
Graphene	based	HTL	
	 Material	 Device	Structure	 PCE	 Used	as	 Ref.	

GO	 ITO/GO/P3HT:PCBM	 3.6%	 HTL	 ACS	Nano	(2010),	4,	3169	
	

pr-GO	 ITO/pr-GO/P3HT:PCBM/Ca/Al	 3.63	 HTL	 Adv.	Mater.	(2011),	23,	4923	

GO-
SWCNTs(1:0.2)	

ITO/GO:SWCNTs/P3HT:PCBM/Ca/Al	 4.10	 HTL	 Adv.	Energy	Mater.	(2011),	1,	1052	
	

GO	&	CO-Cs	 ITO/GO/P3HT:PCBM/GO-Cs/Al	 3.67	 HTL	&	ETL	 Adv.	Mater.	(2012),	24,	2228	

GO	&	Au	NPs	 ITO/GO/Au_NPs/P3HT:PCBM/Al	 2.9	 HTL	 Nanoscale,	2013,	5,	4144	GO	&	Au	NPs	 ITO/GO/Au_NPs/P3HT:PCBM/Al	 2.9	 HTL	 Nanoscale	(2013),	5,	4144	

•  The	 plasmonic	 GO-based	 devices	 exhibited	 a	
performance	enhancement	by	30%	compared	to	
the	devices	using	the	tradi-onal	PEDOT:PSS	layer.		

•  They	 preserved	 50%	 of	 their	 ini-al	 PCE	 aper	45	
hrs	 of	 conInuous	 illuminaIon,	 contrary	 to	 the	
PEDOT:PSS-based	ones	that	die	aVer	20	hrs	

•  Main	reasonè	Stability	improvement	

GO-Cl	 ITO/GO-Cl/PCDTBT:PCBM/TiOx/Al	 6.56	 HTL	 Nanoscale	(2014),	6,	6925	



Photovoltaic	Devices		-	GO	replacing	PEDOT	
	

		
HTL	 Voc	(V)	

Jsc	
(mA	cm−2)	 FF	(%)	 PCE	(%)	

ITO	only	 0.42	 6.51	 42.5	 1.16	

PEDOT:PSS	 0.60	 9.15	 51.7	 2.86	

GO	(2.0	nm)	 0.43	 6.65	 36.2	 1.04	

GO	(2.6	nm)	 0.54	 9.04	 43.8	 2.09	

GO	(4.3	nm)	 0.60	 9.59	 50.7	 2.90	

	GO	(5.2	nm)	 0.60	 8.02	 44.1	 2.12	

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

 

 

Voltage (V)

 ITO only
 PEDOT-PSS
 GO (4.6 nm)

Nanoscale	(2013),	5,	4144-4150	



GO	replacing	PEDOT	–	Stability	enhancement	
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•  The	devices	with	GO	as	the	HTL	preserve	more	than	50%	of	their	ini-al	efficiency	
aper	45	hrs	of	con-nuous	illumina-on	

•  The	PEDOT:PSS	based	devices	die	aper	20	hrs	

Nanoscale	(2013),	5,	4144-4150	



Combining	Plasmonics	with	Graphene	
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•  The	 plasmonic	 GO-based	 devices	 exhibited	 a	
performance	 enhancement	 by	 30%	 compared	 to	 the	
devices	using	the	tradi-onal	PEDOT:PSS	layer.		

•  They	preserved	50%	of	their	ini-al	PCE	aper	45	hrs	of	
con-nuous	 illumina-on,	 contrary	 to	 the	 PEDOT:PSS-
based	ones	that	die	aper	20	hrs	

Nanoscale	(2013),	5,	4144-4150	



Doped	GO	replacing	PEDOT	
	

•  R2r	 compa-ble	 photochemical	 method	 for	 the	 simultaneously	
par-al	 reduc-on	 and	 doping	 of	GO	films	 through	 ultraviolet	 laser	
irradia-on	in	the	presence	of	Cl2	precursor	gas		

•  Photochlorina-on	à	graping	of	chloride	to	the	edges	and	the	basal	
plane	of	GO		

•  Tailoring	of	the	GO	work-func-on	from	4.9	eV	to	a	maximum	value	
of	5.23	eV.	

Nanoscale	(2014),	6,	6925-6931	



§  OPVs	with	GO-Cl	as	the	hole	transpor-ng	layer	(HTL)	
were	demonstrated	with	power	conversion	efficiency	
(PCE)	of	6.56	%	
ü  >14.1	than	GO	based	OPVs	
ü  >	15.7	%	than	PEDOT:PSS	based	OPVs	

§  The	performance	enhancement	was	aiributed	to	more	
efficient	hole	transportaIon	due	to	the	energy	levels	
matching	between	the	GO-Cl	and	the	polymer	donor.	

Doped	GO	replacing	PEDOT	
	

Nanoscale	(2014),	6,	6925-6931	



Total time for functionalization:  ~ 2 hours !!!!  

The	Photochemical	Synthesis	
(Laser	assisted)	

Advanced	Op+cal	Materials	2015,	5,	658-666		
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Chemically	func+onalized	GO-EDNB	 Jsc	(mA/cm2)	
Voc	
	(V)	

FF		
(%)	

PCE		
(%)	

ITO/PEDOT:PSS/P3HT/Al	 0.04	 0.40	 28	 0.004	

ITO/PEDOT:PSS/P3HT:GO-EDNB	(5%)/Al	 2.90	 0.67	 32	 0.62	

ITO/PEDOT:PSS/P3HT:GO-EDNB(10%)/Al	 3.32	 0.72	 40	 0.96	

ITO/PEDOT:PSS/P3HT:GO-EDNB(15%)/Al	 1.78	 0.76	 28	 0.38	

Photochemically	func+onalized	LGO-EDNB	

ITO/PEDOT:PSS/PCDTBT:GO-EDNB(5%)/Al	 1.99	 1.1	 25	 0.55	

ITO/PEDOT:PSS/PCDTBT:GO-EDNB(10%)/Al	 3.98	 1.09	 31	 1.34	

ITO/PEDOT:PSS/PCDTBT:GO-EDNB(20%)/Al	 5.29	 1.17	 39	 2.41	

ITO/PEDOT:PSS/PCDTBT:GO-EDNB(30%)/Al	 2.91	 1.12	 29	 0.95	



Private	and	confiden-al	

Graphene-based	acceptor	replacing	PCBM	
	
ü  In	 summary,	 a	photochemical	 route	 for	 the	 facile	 synthesis	 of	 tunable	bandgap	graphene-based	

deriva-ves	GO,	through	controlled	laser	irradia-on	in	liquid	phase		
	

ü  The	 technique	 enables	 bandgap	 tunability	 of	 the	
graphene	deriva-ves		

ü  Reduces	the	reac-on	-me	
ü  PCE	 of	 2.42%,	 the	 highest	 PCE	 for	 graphene-based	

electron	acceptors	to	date	

Advanced	Op+cal	Materials	(2015),	5,	658-666	



Private	and	confiden-al	

2D	Materials-based	addi+ves	in	ternary	OPVs	
	



Private	and	confiden-al	

2D	Materials-based	addi+ves	in	ternary	OPVs	
	



Private	and	confiden-al	

2D	Materials-based	addi+ves	in	ternary	OPVs	
	



Drain	

Source	 Gate	

Back-gated	GO	
FET	on	PET	

fs Laser 

Post-fabrication in-situ reduction of GO-based electronic devices 

In collaboration with T. D. Anthopoulos, ICL and  
G. Eda, NUS  
 
C.	Petridis	et	al.,	Appl.	Phys.	LeL.	102,	093115	(2013)	



Solution: Chemical modification of reduced GO 



Func@onal	unit,	
	liquid	phase	

UV Laser 

Photochemical functionalization of GO from liquid phase 

2 



Photochemical doping of GO from gas phase 

Dopant,	gas	phase	

UV Laser 3 



In situ laser doping of GO-FETs  

Cl-doping: p-type  N-doping: n-type  



Cl and N Doping: Pulsed laser irradiation in precursor gas 

3 

E.	Stratakis	et	al.	Nanoscale,	(2014),	DOI:	10.1039/C4NR01539H	
K.	Savva	et.al.	Journal	of	Materials	Chemistry	C	(2014)	

Irradiation in Cl2 Irradiation in NH3 



Cl and N Doping: Pulsed laser irradiation in precursor gas 
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Private	and	confiden-al	

From	lab-cells	to	mass	produc+on	

�  A proposed means to lower the cost of producing flexible displays in a 
high-volume manufacturing environment by taking advantage of a 
unique attribute of flexible substrates relative to the traditional glass 
substrate	



Functional  
Ink 

 
Plastic Substrate 

 
Solar Cells 

→ → 

“inks”	----	with		
electronic	funcIonality!		

The	Dream	

Prin+ng	solar	cells	



Recent	research	output	
Research	Output	
(2012)	Nanoscale,	4,	3069	
(2012)	Carbon,	50,	5554	
(2012)	ACS	Appl	Mater	&	Interfaces,	4,	4864	
(2012)	Nanoscale,	4,	7452	
(2013)	Advanced	FuncIonal	Materials,	23,	2742	
(2013)	Nanoscale,	5,	4144	
(2013)	Materials	Today,	16,	133	
(2013)	Advanced	Materials,	25,	4760		
(2014)	ACS	Applied	Materials	&	Interfaces,	6,	388				
(2014)	Small,	10,	2398-2403	
(2014)	Chem	Comm,	50,	5285	[2014	Emerging	Inves-gators	Issue]	
(2014)	Nanoscale,	6,	6925	
(2014)	J.	Materials	Chemistry	C,	2,	5931	
(2014)	Journal	of	Colloid	And	Interface	Science,	430,	108	
(2014)	Chemistry	of	Materials,	26,	5988	
(2014)		Applied	Physics	Le?ers,	105,	203104	
(2015)	Adv.	Funct.	Mater.	25,	2213	[Front	cover	page]	
(2015)	Adv.	Opt.	Mater.	5,	658	[Front	cover	page]	
(2015)	Adv.	Funct.	Mater.	25,	5,	3870	
(2015)	ACS	Photonics,	2,	714	
(2015)	RSC	Advances,	5,	53604	
(2015)	ChemNanoMat,	5,	346-352	[Front	cover	page]	
(2015)	ACS	Applied	Materials	&	Interfaces,	7,	32,	17756-17764	
(2015)	Nanoscale,	7,	17827-17835	
(2016)	Journal	of	Materials	Chemistry	A,	4,	1020-1027	
(2016)	Advanced	Energy	Materials,	6,	2,	1501640	
(2016)	Sol.	Energ.	Mater.	Sol.	Cells,	10.1016/j.solmat.2016.01.003	
(2016)	Advanced	FuncIonal	Materials,	26,	16,	2686-2694	
(2016)	Journal	of	Materials	Chemistry	A,	4,	1612-1623	
(2016)	Nanoscale	Horizons,	10.1039/C5NH00089K	
(2016)	Materials	Today,	10.1016/j.maiod.2016.03.01	

Ø  In	situ	laser	photochemical	reduc-on	of	graphene	oxide	

for	use	as	the	transparent	electrode	in	flexible	OPVs	

Ø  Chemical	func-onaliza-on	of	graphene	oxide	for	use	as	

the	electron	acceptor	or	as	addi-ves	in	OPVs	

Ø  Combina-on	of	graphene	oxide	with	metal	nanopar-cles	

for	use	as	the	buffer	layer	in	OPVs	

Ø  Field	emission	cathodes	based	on	polymer-graphene	and	

polymer-WS2	nanotubes	electrodes	

Ø  Post	fabrica-on	laser	assisted	reduc-on	of	GO	based	FETs	

Center	of	Advanced	Materials	&	Photonics	
h?p://nano.teicrete.gr	

83	publica-ons	
4.100	cita-ons		

475,18	Impact	points		
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Erasmus	LLP	Organic	Electronics	&	Applica+ons		

•  Design	and	Construc+on	of	the	curriculum	of	a	two	year	MSc	joined	
degree	in	the	modern	field	of	organic	semiconductors	



Erasmus	LLP	Organic	Electronics	&	Applica+ons		
hip://orea.chania.teicrete.gr		



Erasmus LLP Organic Electronics & Applications - OREA   

Objec-ve	

The	 main	 objec-ve	 of	 the	 Life	 Long	 Learning	 (LLP)	 Erasmus	 Project	

“Organic	Electronics	&	Applica-ons”	–	OREA	is	the	development	of	a	MSc	

curriculum	 in	 the	 field	 of	 Organic	 Electronics.	 In	 this	 project	 there	 is	

synergy	between	Universi-es,	Research	Ins-tu-ons	and	Enterprises	



TEI	of	CRETE	

The	 objec-ves	 of	 this	 Erasmus	 Plus	 KA2	 Strategic	
Partnerships	for	Higher	Educa-on	en-tled	Electronics	
Beyond	Silicon	Era	are	the	followings:	
-	 Introduce	 to	 students	 &	 academics	 the	 modern	
trends	of	electronics		
-  Strengthen	 the	 collabora-on	 and	 interac-on	 of	

students	and	academics	in	Europe		
-  Inspire	 the	 first	 year	 postgraduate	 student’s	

research		
-  Trigger	 the	 introduc-on	 of	 modern	 educa-onal	

curricula	in	the	field	of	Electronic	Engineering			
	

Partners	
•  University	of	Crete	–	GR	
•  New	University	of	Lisbon	–	PT		
•  University	of	Bucharest	–	RO	
•  University	of	Warsaw	–	PL	
•  École	des	Mines	St	E+enne	–	FR	
•  TEI	of	Crete	–	GR		

Forthcoming	Event	
Intensive	Course	in	Transparent	&	Flexible	Electronics	
Chania,	Crete,	GR,		9-14	October	2016	

Intellectual	Outputs	
Educa+onal	Programs	for	final	year	undergraduate	&	
first	year	postgraduate	students	in	
•  Organic	Electronics	
•  Transparent	&	Flexible	Electronics	
•  Bioelectronics	
•  Nanoelectronics	
•  Spintronics	

Info:	hLps://elbysier.chania.teicrete.gr/	



Special	achievements	

•  Design	and	Construc+on	of	the	curriculum	of	a	two	year	MSc	joined	
degree	in	the	modern	field	of	organic	semiconductors	

•  Graphene	Flagship	funding	and	deputy	leader	in	the	work	package	
of	energy	in	the	EU's	biggest	research	ini+a+ve	ever.				

•  Other	na-onal	and	interna-onal	funds	



Center of Advanced Materials & Photonics 
http://nano.teicrete.gr/ 
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Nanomaterials	&	Organic	Electronics	Group	
Prof.	Emmanuel	Kymakis	

Collaborators 
Dr. Emmanuel Stratakis, Ultrafast Laser Micro- and Nano- processing 

group of IESL of FORTH 
Prof. T. Anthopoulos, Physics Department Imperial College London 

Dr. Ioanna Zergioti – Assistant Professor NTUA  



Thank	you	for	you	afen+on!!!	




