	
dimer	to	an	acceptor,	which	is	followed	by	cleavage	of	the	
resultant	dimer	cation,	[RuCp*Mes]2•+,	to	give	the	highly	re-
ducing	[RuCp*Mes]	monomer,	which	then	reduces	a	second	
acceptor,	 and	a	 [RuCp*Mes]+	 cation.41	The	 solution	oxida-
tion	potential	of	the	dimer	is	ca.	–1.0	V	vs.	ferrocene,	which	
corresponds	to	an	approximate	ionization	energy	(IE)	of	3.8	
eV,	 suggesting	 that	 initial	 electron	 transfer	 to	 graphene	
would	 be	 exergonic.	 However,	 as	 the	 extent	 of	 graphene	
doping	 increases,	 this	 electron	 transfer	 becomes	 increas-
ingly	endergonic	–	owing	to	the	upward	shift	in	EF,	the	in-
creased	 interface	 dipole,	 and	 cation-cation	 repulsions	 on	
the	surface	–	and	so	 the	 rate	of	 thermal	electron	 transfer	
from	dimer	to	acceptor	becomes	negligible.	However,	if	fur-
ther	doping	is	still	thermodynamically	viable	(the	effective	
redox	potential	of	the	dimer	is	ca.	–2.0	V,	equivalent	to	an	

effective	IE	of	ca.	2.8	eV),	photoirradiation	may	help	over-
come	the	kinetic	barrier.	In	the	present	system	(where	the	
graphene	 is	weakly	 absorbing),	 this	might	 occur	 through	
electron	 transfer	 from	 photoexcited	 [RuCp*Mes]2	 to	 the	
graphene	to	form	[RuCp*Mes]2•+	(with	subsequent	cleavage	
and	electron	transfer),	or	perhaps	from	cleavage	of	photo-
excited	 [RuCp*Mes]2	 (with	 subsequent	 electron	 transfers	
from	 the	 monomers	 to	 graphene).	 Similar	 photoinduced	
doping	has	been	seen	in	various	dimer:acceptor	systems,	in-
cluding	the	solution	reactions	of	other	dimers	with	various	
acceptors38,42	 and	 the	 solid-state	 doping	 of	 POPy2	 with	
[RuCp*Mes]2,39	although	the	dominant	pathways	 likely	 in-
volve	 dimer-to-photoexcited	 acceptor	 electron	 transfer	
and/or	(in	the	solid	state)	photoexcitation	of	dimer:accep-
tor	 charge-transfer	 complexes.	 In	 the	 case	 of	
[RuCp*Mes]2:POPy2,	photodoping	enables	metastable	dop-
ing	beyond	the	expected	thermodynamic	limit,	likely	due	to	
the	 barriers	 associated	 with	 rereduction	 and	 redimeriz-
eration	of	the	dopant	species.39		

	

Figure	2.	UPS	spectra	of	as-loaded	graphene	and	surface-doped	
graphene.	(a)	photoemission	cut-off	and	(b)	valence-band	re-
gion.		

When	 the	 UV-activated	 graphene	 film	 was	 kept	 in	 the	
dark	 under	 ultra-high	 vacuum	 (UHV,	 10-9	 Torr)	 and	 re-
measured	after	one	week,	a	0.4	eV	increase	in	WF	was	ob-
served.		Upon	re-activation	(15	s,	375	nm	LED),	the	WF	re-
covers	its	initial	photo-activated	value	(2.6	eV).	The	mecha-
nism	of	the	reversible	0.4	eV	increase	in	WF	during	the	week	
in	 the	 dark	 is	 not	 known	 at	 this	 point.	 However,	

(a)

(b)



 

contaminants	may	remove	the	highest-lying	electrons	from	
the	heavily	n-doped	graphene,	with	photoirradiation	lead-
ing	to	re-activation	and	doping	by	unreacted	dimers	on	the	
surface.	To	further	investigate	the	influence	of	the	amount	
of	 dopants	 on	 the	 graphene	 WF,	 Vac-KP	 measurements	
were	 performed	 before	 and	 after	 UV-activation	 upon	 in-
creasing	deposition	of	[RuCp*Mes]2	(Figure	3b).	The	WF	of	
non-activated	 samples	 decreases	 with	 increasing	 dopant	
deposition,	but	the	WF	following	activation	reaches	its	2.6	
eV	minimum	with	just	1	nm.	To	ensure	a	uniform	coverage	
by	the	dopant	layers	and	a	consistent	WF	after	activation,	
we	chose	a	nominal	deposition	of	2	nm	for	the	transport	and	
interface	measurements.		

 
Figure	3.	(a)	Change	in	work	function	of	graphene	upon	doping,	
determined	by	UPS	and	Vac-KP;	 (b)	change	 in	work	 function	
measured	via	Vac-KP,	before	and	after	UV-activation,	as	a	func-
tion	of	increasing	dopant	thickness.		

To	further	test	the	impact	of	surface	dopants	on	carrier	
type	and	density	in	the	graphene	film,	graphene	field-effect	
transistors	(GFETs)	were	built	and	current-voltage	charac-
teristics	measured,	with	both	as-loaded	and	surface-doped	
graphene.	Figure	4	shows	the	drain	current	IDS	measured	for	
a	constant	drain-source	voltage	VDS	=	100	mV	as	a	function	
of	 the	gate	voltage	applied	on	 the	backside	of	 the	Si/SiO2	
substrate.	 The	 GFETs	 with	 as-loaded	 graphene	 shows	 a	
small	positive	DP	voltage	at	about	12	V,	suggesting	a	p-type	
character	 of	 the	material	 exposed	 to	 air.	 The	 behavior	 is	
mainly	due	to	the	poly(methyl	methacrylate)	(PMMA)	resi-
due	on	the	surface	of	the	CVD	graphene	introduced	during	
transfer.43	The	defects	 caused	by	exposure	 to	oxygen	and	

moisture	as	well	as	the	coupling	to	the	SiO2	are	also	gener-
ally	found	to	result	 in	p-doping	in	graphene.40	As	a	result,	
the	minimum	conductivity	corresponding	to	the	DP	voltage	
is	shifted	to	positive	voltages	instead	of	being	around	0	V,	
consistent	with	several	previous	studies.1,44	In	contrast,	the	
graphene	 doped	 with	 a	 2	 nm	 film	 of	 dimers	 and	 UV-
activated	shows	a	clear	n-type	behavior	with	the	DP	voltage	
shifted	to	-30	V.	The	shift	 in	DP	voltage	is	consistent	with	
the	 transfer	of	 electrons	 from	 [RuCp*Mes]2	dimers	 to	 the	
graphene	layer.		

 
Figure	4.	Schematic	of	back	gate	GFETs	with	[RuCp*Mes]2	di-
mers	doping	on	the	surface	(top);	transfer	curve	of	as-loaded	
and	n-doped	GFETs	(bottom).		

Room	temperature	Hall-effect	measurements	were	per-
formed	on	as-loaded	and	n-doped	graphene	using	the	van	
der	Pauw	method.	Results	are	summarized	in	Table	1.	The	
sheet	resistance	(Rs)	of	as-loaded	graphene	prepared	in	our	
lab	 is	330	±	20	Ω/sq,	and	decreases	 to	245	Ω/sq	upon	n-
doping	with	the	2	nm	dimer	layer.	The	Hall-effect	measure-
ments	were	all	performed	in	air.	To	avoid	degradation	by	
oxygen	and	moisture,	 the	doped	graphene	 films	were	en-
capsulated	using	solvent-free	epoxy	(LT-U001UV	Adhesive,	
Lumtec),	which	was	confirmed	to	have	negligible	influence	
on	 the	electrical	properties	of	 graphene	 (Figure	S1	 in	 the	
Supporting	Information).	The	type	of	doping	is	determined	
through	the	sign	of	 the	Hall	voltage	(Table	1),	which	con-
firms	that	the	majority	carriers	switch	from	holes	to	elec-
trons	upon	doping,	in	agreement	with	the	negative	shift	of	
the	DPs	in	the	GFET	measurements.	Furthermore,	the	ma-
jority	carrier	density	increases	from	1.58	x	1013	cm-2	to	2.88	

(a)

(b)

VDP

VDP



 

x	1013	cm-2	upon	doping.	The	hole	mobility	in	the	as-loaded	
graphene	is	1200	cm2/Vs,	consistent	with	values	reported	
for	CVD	graphene.45	The	surface	doping	leads	to	a	slightly	
smaller	electron	mobility	to	890	cm2/Vs.	Mansour	et	al.	re-
ported	a	comparable	reduction	 in	Hall	mobility	when	few	
ayer	graphene	is	doped	with	[RuCp*Mes]2.1		The	transfer	of	
electrons	from	the	monomers	increases	the	carrier	density	
while	leaving	the	ionized	dopant	ions	on	the	surface	of	gra-
phene.	These	 ions	act	 as	 charged	 impurities,	which	 cause	
carrier	scattering	and	reduce	the	Hall	mobility.1	Yet,	despite	
the	 moderate	 decrease	 in	 carrier	 mobility,	 Rs	 is	 reduced	
overall	due	to	the	increase	in	carrier	density.		
	

Table	1.	Sheet	resistance,	Hall	voltage,	majority	carrier	
density	and	Hall	mobility	from	van	der	Pauw	and	Hall	
measurements.		

	 as-loaded		
graphene	

n-doped		
graphene	

Sheet	Resistance	(Ω/sq)	 330	 245	

Hall	Voltage	(V)	 +1.42	x	10-2	 -0.78	x	10-2	

Carrier	Density	(cm-2)	 1.58	x	1013	 2.88	x	1013	

Hall	Mobility	(cm2V-1s-1)	 1200	 890	

The	DC	excitation	current	is	1	mA,	and	the	magnetic	field	is	
3600	G.	

The	effectiveness	of	surface	n-doped	graphene	as	a	cath-
ode	for	electron	injection	in	organic	semiconductors	is	in-
vestigated	next,	via	electron	spectroscopy	to	determine	in-
terface	 energy-level	 alignment	 and	 current-voltage	meas-
urements	to	assess	electron	injection.	The	organic	semicon-
ductor	used	here	is	the	electron-transport	material	(ETM)	
POPy2.	 Secondary	 electron	 cutoff	 (SECO),	 valence-band	
spectra,	and	interface	energy-level	diagrams	are	shown	in	
Figure	5a-7a	for	pristine	and	doped	POPy2	on	as-loaded	and	
doped	graphene.		In	the	first	series	of	spectra	(POPy2	on	as-
loaded	graphene),	the	initial	graphene	WF	is	4.33	eV,	close	
to	the	value	of	4.45	eV	reported	in	Figure	3a.	The	deposition	
of	0.5	nm	POPy2	decreases	the	WF	by	about	0.38	eV,	an	ab-
rupt	shift	that	is	attributed	to	the	formation	of	an	interface	
dipole	with	its	positive	end	pointing	from	the	graphene	to-
wards	 the	 POPy2	 film,	 perhaps	 indicating	 that	 the	 P=O	
bonds	are	preferentially	oriented	towards	the	graphene.	In-
cremental	deposition	of	up	to	10.5	nm	of	POPy2	results	in	a	
further	decrease	of	WF	and	a	shift	of	the	POPy2	highest	oc-
cupied	molecular	orbital	 (HOMO)	 towards	higher	binding	
energy.	Over	this	thickness	range	(0.5	nm	to	10.5	nm),	both	
vacuum	 level	 (Evac)	 and	HOMO	 level	 shift	 by	 0.45	 eV	 and	
0.39	 eV,	 the	 latter	 indicating	 an	 upward	 molecular	 level	
bending	(≥	0.39	eV)	in	POPy2	near	the	interface.	Using	the	
POPy2	 transport	gap	of	3.69	eV	previously	determined	by	
UPS	and	inverse	photoemission	spectroscopy,39	the	full	en-
ergy	 diagram	 of	 the	 interface	 can	 be	 constructed	 (Figure	
5b).	Given	the	measured	HOMO	position	at	2.37	eV	below	EF	
on	the	10.5	nm	film,	the	transport	gap	and	the	0.39	eV	band	
bending,	 the	 POPy2	 lowest	 unoccupied	 molecular	 orbital	
(LUMO)	is	estimated	to	be	at	~1.71	eV	above	the	graphene	

Fermi	level,	thus	establishing	the	electron-injection	barrier.	
This	 considerable	 barrier	 height	 is	 expected,	 since	 POPy2	
has	a	very	low	EA	of	2.20	eV39	and	the	as-loaded	graphene	
has	a	WF	of	~	4.33	eV.	

 
Figure	5.	(a)	Evolution	of	UPS	photoemission	onset	and	valence	
states	as	a	function	of	POPy2	deposited	on	as-loaded	graphene.	
(b)	Energy-level	alignment	at	the	interface	between	as-loaded	
graphene	and	POPy2,	as	determined	from	UPS	spectra.		

Similar	measurements	 conducted	 on	 POPy2/doped	 gra-
phene	interfaces	reveal	a	different	evolution.	In	agreement	
with	 the	 data	 of	 Figure	 2,	 the	WF	 of	 graphene	 decreases	
from	 4.35	 eV	 to	 2.61	 eV	 with	 the	 deposition	 of	 2	 nm	 of	
[RuCp*Mes]2	 followed	 by	 UV	 activation.	 Upon	 sequential	
deposition	 of	 pristine	 POPy2,	 the	 WF	 slowly	 increases,	
reaching	a	 final	value	of	3.03	eV	 for	a	10	nm	thick	POPy2	
film,	while	the	HOMO	level	shifts	by	about	0.34	eV	toward	
lower	binding	energy	(Figure	6a).	The	energy-level	diagram	
of	the	interface	is	given	in	Figure	6b.	The	Fermi	level	at	the	
surface	of	the	organic	film	is	now	0.83	eV	below	the	LUMO,	
while	 the	 effective	 electron-injection	 barrier	 at	 the	
POPy2/doped-graphene	 interface	 is	 reduced	 to	 0.49	 eV,	 a	
drastic	reduction	with	respect	to	the	previous	case.	Surface	



 

doping	of	the	graphene	sheet	appears	therefore	to	be	quite	
effective	for	changing	the	energy-level	alignments	at	the	in-
terface.	This	will	be	 confirmed	below	with	electron-injec-
tion	measurements.		

 
Figure	6.	(a)	Evolution	of	UPS	photoemission	onset	and	valence	
states	 as	 a	 function	of	 POPy2	deposited	on	 graphene	 surface	
doped	with	2	nm	[RuCp*Mes]2.	(b)	Energy-level	alignment	at	
the	 interface	 between	 doped	 graphene	 and	 POPy2,	 as	 deter-
mined	from	UPS	spectra.	The	1.74	eV	reduction	in	graphene	WF	
upon	surface	doping	is	the	sum	of	two	contributions,	the	sur-
face	dipole	and	the	upward	shift	of	the	Fermi	level.		

Another	 frequently	 employed	 strategy	 to	 improve	 elec-
tron	injection	in	OLEDs	is	to	dope	the	ETL	itself,39,46		to	re-
duce	interface	barriers,	enhance	bulk	conductivity	and	fill	
deep	traps	in	the	band	gap.47,48	Therefore,	in	order	to	assess	
the	differences	between	bulk	and	interfacial	doping	in	the	
POPy2/graphene	 system,	we	 also	 investigated	 the	 energy	
level	alignment	between	as-loaded	graphene	and	n-doped	
POPy2.	The	UPS	spectra	of	graphene	covered	by	incremental	
amounts	of	POPy2	doped	with	[RuCp*Mes]2	(10	mol%	+	UV	
activation)	 are	 shown	 in	Figure	7a.	 The	doping	 ratio	was	
chosen	based	on	the	optimal	value	reported	in	our	previous	

work.39	The	as-loaded	graphene	exhibits	a	WF	of	4.35	eV.	
The	first	deposition	of	n-doped	POPy2	(0.5	nm)	reduces	the	
WF	to	2.98	eV	by	setting	up	an	interface	dipole,	i.e.	a	partial	
electron	transfer	from	the	low	work-function	doped	semi-
conductor	to	the	graphene.	This	is	followed	by	a	more	pro-
gressive	reduction	down	to	2.54	eV	for	a	film	thickness	of	
10	nm,	a	value	that	is	in	excellent	agreement	with	the	WF	
determined	by	Xin	et	al.	on	similarly	doped	POPy2.39	The	va-
lence	spectra	also	show	new	features	between	-3.0	and	-0.5	
eV	below	EF,	which	are	likely	due	to	the	reduced	POPy2	spe-
cies	stablized	by	proximity	to	[RuCp*Mes]+	cations.	A	linear	
estimation	of	the	POPy2	IE	(HOMO	onset)	yields	a	0.37	eV	
HOMO	edge	shift	to	higher	binding	energy	as	the	film	thick-
ness	increases	from	0.5	nm	to	10	nm.	The	Fermi	level	of	the	
10	nm	doped	POPy2	film	is	3.37	eV	above	the	HOMO	onset,	
which	places	it	0.32	eV	below	the	LUMO	onset.	As	deduced	
from	the	shift	of	the	POPy2	HOMO	edge,	there	is	an	upward	
molecular-level	 bending	 of	 about	 0.37	 eV	 at	 the	 interface	
with	graphene,	and	the	effective	electron-injection	barrier	
is	estimated	to	be	about	0.69	eV	(Figure	7b).		

	

Figure	7.	(a)	Evolution	of	UPS	photoemission	onset	and	valence	
states	as	a	function	of	10	mol%	bulk	doped	POPy2	deposited	on	



 

as-loaded	graphene.	(b)	Energy	level	alignment	at	the	interface	
between	as-loaded	graphene	and	doped	POPy2,	as	determined	
from	UPS	spectra.		

The	UPS	results	indicate	that	surface	doping	significantly	
reduces	 the	WF	of	 graphene	 and	 changes	 the	POPy2/gra-
phene	 interface	 energetics,	 resulting	 in	 an	 electron-injec-
tion	barrier	of	0.49	eV.	Bulk	doping	in	POPy2,	on	the	other	
hand,	 reduces	 the	 barrier	 height	 only	 to	 0.69	 eV,	 but	 in-
creases	the	bulk	conductivity	of	the	POPy2	layer.39	To	gain	
insight	into	the	best	option	for	electron	injection	enhance-
ment	compared	to	the	undoped	POPy2/as-loaded	graphene	
system,	we	examine	the	current	density	-	voltage	(J-V)	char-
acteristics	 of	 three	 diodes:	 (1)	 as-loaded	 gra-
phene/POPy2/Al;	(2)	surface	doped	graphene:[RuCp*Mes]2	
(2	 nm)/POPy2/Al,	 and	 (3)	 as-loaded	 grphene/POPy2:	
[RuCp*Mes]2	 (10	 mol%)/Al.	 The	 thickness	 of	 the	 POPy2	
layer	is	chosen	to	be	200	nm	to	mitigate	potential	issues	due	
to	the	nonuniformity	of	the	film	and	leakage	current	in	the	
diode.	The	 three	device	 structures	 and	 corresponding	 J-V	
characteristics	are	shown	in	Figure	8a,b.	As	expected,	diode	
(1)	shows	nearly	symmetric	J-V	characteristics,	with	a	low	
current	density	of	the	order	of	10-3	mA/cm2	at	+5	V.	Poor	
electron	injection	from	both	Al	and	graphene	is	consistent	
with	large	injection	barriers	at	both	electrodes.	In	contrast,	

diode	(2)	exhibits	asymmetric	J-V	characteristics,	with	sig-
nificantly	 higher	 current	 density	when	 the	 sample	 bias	 –	
positive	bias	on	the	top	Al	electrode	–	corresponds	to	elec-
tron	injection	from	the	surface-doped	graphene	(Figure	8a).		
The	current	at	4	or	5	V	is	more	than	three	orders	of	magni-
tude	larger	in	diode	(2)	than	diode	(1),	consistent	with	the	
barrier	lowering	reported	above.		Diode	(3)	gives	the	largest	
electron	 current	 in	 both	 bias	 directions.	 Bulk	 doping	 in	
POPy2	reduces	 injection	barriers	at	both	Al	and	as-loaded	
graphene	 interfaces,	 and	 also	 dramatically	 increases	 the	
POPy2	 conductivity,	 as	 reported	by	Xin	 et	 al.39	 The	 asym-
metry	in	diode	(3),	in	which	the	current	injected	in	the	diode	
from	the	top	Al	contact	at	V	=	-1	to	-2	V	is	lower	than	that	
from	the	graphene	under	comparable	positive	bias,	is	pre-
sumably	due	to	the	reactive	Al/POPy2	interface.	
Electron	transport	and	n-doping	in	organic	semiconduc-

tors	exposed	 to	air	are	usually	degraded	by	electron	 trap	
states	generated	by	oxygen	and	related	complexes.	These	
states	are	typically	around	4	eV	below	vacuum	level,	below	
the	electron-transport	level	(LUMO)	of	many	organic	semi-
conductors.	 	 Materials	 specifically	 designed	 for	 air-stable	
electron	transport	have	an	EA	larger	than	ca.	4	eV,	placing	
the	electron-transport	level	at	or	below	oxygen-related	trap	
states.	This	is	clearly	not	the	case	for	POPy2		(EA	=	2.2	eV),	

(a) (b)

(d)(c)

(1)

(2) (3)

Figure	 8.	 (a)	 schematics	 of	 three	 diode	 structures:	 (1)	 as-loaded	 graphene/POPy2/Al,	 (2)	 surface	 doped	 gra-
phene:[RuCp*Mes]2(2	nm)/POPy2/Al,	and	(3)	as-loaded	graphene/POPy2:[RuCp*Mes]2(10	mol%)/Al;	(b)	J-V	characteristics	
of	three	diodes;	(c)-(d)	stability	test	on	diode	(2)	and	diode	(3),	measured	after	24	h	in	glovebox	(GB),	12	h	in	air,	and	24	h	in	
air.	In	each	case	the	sign	of	the	voltage	corresponds	to	the	polarity	of	the	top	Al	electrode.	



 

and	n-doping	of	this	material	is,	therefore,	bound	to	be	con-
siderably	reduced	by	exposure	to	ambient	conditions.	Here	
we	investigate	the	relative	air	stability	of	diodes	(2)	and	(3),	
in	which	the	graphene	electrode	and	of	the	POPy2	layer,	re-
spectively,	are	doped.		We	measure	the	changes	in	J-V	char-
acteristics	of	the	two	devices	placed	in	N2	glovebox	(O2	≤	
0.1	ppm)	or	ambient	environment	for	up	to	48	h.		Exposure	
to	N2	in	the	glovebox	for	24	h	has	negligible	impact	on	the	J-
V	characteristics	of	both	diode	(2)	and	diode	(3),	as	can	be	
seen	from	Figures	8c,d.	Upon	air	exposure	of	diode	(2)	for	
12	h	and	48	h,	however,	the	electron	current	injected	from	
the	surface-doped	graphene	(V>0,	Figure	8c)	is	reduced	by	
factors	of	2.9	and	7.6,	respectively.	Yet,	the	current	density	
after	 48	 h	 in	 air	 is	 still	 at	 least	 two	 orders-of-magnitude	
larger	than	in	the	undoped	diode	(1),	showing	moderate	air	
stability.	In	contrast,	diode	(3)	exhibits	significantly	less	sta-
bility	when	exposed	to	air,	with	electron	current	densities	
injected	 from	both	 contacts	 decreasing	 by	 two	 orders-of-
magnitude	after	12	h.	This	difference	in	air-stability	likely	
originates	with	the	different	diode	structures.	In	diode	(2),	
the	200	nm	POPy2	 layer	 covers	 the	 [RuCp*Mes]2	 dopants	
deposited	on	 the	graphene	surface	and	the	resultant	 low-
WF	material,	and	works	as	a	protective	encapsulation	layer.	
Even	though	oxygen	penetration	at	 the	 top	of	 the	organic	
layer	 contributes	 to	 some	 electron	 trapping,	 the	
POPy2/doped	graphene	interface	is	mostly	preserved.	In	di-
ode	(3),	the	doped	POPy2	layer	is	unprotected,	oxygen	and	
related	complexes	penetrate	the	layer,	reduce	the	density	of	
“free”	electrons	introduced	by	doping,	and	decrease	the	cur-
rent	density.	Although	both	diode	structures	show	degrada-
tion	under	air	exposure,	they	stay	reasonably	stable	in	inert	
atmosphere	 (N2).	 In	practice,	OLEDs	will	 be	 encapsulated	
properly,	and	the	results	presented	above	suggest	that	de-
vices	with	 [RuCp*Mes]2	 doped	 graphene	 cathode	 or	 bulk	
doped	 ETL	 should	 demonstrate	 reasonable	 performance	
stability	in	ambient	environment.		

■	CONCLUSION 
In	this	work,	we	demonstrated	the	effective	reduction	of	the	
electron-injection	barrier	between	a	single-layer	graphene	
cathode	and	a	very	 low-electron-affinity	organic	electron-
transport	 material,	 POPy2,	 via	 surface	 doping	 of	 the	 gra-
phene	layer.	The	graphene	work	function	is	reduced	from	
4.5	eV	to	a	remarkably	low	value	of	2.6	eV	upon	deposition	
of	 1	 nm	 of	 the	molecular	 reductant	 [RuCp*Mes]2		 and	 UV	
photoactivation,	 which	 enhances	 the	 electron-donation	
process.	 	This	reduction	owes	to	the	formation	of	a	dipole	
between	ionized	dopants	and	graphene,	as	well	as	to	the	up-
ward	shift	of	the	Fermi	level	above	the	Dirac	point	reflecting	
an	increase	in	the	free	electron	density	of	graphene.	Photo-
emission	 spectroscopy,	 contact-potential	 measurements,	
and	Hall-effect	measurements	confirm	the	dopant-induced	
changes	in	the	electronic	properties	of	the	graphene	layer.	
The	effectiveness	of	electron	injection	from	the	low-work-
function	 surface-doped	 graphene	 is	 demonstrated	with	 a	
series	 graphene/POPy2/Al	 diodes	 comprising	 either	 un-
doped	 graphene	 and	 POPy2,	 surface-doped	 graphene,	 or	
bulk-doped	POPy2.	The	 latter	 two	devices	 show	orders	of	
magnitude	increases	in	electron	current.	Finally,	the	device	
with	surface	doped	graphene,	which	ensures	more	effective	

protection	of	the	doped	area,	show	reasonable	ambient	sta-
bility.			
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