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Abstract	

In	 this	 thesis,	 I	 report	 on	 the	 characterisation	 of	 the	 response	 of	 organic	 semiconductor	 based	

devices,	namely	organic	light-emitting	diodes	(OLEDs),	organic	field-effect	transistors	(OFETs)	and	

organic	photovoltaic	diodes	(OPVDs)	to	environmental	stress	factors	such	as	electrostatic	discharge	

(ESD)	and	neutrons	irradiation.	The	ESD	stress	was	obtained	by	means	of	a	transmission	line-pulsing	

(TLP),	responsible	to	generate	current	pulses	with	an	increasing	amplitude	and	a	duration	of	few	

tens	of	nanoseconds.	The	exposure	to	neutron	irradiation	was	obtained	in	the	pulsed	neutron	and	

muon	source	at	ISIS	part	of	the	Rutherford	Appleton	Laboratories	(RAL).	The	tested	devices	were:	

P3HT	 (poly(3-hexylthiophene)):PCBM	 ([6,6]-	 phenyl	 C61	 butyric	 acid	 methyl	 ester)	 bulk	

heterojunction	solar	cells;	PBTTT	 (poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-	b]thiophene)	

and	P3HT	OFETs;	F8BT	(poly(9,9'-dioctylfluorene-alt-benzothiadiazole))	OLEDs.	An	analysis	of	both	

electrical	(IV	and	JV	curves,	Electroluminescence	(EL))	and	optical	(photoluminescence	(PL),	Raman	

Spectroscopy)	characteristics	of	tested	devices	prior	and	following	the	exposure	to	various	degrees	

of	ESD,	neutron	irradiation	or	both	is	reported.	For	each	tested	device	I	obtained	the	respective	TLP	

parameters	 (the	 leakage	 current	 (ILEAK),	 the	 TLP	 current	 (ITLP),	 the	 TLP	 voltage	 (VTLP),	 the	 TLP	

resistance	 (RTLP))	 and	 the	 correlation	 of	 these	 with	 parameters	 extracted	 by	 means	 of	 their	

electrical/optical	characterisation,	namely:	(i)	the	charge	mobility,	the	threshold	voltage	(VTH)	and	

the	on/off	ratio	of	OFETs;	(ii)	the	current	density	(Jsc),	the	open-circuit	voltage	(Voc),	the	fill	factor	

(FF)	and	the	power	conversion	efficiency	(η)	of	OPVs;	 (iii)	 the	turn-on	voltage	(Von),	 the	external	

quantum	efficiency	(EQE)	and	the	EL	maximum	wavelength	emission	(λmax)	of	OLEDs.		

Importantly,	 the	 activity	 carried	 out	 in	 this	 thesis	 gives	 novel	 insights	 about	 the	 response	 of	

conjugated	polymer-based	devices	with	respect	to	the	stressing	stimuli	(ESD	events,	cosmic	rays)	

they	are	exposed	to	in	their	most	suitable	application	fields	(space,	medicine,	robotics),	such	as	the	

energy	necessary	to	cause	a	total	or	partial	failure	during	ESD	events,	the	requirements	necessary	

to	design	electrical	protections,	the	expected	loss	of	device	figures	after	a	decade	of	exposure	to	

cosmic	 rays.	 Interestingly,	 the	 results	 in	 this	 thesis	 reported	point	out,	 in	most	of	 the	 cases,	 an	

excellent	robustness	of	these	devices	to	both	ESD	and	cosmic	rays	stress.	In	fact,	whilst	technology	

silicon-based	is	found	to	suffer	a	permanent	failure	in	most	of	the	cases	for	an	applied	TLP	power	

lower	 than	 400	W,	 polymer-based	 technology	was	 found	 to	withstand	 up	 to	 800	W	 (OPVs	 and	

OLEDs)	without	suffering	permanent	damages.	As	regards	the	stress	correlated	to	the	same	dose	of	
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neutrons	 irradiation,	 optoelectronic	 devices	based	on	 inorganic	 semiconductors	 suffer	 of	 a	 90%	

reduction	 of	 their	 figures	 of	merit	 (JSC,	h),	 whilst	 the	 same	 figures	 are	 reduced	 of	 only	 20%	 in	

polymer-based	devices.		

Although	previous	works	are	reported	in	literature,	the	work	reported	in	this	thesis,	at	the	best	of	

my	knowledge,	is	the	first	work	reporting	a	systematic	quantitative	TLP	characterisation	of	organic	

devices	along	with	a	qualitative	description	of	 the	effects	on	 the	organic	materials	within	 these	

devices	 because	 of	 the	 conditions	 imposed	 by	 the	 TLP	 test	 (high-frequency,	 high-voltage).	

Therefore,	this	thesis	opens	a	new	scenario	proposing	an	investigating	tool	aimed	both	at	measuring	

parameters	useful	for	the	design	of	the	devices	and	at	highlighting	organic	materials	properties	that	

can	lead	organic	electronics	to	gain	its	definitive	momentum.	

	 	



	 7	

Contents	

Acknowledgments	.......................................................................................................................	4	

Abstract	......................................................................................................................................	5	

Contents	......................................................................................................................................	7	

List	of	Figures	............................................................................................................................	10	

List	of	Tables	.............................................................................................................................	17	

List	of	Publications	....................................................................................................................	19	

List	of	Abbreviations	..................................................................................................................	20	

Introduction	..............................................................................................................................	24	

Aims	of	the	work	................................................................................................................................	25	

Overview	of	the	thesis	........................................................................................................................	26	

1.	 Organic	Optoelectronic	Devices	and	Environmental	Features	............................................	28	

1.1	 Conjugated	polymers	.............................................................................................................	28	

	 Solitons,	polarons	and	excitations	in	CPs	..................................................................................	31	

	 Optical	properties	of	CPs	...........................................................................................................	34	

1.2	 Optoelectronic	devices	...........................................................................................................	36	

	 Organic	photovoltaics	(OPVs)	....................................................................................................	36	

	 Organic	light-emitting	devices	(OLEDs)	.....................................................................................	42	

	 Organic	Field-Effect	Transistors	(OFETs)	....................................................................................	45	

1.3	 Electrostatic	Discharge	(ESD)	..................................................................................................	50	

	 Transmission-Line	Pulse	.............................................................................................................	50	

1.4	 Neutron	scattering	based	technique	......................................................................................	59	

	 Neutrons	features	......................................................................................................................	59	

	 Neutron	sources	........................................................................................................................	60	

	 Neutron	Irradiation	....................................................................................................................	61	

2.	 Material	and	methods	.......................................................................................................	63	

2.1	 P3HT,	PCBM,	PBTTT	and	F8BT	................................................................................................	63	

2.2	 Solar	cells	fabrication	and	characterisation	............................................................................	64	

	 Solar	cells	electrical	characterisation	........................................................................................	65	



	 8	

2.3	 Organic	transistors	fabrication	and	characterisation	..............................................................	66	

	 OFETs	electrical	characterisation	...............................................................................................	67	

2.4	 Organic	light-emitting	diodes	(LEDs)	fabrication	preparation	and	electrical	characterisation	

procedures	.........................................................................................................................................	68	

OLEDs	electrical	characterisation	...........................................................................................................	68	

2.5	 TLP	devices	characterisation	..................................................................................................	69	

2.6	 Optical	Characterisation	.........................................................................................................	69	

	 PL	and	absorption	spectra	.........................................................................................................	69	

	 Raman	Spectra	...........................................................................................................................	70	

2.7	 Neutron	aging	exposure	.........................................................................................................	72	

3.	 TLP	Experimental	Results	...................................................................................................	74	

3.1	 TLP	test	on	P3HT:PCBM	OPVs	.................................................................................................	76	

	 TLP	test	results	...........................................................................................................................	76	

	 OPV	Parameters	........................................................................................................................	80	

	 PL	spectra	..................................................................................................................................	84	

	 Effect	of	Voc	bias	on	samples	robustness	to	TLP	stress	..............................................................	85	

	 Conclusions	................................................................................................................................	88	

3.2	 TLP	test	on	P3HT	and	PBTTT	OFETs	.........................................................................................	89	

	 OFETs	pristine	electrical	parameters	.........................................................................................	91	

	 P3HT	pristine	samples	electrical	parameters	..................................................................................	91	
	 PBTTT-OFETs	pristine	electrical	parameters	...................................................................................	91	

	 TLP	results	on	P3HT	OFETs	........................................................................................................	94	

	 P3HT	Positive	Drain-Gate	TLP-test	(DGpos)	....................................................................................	94	
	 P3HT	Negative	drain-gate	TLP	test	(DGneg)	...................................................................................	95	
	 P3HT	Drain-Source	TLP	test	............................................................................................................	97	

3.2.2.3.1	 Positive	Drain-Source-no	Gate	bias	(DSpos)	..............................................................................	98	
3.2.2.3.2	 Negative	Drain-source-no	bias	(DSneg)	...................................................................................	101	
3.2.2.3.3	 Positive	Drain-source-Vg	bias	10	V	(DSpos10Vgbias)	...............................................................	106	
3.2.2.3.4	 Negative	Drain-source-Vg	bias	10	V	(DSneg10Vgbias)	..............................................................	108	
3.2.2.3.5	 Positive	Drain-source-Vg	bias	-20	(DSpos-20Vgbias)	................................................................	112	
3.2.2.3.6	 Negative	Drain-source-Vg	bias	-20V	(DSneg-20Vgbias)	............................................................	115	
3.2.2.3.7	 Reduced	TLP-stress	DSpos	test	................................................................................................	119	

	 Raman	spectra	of	the	TLP	tested	P3HT	OFETs	..............................................................................	122	
	 Discussion	over	the	Drain-Source	TLP	test	results	of	P3HT	OFETs	................................................	126	

	 TLP	results	on	PBTTT	OFETs	.....................................................................................................	130	

	 PBTTT	Drain-Gate	TLP-tests	..........................................................................................................	130	



	 9	

	 PBTTT	Drain-Source	TLP	test	.........................................................................................................	130	
3.2.3.2.1	 Positive	Drain-source-no	gate	bias	(DSpos)	.............................................................................	130	
3.2.3.2.2	 Negative	Drain-Source-no	gate	bias	(DSNeg)	...........................................................................	133	
3.2.3.2.3	 Positive	Drain-source-Vg	bias	10	V	(DSpos10Vgbias)	................................................................	137	
3.2.3.2.4	 Negative	Drain-source-Vg	bias	10	V	(DSneg10Vgbias)	..............................................................	140	
3.2.3.2.5	 Positive	Drain-source-Vg	bias	-20	(DSpos-20Vgbias)	................................................................	144	
3.2.3.2.6	 Negative	Drain-source-Vg	bias	-20V	(DSneg-20Vgbias)	............................................................	148	

	 Raman	spectra	of	the	TLP	tested	PBTTT	OFETs	............................................................................	151	
	 Discussion	over	Drain	Source	TLP	tests	.........................................................................................	154	

	 Conclusions	..............................................................................................................................	157	

3.3	 TLP	test	on	F8BT	OLEDs	.........................................................................................................	159	

	 OLED	Parameters	.....................................................................................................................	159	

	 TLP	test	results	.........................................................................................................................	163	

	 Discussion	of	the	results	of		F8BT	after	TLP	tests	....................................................................	168	

	 Conclusions	..............................................................................................................................	169	

3.4	 Chapter	Conclusions	..............................................................................................................	170	

4.	 Neutron	Aging	of	OPVs	and	OFETs	...................................................................................	172	

4.1	 ESD	effects	over	P3HT	neutron	aged	OFETs	...........................................................................	173	

	 OFET	parameters	.....................................................................................................................	173	

	 TLP	results	................................................................................................................................	176	

	 Raman	Investigations	..............................................................................................................	179	

	 Discussion	................................................................................................................................	182	

	 Conclusions	..............................................................................................................................	183	

4.2	 The	aging	effect	on	P3HT:PCBM	solar	cells	............................................................................	184	

	 Neutron	aging	in	operando	conditions	....................................................................................	185	

	 Discussion	................................................................................................................................	189	

	 Conclusions	..............................................................................................................................	189	

4.3	 Chapter	Conclusions	..............................................................................................................	190	

5.	 Summary	and	Conclusions	...............................................................................................	192	

Bibliography	............................................................................................................................	197	

	

	 	



	 10	

List	of	Figures	

Figure	1-1:	(a)	Representation	of	the	three	hybridized	sp2	and	the	non-hybridized	pz	orbitals.	(b)	The	σ	interaction	

between	the	hybridized	sp2	orbitals.	(c)	Alternate	π-bonds	in	PA,	originating	from	the	lateral	overlap	between	

non-hybridised	pz	orbitals.	(d)	The	whole	conjugated	structure	of	trans-polyacetylene.	Taken	from	[5].	........	30	

Figure	1-2:	(a)	Scheme	of	the	sp2	hybridization	in	an	ethylene	molecule.	Taken	from	[44].	(b)	Scheme	of	the	energy	

splitting	of	2pz	orbitals	into	a	bonding	and	an	antibonding	orbital.	From	an	increase	of	the	CH2	units,	energy	

levels	are	lead	into	a	degeneration	resulting	in	two	quasi-continuous	bands,	namely	the	highest	occupied	

molecular	orbital	(HOMO)	and	the	lowest	unoccupied	molecular	orbital	(LUMO).	.........................................	30	

Figure	1-3:	The	effects	of	so-called	Peierls	distortions	on	the	periodicity	and	the	Fermi	points	of	trans-polyacetylene,	

from	a	undimerised	(metallic)	form	(a)	to	a	dimerised	one	(b).	.......................................................................	31	

Figure	1-4:	a)	The	midgap	introduced	by	excess	of	charges	into	trans-polyacetylene;	b)	an	empty	positive	soliton;	c)	

a	neutral	soliton	that	can	be	characterised	either	by	an	electron	having	a	downward	or	upward	spin;	d)	a	

doubly	negative	soliton.	Taken	from	[46].	......................................................................................................	32	

Figure	1-5:	Formation	of	positive	bipolarons,	positive	polarons,	negative	polarons	and	negative	bipolarons	upon	

occupation	of	polaron	states	by	electrons.	.....................................................................................................	33	

Figure	1-6:	(a)	A	triplet,	characterised	by	the	electron	and	the	hole	having	parallel	spins,	(b)	a	singlet	characterised	

by	the	electron	and	the	hole	having	antiparallel	spins.	...................................................................................	34	

Figure	1-7:	Jablonski	diagram:	S0,	S1	and	S2	are	the	ground	state,	the	first	and	second	excited	state	respectively.	T1	

indicates	a	triplet	state.	Radiative	decays	are	represented	with	solid	lines	whilst	non-radiative	decays	with	

dashed	lines.	Taken	from	[53].	.......................................................................................................................	35	

Figure	1-8.	Simplified	mechanism	of	OPV	exciton	dissociation.	Taken	from	[63].	.....................................................	37	

Figure	1-9:	(a)	The	general	structure	of	an	OPV.	(b)	The	direct	structure	normally	used	to	build		P3HT:PCBM	BHJ	

OPVs.	Taken	from	[68].	...................................................................................................................................	38	

Figure	1-10:	(a)	The	occurring	charge	splitting	and	electrodes	collection	taking	place	in	a	BHJ	P3HT:PCBM	OPV.	In	

order	to	be	split	into	free	charges,	the	exciton	has	to	diffuse	at	the	electron-donor/electron	acceptor	interface	

within	its	lifetime.	Once	split,	charges	travel	through	electrodes	favoured	by	the	built-in	field	due	to	the	

energy	band	configuration.	Taken	from	[45].	(b)	The	proper	HOMO-LUMO	donor-acceptor	level	matching	to	

obtain	charge	splitting	upon	photo-excitation.	...............................................................................................	38	

Figure	1-11:	The	JV	curves	of	a	solar	cell	under	illumination	conditions	(black	line)	and	in	dark	conditions	(dashed	

line).	The	JSC,	the	Voc	and	the	Pmax	points	are	highlighted.	Adapted	from	[69]	..................................................	39	

Figure	1-12:	The	equivalent	circuit	of	a	solar	cell	.....................................................................................................	41	

Figure	1-13:	the	structure	of	a	OLED	(a)	and	the	hole	transporting	layer	(HTL)	PEDOT:PSS	(b).	Taken	from	[42]	.......	42	

Figure	1-14:	Injection	and	recombination	of	charges	in	OLEDs	and	subsequent	photon	emission.	Taken	from	[63]	..	42	

Figure	1-15:	The	EL	vs	voltage	(a)	and	the	JLV	graph	(b)	of	a	F8BT	OLED	built	for	the	purposes	of	this	thesis.	The	EL	

spectra	was	collected	by	applying	a	9	V	bias	between	the	anode	and	the	cathode.	........................................	45	



	 11	

Figure	1-16:	The	generic	structure	of	a	OFET:	two	upper	metallic	contacts	act	as	drain	and	source	contacts;	an	

extended	gate	contact,	usually	obtained	by	heavy	n-doping	of	Si,	located	on	the	bottom	of	the	device;	a	

dielectric	layer	located	in	the	middle	of	the	structure	and	electrically	isolating	the	gate	contact	from	the	upper	

contacts;	a	semiconductor	layer	deposited	at	the	top	of	the	whole	structure	and	immerging	the	drain	and	the	

source	contacts.	.............................................................................................................................................	46	

Figure	1-17:	The	output	characteristics	(a)	and	the	transfer	characteristics	(b)	of	a	PBTTT	OFET	featuring	a	channel	

length	of	20	µm.	The	VGS	used	as	parameter	in	the	output	curves	was	ranging	between	0	V	and	-80	V	according	

an	increasing	step	of	-20	V.	The	VDS	in	the	transfer	characteristics	was	ranging	between	-20	V	and	-80	V	with	

an	increasing	step	of	-60	V	..............................................................................................................................	47	

Figure	1-18:	The	IDS
0.5	vs	VGS	graph	of	a	OFET	built	for	the	purposes	of	this	thesis	used	to	extract	both	VTH	and	µ	.....	49	

Figure	1-19:	(a)	The	circuit	of	the	human	body	model	(HBM).	Adapted	from	[102].	(b)	The	current	pulse	generated	

upon	an	ESD	discharge	according	to	the	HBM	(www.circuitcellar.com).	.........................................................	51	

Figure	1-20:	a)	The	modelled	HBM	pulse	and	the	real	applied	TLP	pulse	shape,	occurring	approximately	within	

100	ns(www.edn.com)	b)	The	sequence	of	amplitude-increasing	TLP-generated	pulses	over	the	DUT.	Taken	

from[105]	.......................................................................................................................................................	52	

Figure	1-21:	A	simplified	circuit	of	a	TLP	line.	Adapted	from	[98]	.............................................................................	52	

Figure	1-22:	The	ITLP	vs	VTLP	graph	of	a	PBTTT	TLP	tested	OFET	..................................................................................	54	

Figure	1-23:	Two	possible	post	first	trigger	point	(VBD	in	the	graphs)	response	to	TLP	stress	by	devices	undergoing	

HMB-like	pulses:	a)	junction-breakdown	like;	b)	snapback	region.	Adapted	from[101]	...................................	56	

Figure	1-24:	a)	A	complete	TLP	graph	of	a	PBTTT	OFET	tested	device	according	the	DSpos	configuration.	b)	the	DC	

test	performed	before	and	after	a	TLP	test	on	a	PBTTT	OFET	tested	according	the	DSpos	configuration.	........	58	

Figure	2-1:	the	chemical	structures	of:	a)	P3HT;b)PCBM;	c)PBTTT;	d)	F8BT.	..............................................................	63	

Figure	2-2:	a)	The	structure	of	the	solar	cells	obtained	by	using	the	OSSILA	substrates.	These	devices	are	provided	of	

8	pixels	that	feature	an	active	area	of	4.5	mm2.	b)	The	band	diagram	of	the	material	involved	into	the	

P3HT:PCBM	BHJ	cells.	.....................................................................................................................................	65	

Figure	2-3:	Top-view	of	the	Fraunhofer	IPMS	OFETs	substrate	(15	mm	x	15	mm)	(a),	of	a	single	10	µm	channel	length	

transistor	(b)	and	of	the	cross	section	of	a	single	film	transistor	(c)	obtained	via	deposition	of	P3HT	onto	the	

interdigitated	substrates.	Transistors	are	organised	according	to	their	channel	length.	..................................	66	

Figure	2-4:	One	of	the	F8BT	encapsulated	OLED	used	for	the	studies	in	this	thesis	reported.	...................................	68	

Figure	2-5:	The	energy	profile	of	neutron	flux	in	the	VESUVIO	beamline	and	in	the	ISS.	Taken	from	[10].	................	72	

Figure	3-1:	The	TLP	curves	measured	according	to	the	positive	applied	pulses	(a)	and	negative	applied	pulses	(b).	In	

both	graphs	the	curves	measured	under	illumination	and	in	dark	conditions	are	reported.	............................	79	

Figure	3-2:	RTLP	of	samples	stressed	with	positive	(a)	and	negative	(b)	pulses.	..........................................................	79	

Figure	3-3:	The	JV	curves	of	the	cells	before	and	after	the	positive	TLP	stress.	On	the	right	(a)	the	cells	that	were	in	

dark	conditions	during	the	TLP	and	on	the	left	(b)	those	kept	under	illumination	during	the	TLP	test.	In	the	

insets,	the	JV	curves	of	the	cells	in	dark	conditions.	........................................................................................	80	

Figure	3-4:	the	JV	curves	of	the	cells	before	and	after	the	negative	applied	pulses,	for	both	the	cases	in	which	the	

devices	were	illuminated	and	not.	..................................................................................................................	83	

Figure	3-5:	Normalised	photoluminescence	and	absorption	spectra	of	TLP	stressed	devices.	...................................	84	



	 12	

Figure	3-6.	The	TLP	graphs	of	Voc-biased	solar	cells	(a)	in	which	the	behaviour	is	similar	regardless	of	the	pulse	

polarity.	(b)	The	graph	of	the	behaviour	of	the	RTLP	in	both	cases	is	reported.	.................................................	87	

Figure	3-7:	the	JV	graphs	of	pixels	tested	before	and	after	the	TLP	test	carried	out	in	correspondence	of	an	applied	

VAC	bias	equal	to	Voc	.and	for	both	pulse	polarities.	........................................................................................	88	

Figure	3-8:	The	Output	characteristics	and	the	transfer	characteristics	of	the	20	µm,	of	the	10	µm	and	of	the	5	µm	

channel	length	P3HT	OFETs.	...........................................................................................................................	92	

Figure	3-9.	The	Output	characteristics	and	the	transfer	characteristics	of	the	20	µm,	of	the	10	µm	and	of	the	5	µm	

channel	length	PBTTT	OFETs.	..........................................................................................................................	93	

Figure	3-10:	The	results	of	a	DGpos	TLP	test	on	a	10-µm	channel	length	transistor	(a).	The	failure	occurs	for	an	

applied	voltage	across	the	terminals	of	315	V,	corresponding	to	a	current	flowing	through	these	of	0.09	A.	...	95	

Figure	3-11:	The	TLP	results	of	a	10-µm	channel	length	transistor	carried	out	in	DGneg	mode	(a).	The	post	TLP	DC	

test	of	a	20-µm	(b),	the	behaviour	of	the	IDS	seemingly	does	not	change	after	the	TLP	test.	Representative	for	

all	cases.	.........................................................................................................................................................	96	

Figure	3-12:	The	output	characteristics	of	a	10-µm	channel	length	transistor	before	(a)	and	after	(b)	the	TLP	test	and	

the	transfer	characteristics	of	the	same	transistor	before	(c)	and	after	(d)	the	TLP	test.	.................................	96	

Figure	3-13:	the	TLP	results	of	a	5-µm	channel	length	transistor	carried	out	in	DSpos	mode.	On	the	right	ordinate,	

the	ITLP	values	whilst	on	the	left	one	the	PTLP	are	reported.	In	the	inset,	the	ILEAK	graph	is	shown.	....................	99	

Figure	3-14:	The	effect	of	the	channel	length	on	the	trigger	voltage	in	DSpos	mode	tested	devices.	It	is	possible	to	

see	how	the	trigger	point	is	progressively	scaling	according	to	the	channel	length.	......................................	100	

Figure	3-15:	The	damages	due	to	the	TLP	stress	on	a	drain	contact	(a)	and	on	the	interdigitated	structure	(b)	of	a	

transistor,	tested	in	DSpos	mode	TLP.	Images	were	taken	by	means	of	a	Renishaw	inVia	Raman	spectrometer.

	.....................................................................................................................................................................	100	

Figure	3-16:	In	figure	a	and	c	the	pre-TLP	characteristics	are	reported,	whilst	in	figures	b	and	d	those	registered	after	

the	TLP	are	shown.	.......................................................................................................................................	101	

Figure	3-17:	The	DC	test	of	a	5	µm-channel	length.	The	device	is	damaged	............................................................	101	

Figure	3-18:	The	TLP	results	obtained	on	a	20	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses	

modality.	......................................................................................................................................................	103	

Figure	3-19:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably,	a	first	important	snapback	

happens	around	the	same	value	of	VTLP,	i.e.	~	225	V,	regardless	of	the	channel	length	featured	by	the	tested	

transistors.	...................................................................................................................................................	104	

Figure	3-20:	The	DC	behaviour	of	the	devices	before	and	after	the	negative	drain-source	TLP	test	for	an	applied	VGS	

equal	to	0	V.	.................................................................................................................................................	104	

Figure	3-21:	The	IV	curves	of	a	10	µm	channel	length	OFET	prior	and	after	the	DSneg	test.	It	is	possible	to	notice	how	

the	general	functionality	is	maintained.	.......................................................................................................	105	

Figure	3-22:	A	picture	of	a	negative	DS	TLP	treated	transistor,	precisely	a	5	µm-channel	length	one,	showing	no	

extended	damages	on	the	substrate.	............................................................................................................	105	

Figure	3-23:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	positive	pulses-10	V	bias	

modality.	......................................................................................................................................................	107	



	 13	

Figure	3-24:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably	the	snapback	happens	around	the	

same	VTLP	value	regardless	of	the	channel	length	featured	by	the	tested	transistors.	....................................	107	

Figure	3-25:	The	DC	behaviour	of	the	devices	before	and	after	the	negative	drain-source	TLP	test	for	an	applied	VGS	

equal	to	10	V.	The	change	of	the	behaviour	shows	that	the	test	fatally	compromised	the	devices	functionality.

	.....................................................................................................................................................................	108	

Figure	3-26:	The	metal	lines	of	a	5-µm	channel	length	P3HT	OFET	10	V	bias	DS	positive	TLP	treated.	Only	minor	

damages	can	be	seen	internally	the	device,	whilst	the	pad	suffered	a	total	failure.	......................................	108	

Figure	3-27:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses	10	V	

bias	modality.	...............................................................................................................................................	110	

Figure	3-28:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Several	snapbacks	take	place	and	there	is	

no	a	clear	channel	length	effect.	...................................................................................................................	110	

Figure	3-29:	The	metal	lines	of	a	5-µm	channel	length	P3HT	OFET	10	V	bias	DS	negative	TLP	treated.	No	damages	are	

highlighted.	..................................................................................................................................................	111	

Figure	3-30:	The	DC	behaviour	of	a	20-µm	channel	length	OFET	before	and	after	the	negative	drain-source	TLP	test	

for	an	applied	VGS	equal	to	10	V.	...................................................................................................................	111	

Figure	3-31:	The	IV	curves	of	a	20	µm	channel	length	OFET	prior	and	after	the	DSneg10Vgbias	test.	It	is	possible	to	

notice	how	the	general	functionality	is	maintained.	.....................................................................................	112	

Figure	3-32:	The	TLP	results	obtained	on	a	20	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses-20	V	

bias	modality	................................................................................................................................................	113	

Figure	3-33:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	..............................................................	114	

Figure	3-34:	The	DC	behaviour	of	a	20-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	test	

for	an	applied	VGS	equal	to	-20	V.	..................................................................................................................	114	

Figure	3-35:	Pictures	of	the	damaged	transistor	after	the	DSpos	-20	V	bias	TLP.	....................................................	115	

Figure	3-36:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses-20	Vg	

bias	mode.	...................................................................................................................................................	117	

Figure	3-37:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably	a	clear	snapback	happens	in	spots	

linearly	increasing	in	value	with	the	channel	length	of	transistors.	...............................................................	117	

Figure	3-38	The	DC	behaviour	of	10-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	test	for	

an	applied	VGS	equal	to	-20	V.	.......................................................................................................................	118	

Figure	3-39:	The	IV	curves	of	a	10	µm	channel	length	OFET	prior	and	after	the	DSneg-20Vgbias	test.	The	devices	

maintain	their	functionality	but	IDS	currents	are	lower.	.................................................................................	118	

Figure	3-40:	The	metal	lines	of	a	10-µm	channel	length	P3HT	OFET	-20	V	bias	DS	negative	TLP	treated.	No	damages	

are	highlighted.	............................................................................................................................................	118	

Figure	3-41:	a)	The	output	and	transfer	characteristic	of	a	5-µm	channel	length	transistor	prior	the	TLP	test.	b)	The	

output	and	transfer	characteristic	of	a	5-µm	channel	length	transistor	after	a	TLP	test	in	which	the	VTLP	was	

maintained	lower	than	112	V.	c)	The	output	and	transfer	characteristic	of	a	5-µm	channel	length	after	a	TLP	

test	(VTLP	up	to	112	V)	and	a	thermal	annealing	at	90°	for	40	minutes.	d)	The	IV	curves	of	a	5-µm	channel	

length	transistor	(straight	line)	measured	before	any	TLP	test	and	of	a	5-µm	channel	length	transistor	(dashed	

line)	obtained	by	using	fresh	P3HT	over	a	previously	TLP	stressed	substrates.	..............................................	122	



	 14	

Figure	3-42:	The	P3HT	molecular	structure	(left)	and	C	positions	within	the	thiophene	ring	(right).	.......................	122	

Figure	3-43:	The	normalised	Raman	spectra,	within	the	range	600-1700	cm-1,	of	P3HT	OFETs.	Spectra	were	collected	

from	all	the	TLP-tested	devices	and	compared	to	those	collected	from	pristine	ones.	..................................	123	

Figure	3-44:	The	1300-1550	cm-1	(above)	and	the	600-1300	cm-1	(below)	portions	of	the	Raman	spectra	of	the	TLP	

tested	P3HT	OFETs	.......................................................................................................................................	124	

Figure	3-45:	The	TLP	results	obtained	on	a	5	µm	channel	length	PBTTT	OFET	in	drain-source	positive	pulses	with	the	

gate	grounded	..............................................................................................................................................	131	

Figure	3-46:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested	in	the	DSpos	mode	for	the	PBTTT	OFETs.	

Notably	a	clear	snapback	happens	in	spots	linearly	increasing	in	value	with	the	channel	length	of	transistors.

	.....................................................................................................................................................................	132	

Figure	3-47:	The	DC	behaviour	of	a	5-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	test	132	

Figure	3-48:	The	metal	lines	of	a	5-µm	channel	length	PBTT	OFET	0	V	bias	DSPos	TLP	treated.	Damages	on	the	metal	

lines	occurs	because	of	the	TLP	test.	.............................................................................................................	133	

Figure	3-49:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFET	in	drain-source	negative	pulses	no	bias	

modality	.......................................................................................................................................................	135	

Figure	3-50:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	There	is	a	marked	difference	between	the	

5	µm-channel	length	and	the	other	cases,	in	which	instead	the	differences	are	feeble.	................................	135	

Figure	3-51:	The	DC	behaviour	of	20-µm	channel	length	OFET	before	and	after	the	negative	drain-source	TLP	test.	

The	device	keeps	his	functionality	but	the	shape	of	the	curve	is	slightly	altered.	..........................................	136	

Figure	3-52:	the	IV	curves	of	a	20µm	channel	length	PBTTT	OFET	before	and	after	the	DSneg	test	.........................	136	

Figure	3-53:	The	top	view	of	a	20µm	channel	length	PBTTT	OFET	device.	No	major	damages	over	the	metal	lines	are	

visible.	..........................................................................................................................................................	137	

Figure	3-54:	The	TLP	results	obtained	on	a	10	µm	channel	length	PBTTT	OFET	in	drain-source	positive	pulses	10	V	

gate-bias	modality	........................................................................................................................................	138	

Figure	3-55:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	A	trend	depending	on	the	channel	lengths	

can	be	observed.	..........................................................................................................................................	139	

Figure	3-56:	The	DC	behaviour	of	10-µm	channel	length	OFET	before	and	after	the	positive	drain-source	10	V	gate	

bias	TLP	test.	................................................................................................................................................	139	

Figure	3-57:	The	top	view	of	a	10	µm	PBTTT	device.	Heavy	damages	can	be	observed.	..........................................	140	

Figure	3-58:	The	TLP	results	obtained	on	a	5	µm	channel	length	(above)	and	on	a	10	µm	channel	length	(below)	

PBTTT	OFET	in	drain-source	negative	pulses	10	V	gate	bias	modality	............................................................	142	

Figure	3-59:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested,	revealing	how	there	is	no	a	trend	of	the	

features	with	the	change	of	the	channel	length.	...........................................................................................	143	

Figure	3-60:	The	DC	results	obtained	on	a	5	µm	channel	length	(a)	and	on	a	10	µm	channel	length	(b)	PBTTT	OFETs	in	

drain-source	negative	pulses	10	V	gate	bias	modality	...................................................................................	143	

Figure	3-61:	The	top	view	of	a	10	µm	(a)	PBTTT	device	and	of	a	5	µm	device	(b).	Heavy	damages	with	a	loss	of	

electric	conduction	is	visible	in	the	left	image,	whilst	partial	damages	are	visible	on	the	right.	.....................	144	

Figure	3-62:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	positive	pulses			with	-

20	V	gate	bias	...............................................................................................................................................	146	



	 15	

Figure	3-63:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested	revealing,	although	feeble,	a	trend	of	the	

features	with	the	change	of	the	channel	length.	...........................................................................................	146	

Figure	3-64:	The	DC	results	obtained	on	a	10	µm	channel	length	(a)	and	on	a	PBTTT	OFETs	in	drain-source	positive	

pulses	with	-20	V	gate	bias	...........................................................................................................................	147	

Figure	3-65:	The	IV	curves	of	a	20	µm-channel	length	PBTTT	OFET	measured	before	and	after	being	tested	according	

to	the	DSpos-20Vgbias	mode.	.......................................................................................................................	148	

Figure	3-66:	The	top	view	of	a	5	µm	PBTTT	device	tested	according	to	the	DSpos-20Vgbias	test	that	reported	only	

minor	damages	(a)	and	of	the	device	of	the	same	kind	tested	in	the	same	TLP	conditions	that	instead	reported	

major	damages	(b).	......................................................................................................................................	148	

Figure	3-67:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	negative	pulses			-20	V	

gate	bias	modality	........................................................................................................................................	149	

Figure	3-68:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested,	revealing	there	is	not	a	trend	of	the	

features	with	the	change	of	the	channel	length.	...........................................................................................	150	

Figure	3-69:	The	DC	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	negative	pulses	-20	V	

gate	bias	modality	........................................................................................................................................	150	

Figure	3-70:	The	IV	curves	of	a	20	µm-channel	length	PBTTT	OFET	measured	before	and	after	the	DSneg-20Vgbias	

mode	............................................................................................................................................................	151	

Figure	3-71:	The	top	view	of	a	10	µm	PBTTT	device.	No	evident	damages	are	visible	in	the	image.	........................	151	

Figure	3-72:	PBTTT	molecular	structure	(left)	and	carbon	positions	within	the	thiophene	and	the	thienothiophene	

rings	(right).	.................................................................................................................................................	152	

Figure	3-73:	The	normalised	Raman	spectra,	within	the	range	600-1650	cm-1,	of	the	PBTTT	OFETs.	Spectra	were	

collected	from	all	the	TLP-tested	devices	and	compared	to	those	collected	from	pristine	ones.	....................	152	

Figure	3-74:	The	1250-1550	cm-1	(a)	and	the	600-1250	cm-1	(b)	portions	of	the	Raman	spectra	of	the	TLP	tested	

PBTTT	OFETs	.................................................................................................................................................	153	

Figure	3-75:	The	EL	spectra	collected	from	the	F8BT	OLEDs	tested	according	the	ACpos	and	ACpos15Vbias	TLP	tests.	

Red-shift	and	broadening	characterise	spectra	collected	from	TLP	tested	devices.	.......................................	161	

Figure	3-76:	JVL	graphs	of	ACpos	tested	devices.	...................................................................................................	161	

Figure	3-77:	The	EQE	graphs	of	ACpos	tested	OLEDs	(a)	and	the	JVL	graph	of	a	pixel	after	the	ACpos15V	test	(b).	..	162	

Figure	3-78:	The	TLP	graphs	of	the	ACpos	and	ACneg	tests	carried	out	on	F8BT	OLEDs	...........................................	164	

Figure	3-79:	the	TLP	graphs	of	the	ACpos8Vbias	and	ACneg8Vbias	tests	obtained	from	F8BT	OLEDs.	.....................	165	

Figure	3-80:	the	TLP	graphs	of	the	ACpos15Vbias	and	ACneg15Vbias	tests	obtained	from	F8BT	OLEDs.	.................	166	

Figure	3-81:	The	DC	curves	measured	after	every	TLP	tests	carried	out	on	F8BT	OLEDs.	.........................................	167	

Figure	4-1:	The	transfer	characteristics	measured	for	an	applied	VDS	of	–80V	(a)	and	the	output	characteristics	

measured	for	an	applied	VGS	of	-80V	(b)	of	10	µm	channel-length	neutron-hardened	P3HT	OFETs	according	

three	different	aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	.......................................................	175	

Figure	4-2:	The	TLP	curves	of	a	10	µm	channel	length	P3HT	OFET	neutron	aged	according	a	period	of	4	hrs.	.........	177	

Figure	4-3:	The	TLP	curves	of	10	µm	channel	length	P3HT	OFETs	neutron	aged	according	a	period	of	12	hrs(a)	and	

24	hrs	(b).	No	snapback	region	is	present	and	the	ILEAK	has	a	random	behaviour.	..........................................	178	



	 16	

Figure	4-4:	The	normalised	Raman	spectra,	within	the	range	600-1700	cm-1,	of	P3HT	OFETs	that	have	undergone	

neutrons	aging	according	three	different	doses	(T1=4	hrs,	T2=12	hrs,	T3=24	hrs)	and	DSpos	TLP	stress	test.	.	179	

Figure	4-5:	The	normalised	Raman	spectra,	within	the	range	600-1250	cm-1	(a),	and	1250-1700	cm-1	(b)	of	P3HT	

OFETs	that	have	undergone	neutrons	aging	according	three	different	doses	(T1=4	hrs,	T2=12	hrs,	T3=24	hrs)	

and	DSpos	TLP	stress	test.	............................................................................................................................	180	

Figure	4-6:	JV	curves	of	a	P3HT:PCBM	sample	before	and	after	8	hrs	of	neutron	hardening	(n.h.)	exposure.	..........	186	

Figure	4-7:	JV	curves	of	neutrons	irradiated	P3HT:PCBM	OPVs	measured	during	the	neutrons	soaking	by	means	of	a	

0.8	Sun	light	source.	Curves	reported	in	the	graph	were	measured	after	each	hour	of	exposure.	..................	186	

Figure	4-8:	the	progressive	loss	of	OPVs	figures	during	the	neutron	soaking.	Above	(a)	are	reported	the	short-circuit	

current	(Jsc)	and	the	open-circuit	voltage	(Voc),	whereas	below	(b)	are	reported	the	fill	factor	(FF)	and	the	

power	conversion	efficiency	(η).	These	values	were	measured	every	15	minutes	during	the	soaking	time.	...	188	

	

	

	

	 	



	 17	

List	of	Tables	

Table	1:	TLP	and	JV	parameters	after	the	TLP	tests	..................................................................................................	82	
Table	2:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs		tested	with	positive	drain-source	pulses	

(DSpos)	with	the	gate	kept	grounded.	............................................................................................................	99	
Table	3:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs		tested	with	negative	drain-source	pulses	

(DSneg)	with	the	gate	kept	grounded.	..........................................................................................................	102	
Table	4:The	electrical	features	of	the	devices	before	and	after	the	DSneg	test.	The	parameters	are	comparable	

indicating	that	the	functionality	of	the	devices	is	maintained.	......................................................................	105	
Table	5:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	positive	drain-source	pulses	

applied	over	devices	gate-biased	with	a	10	V	voltage	(DSpos10Vgbias)	gate.	................................................	106	
Table	6:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	negative	drain-source	pulses	

applied	over	devices	gate-biased	with	a	10	V	voltage	(DSneg10Vgbias)	gate.	...............................................	108	
Table	7:	The	electrical	features	of	the	devices	before	and	after	the	DSneg10Vgbias	test.	The	parameters	are	very	

similar,	stressing	that	only	a	small	variation	of	the	OFETs	behaviour	occurred.	.............................................	111	
Table	8:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs		tested	with	positive	drain-source	pulses	

applied	over	devices	gate-biased	with	a	-20	V	voltage		(DSpos-20Vgbias)	gate	.............................................	113	
Table	9:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	negative	drain-source	pulses	

applied	over	devices	gate-biased	with	a	-20	V	voltage	(DSneg-20Vgbias)	gate	..............................................	116	
Table	10:	The	electrical	features	of	the	devices	before	and	after	the	DSneg-20Vgbias	test.	....................................	116	
Table	11:	The	TLP	parameters	of	the	reduced	TLP-stress	DSpos	test	......................................................................	120	
Table	12:	The	charge	mobility,	the	on/off	ratio	and	the	threshold	voltage	measured	in	the	P3HT	transistors	prior	any	

TLP	stress,	after	a	TLP	test	in	which	the	VTLP	was	maintained	lower	than	112	V	and	after	an	annealing	of	90°	for	

40	minutes.	These	values	have	been	obtained	from	all	the	16	transistors	present	on	a	substrate.	................	120	
Table	13:	The	TLP	parameters	of	the	DSpos	tested	PBTTT	OFETs	............................................................................	131	
Table	14:	The	TLP	parameters	of	DSneg	tested	PBTTT	OFETs	.................................................................................	134	
Table	15:	The	electrical	parameters	of	PBTTT	OFETs	prior	and	after	the	DSneg	test	...............................................	134	
Table	16:	The	TLP	parameters	of	DSpos10Vgbias	tested	devices.	............................................................................	138	
Table	17:	The	TLP	parameters	of	the	DSneg10Vgbias	tested	devices	......................................................................	141	
Table	18:	The	TLP	parameters	of	the	DSpos-20Vgbias	tested	devices	.....................................................................	145	
Table	19:	The	electrical	features	of	PBTTT	OFETs	before	and	after	the	DSpos-20Vgbias	test.	..................................	145	
Table	20:	The	TLP	parameters	of	the	DSneg-20Vgbias	tested	PBTTT	OFETs.	............................................................	149	
Table	21:	The	photoelectrical	parameters	of	F8BT	TLP	tested	OLEDs	.....................................................................	160	
Table	22:	The	TLP	parameters	obtained	in	correspondence	of	the	three	TLP	tests	carried	out	on	F8BT	OLEDs.	......	164	
Table	23:	The	electrical	parameters	obtained	out	of	the	P3HT	OFETs	neutrons	hardened	according	three	different	

aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	OFETs	aged	according	T3	resulted	particularly	

damaged	and	parameters	were	inferred	only	from	one	sample.	...................................................................	174	



	 18	

Table	24:	The	TLP	parameters	obtained	out	of	P3HT	OFETs	tested	according	the	DSpos	mode	that	were	previously	

neutrons	hardened	according	three	different	aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	........	176	
Table	25:	Photovoltaics	parameters	of	P3HT:PCBM	OPVs	before	and	after	the	exposure	to	neutrons	irradiation	for	8	

hrs.	...............................................................................................................................................................	185	

	

	

	

	

	 	



	 19	

List	of	Publications	

Publications	containing	work	also	reported	in	this	thesis:			

• Santarelli,	L.;	Lim,	T.;	Wolf,	H.;	Gieser,	H.	and	Cacialli,	F.	(2015);	“The	Resilience	of	P3HT	
Field-Effect	Transistors	with	respect	to	ESD	Effects”,	14.	ESD-FORUM,	2015,	pp.	67-76.	

• Lim,	T.,	Gieser,	H.,	Santarelli,	L.,	&	Cacialli,	F.	(2015,	June);	“Electrostatic	discharge	
sensitivity	investigation	on	organic	field-effect	thin	film	transistors”.	New	Circuits	and	
Systems	Conference	(NEWCAS),	2015	IEEE	13th	International	(pp.	1-4).	IEEE.	

	

Publications	in	preparation	and	soon	to	be	submitted:	

• L.	Santarelli,	T.	Lim,	A.	Minotto,	A.	Zampetti,	H.	Wolf,	H.	Gieser	&	F.	Cacialli	“The	Resilience	
of	Bulk-Heterojunction	Solar	Cells	with	respect	to	Electrostatic	Discharge	Effects”-in	
preparation	

• L.	Santarelli,	T.	Lim,	G.	Paternò,	A.	Zampetti,	H.	Wolf,	H.	Gieser	&	F.	Cacialli	“Electrostatic	
discharge	effects	over	P3HT	and	PBTTT	OFETs	according	different	bias	contexts”	–	in	
preparation	

• Giuseppe	M.	Paternò,	Valentina	Robbiano,	Luca	Santarelli,	Andrea	Zampetti,	Christopher	
Frost,	Victoria	García	Sakai	and	Franco	Cacialli.	“In	operando	Neutron	Radiation	Damage	
Testing	of	Organic	Solar	Cells”	–	in	preparation	

• L.	Santarelli,	T.	Lim,	G.	Paternò,	A.	Zampetti,	H.	Wolf,	H.	Gieser	&	F.	Cacialli	“Electrostatic	
discharge	effects	over	neutron-hardened	P3HT	OFETs”	–	in	preparation	

	

Other	publications:	

• Robbiano,	V.,	Abdellah,	A.,	Santarelli,	L.,	Falco,	A.,	El-Molla,	S.,	Titova,	L.	V.,	&	Lugli,	P.	
“Analysis	of	sprayed	Carbon	nanotube	films	on	rigid	and	flexible	substrates”	2014	IEEE	14th	
International	Conference	in	Nanotecnology	(IEEE-NANO)	

	

	

	

	

	

	 	



	 20	

List	of	Abbreviations		

BE	 Binding	energy	

BHJ	 Bulk	heterojunction	

CP	 Conjugated	polymer	

DGneg	 	Negative	pulses	between	the	drain	and	the	gate	with	the	source	left	floating	

DGpos	 	Positive	pulses	between	the	drain	and	the	gate	with	the	source	left	floating	

DSneg	 	Negative	pulses	between	the	drain	and	the	source	with	the	gate	grounded	

DSneg-20Vgbias	 Negative	pulses	between	the	drain	and	the	source	with	a	gate	bias	of	-20	V		

DSneg10Vgbias		 Negative	pulses	between	the	drain	and	the	source	with	a	gate	bias	of	10	V	

DSpos	 	Positive	pulses	between	the	drain	and	the	source	with	the	gate	grounded	

DSpos-20Vgbias	 Positive	pulses	between	the	drain	and	the	source	with	a	gate	bias	of	-20	V		

DSpos10Vgbias	 Positive	pulses	between	the	drain	and	the	source	with	a	gate	bias	of	10	V		

DUT	 Device	under	test	

ECL	 Electron-collection	layer	

EL	 Electroluminescence	

EQE	 External	quantum	efficiency	

ESD	 Electrostatic	discharge	

ETL	 Electron-transport	layer	

F8BT	 Poly(9,9'-dioctylfluorene-alt-benzothiadiazole)	

FF	 Fill	factor	

HBM	 Human	body	model	

HCL	 Hole-collection	layer		

HIL	 Hole-injection	layer		

HMDS	 Hexamethyldisilazane		



	 21	

HOMO	 Highest	occupied	molecular	orbital	

ISS		 International	space	station		

ITO		 Indium	tin	oxide		

IV	 Current	vs	voltage		

JLV		 Current	density-luminance	vs	voltage		

JV	 Current	density	vs	voltage		

LED	 Light-emitting	diode	

LUMO		 Lowest	unoccupied	molecular	orbital	

OFET	 Organic	field-effect	transistor	

OLED	 Organic	light-emitting	diode	

OPV	 Organic	photovoltaic		

OPVD	 Organic	photovoltaic	diode	

P3HT		 Poly(3-hexylthiophene-2,5-diyl)	

PBTTT		 Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-	b]thiophene		

PCBM		 [6,6]-	Phenyl	C61	butyric	acid	methyl	ester		

PEDOT:PSS		 Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)	

PL		 Photoluminescence	

PTFE	 Polytetrafluoroethylene		

rpm	 Rounds	per	minute	

RT	 Room	temperature		

SMU	 Source	measurement	unit		

TCO	 Transparent	conductive	oxide	

TFT	 Thin	films	transistor		

TLP	 Transmission	line-pulsing	

	 	



	 22	

List	of	Symbols	

ETR		 Trigger	energy	

IDSMAX	 Maximum	amplitude	of	the	drain-source	current		

ILEAK	 Leakage	Current	

IST		 Sub-threshold	current		

ITLP	 Transmission	line-pulsing	current	

ITR	 Trigger	current		

Jsc	 Short-circuit	current	density	

Max-L		 Maximum	luminance		

On/off	 On	off	current	ratio	

PTLP	 Transmission	line-pulsing	power		

PTR	 Trigger	power	

RS		 Series	resistance		

RSH		 Shunt	resistance		

RTLP	 Transmission	line-pulsing	resistance	

RTLP		 Transmission	line-pulsing	resistance		

VAC		 Anode-cathode	voltage			

VDS	 Drain-source	voltage	

VGS	 Gate-source	voltage	

VHV	 Voltage	generated	by	the	pulse	generator	

Vinc	 Pre-charge	voltage	

Voc	 Open	circuit	voltage	

Vref	 Voltage	reflected	by	the	DUT	

VTH	 Threshold	Voltage	



	 23	

VTLP	 Transmission	line-pulsing	voltage	

VTR	 Trigger	voltage		

µ	 Field-effect	charge	carrier	mobility	

h	 Power	conversion	efficiency	

lmax	 EL	maximum	wavelength	emission	

	 	



	 24	

Introduction	

Conjugated	 polymers	 (CPs)	 have	 been	 captivating	 attention	 since	 their	 discovery,	 back	 in	 1977.	

Undoubtedly,	one	of	the	major	breakthrough	came	thanks	to	the	finding	of	the	possibility	of	doping	

conjugated	polymers[1],	[2],	and	thus	indicating,	among	all	the	possible	applications,	a	particular	

suitability	 as	 active	 materials	 in	 light-emitting	 diodes	 (LEDs),	 thin	 films	 transistors	 (TFT)	 and	

photovoltaic	diodes	(OPVs).	Despite	the	relatively	poor	performances	in	comparison	with	inorganic	

based	devices,	many	advantages	arise	thanks	to	CPs[3]–[6].	 In	 fact,	 they	can	be	processed	using	

inexpensive	 and	 large-area	 scalable	 solution-based	 processes	 and	 integrated	 in	 flexible	 and	

lightweight	devices[7],	[8].	Importantly,	lightweight	and	flexibility	are	highly	desirable	in	wearable	

electronics,	foldable-conformable	sensors	for	medicine	purposes,	robotics,	space	and	avionics[9]–

[13].	Despite	such	appealing	properties,	a	 large	deployment	of	CPs	devices	also	depends	on	 the	

development	of	reliable	systems	based	on	them,	able	to	sustain	in	the	long-term	the	stress	they	

undergo	because	of	the	environment	they	operate	in.	For	instance,	especially	wearable	devices,	and	

more	generally	all	electronic	devices	handled	by	users	who	could	inadvertently	act	as	short-circuit	

to	such	devices,	can	be	interested	by	electrostatic	discharge	(ESD)	phenomena.	In	fact,	in	inorganic	

electronic	 circuits	 the	 characterisation	 of	 the	 response	 to	 ESD	 phenomena	 and	 the	 design	 of	

protections	are	well	established	procedures	since,	if	interested,	devices	can	easily	be	destroyed	by	

such	 events[14]–[16].	 Surprisingly,	 the	 characterisation	 of	 organic	 devices	 with	 respect	 to	 ESD	

events	has	received	little	attention	so	far	in	the	literature.	Besides	ESD	events,	another	damaging	

stress	 source	 for	 electronic	 devices	 used	 for	 aircraft	 or	 spacecraft	 purposes	 is	 cosmic	 rays	 and	

neutrons	irradiation.	In	fact,	secondary	neutrons	are	produced	because	of	interaction	of	cosmic	rays	

with	either	atmosphere	or	shielding	layer	of	planes	and	spaceships.	Upon	exposure	to	such	particles,	

electronic	circuits	can	result	temporarily	or	permanently	affected	since	neutrons	interact	with	nuclei	

of	the	atoms	composing	circuit	elements[17].	To	prevent	total	device	failure	redundant	circuitry	can	

be	designed	to	replace	damaged	one	and	lower	total	failure	likelihood[18],	[19].	Nevertheless,	all	

equipment,	and	crew	too,	are	exposed	to	neutrons	 irradiation,	 therefore	the	characterisation	of	

long-term	 effects	 on	 devices	 of	 neutrons	 hardening,	 within	 neutron	 sources	 facilities,	 is	 an	

important	investigation	technique	for	instruments	to	be	employed	in	such	environments[20],	[21].		
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Aims	of	the	work	

In	this	thesis,	I	present	the	results	about:	i)	the	characterisation	of	the	response	to	ESD	phenomena	

of	 P3HT	 (Poly(3-hexylthiophene-2,5-diyl))	 and	 PBTTT	 (Poly(2,5-bis(3-hexadecylthiophen-2-

yl)thieno[3,2-b]thiophene))	OFETs,	of	P3HT:PCBM	([6,6]-Phenyl-C61-butyric	acid	methyl	ester)	bulk	

heterojunction	 OPVs	 and	 of	 F8BT	 (Poly(9,9-dioctylfluorene-alt-benzothiadiazole))	 OLEDs;	 ii)	 the	

neutron	 hardening	 of	 P3HT	OFETs	 and	 P3HT:PCBM	OPVs.	 Although	many	works	 related	 on	 the	

characterisation	of	aforementioned	devices	can	be	found	in	literature,	the	research	activity	in	this	

thesis	reported	establishes	a	novel	characterisation	approach	for	these.	

Importantly,	 I	observed	that	 the	response	to	ESD	phenomena	changes	according	to	 the	working	

condition	of	the	devices.	For	instance,	the	response	to	ESD	phenomena	of	an	OFET	working	in	the	

saturation	regime	is	different	from	the	response	of	the	same	OFET	tested	in	correspondence	of	“off”	

state	 condition	 (gate-closed).	 Analogously,	 OPVs	 show	 different	 ESD	 responses	 in	 illumination	

conditions	 respect	 to	 dark	 conditions.	 Also,	 OLEDs	 show	 different	 ESD	 resiliency	 in	 “on”	 state	

conditions	in	comparison	to	“off”	state	conditions.	Therefore,	an	accurate	characterisation	needs	

to	be	carried	out	per	each	of	the	possible	working	regimes	of	a	device.	Such	characterisation	was	

obtained	by	means	of	a	transmission	line-pulsing	(TLP)	system,	an	investigation	tool	that	reproduces	

on	workbench	ESD-like	pulses	of	duration	approximately	of	100	ns	and	configurable	amplitude.	Such	

characterisation	gives	important	insights	into	OFETs,	OPVs	and	OLEDs	behaviour	during	ESD	events	

such	 as	 the	 maximum	 current	 they	 can	 sustain	 before	 occurring	 into	 a	 failure,	 the	 overall	

conductance	 electrostatic	 discharge	 encounter	 by	 flowing	 through	 the	 devices	 and,	 not	 less	

importantly,	the	parasitic	phenomena	taking	place	in	these	devices	because	of	the	high-frequency	

domain	(GHz)	they	are	forced	to	work.	The	work	carried	out	regarding	TLP	characterisation	of	P3HT	

and	PBTTT	OFETs	are	among	the	first	reported	works	on	TLP-stressed	TFTs,	and	to	the	best	of	my	

knowledge,	 the	 only	 ones	 involving	 these	 two	 materials.	 Furthermore,	 no	 works	 about	 TLP	

characterisation	of	OPVs	or	OLEDs	have	been	reported	so	far.	

Cosmic	rays,	composed	by	protons	and	atomic	nuclei,	affect	devices	meant	to	be	used	in	space	and	

avionics	 applications.	 Neutrons	 irradiation	 provides	 a	 stressing	 environment	 useful	 for	 the	

simulation	of	the	effects	of	cosmic	rays	on	electronic	devices.	In	such	regard,	I	report	in	this	thesis	

the	result	I	obtained	about	“in	operando	OPVs”	irradiated	with	neutrons	of	which	the	functionality,	

and	 the	 related	 photovoltaics	 parameters,	 were	 measured	 every	 15	 minutes	 throughout	 the	

irradiation	period.	Such	tests	revealed	an	unexpected	robustness	of	P3HT:PCBM	devices	since	their	
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photovoltaics	parameters	are	only	slightly	degraded	after	an	exposure	dose	equivalent	to	a	decade	

exposure	 on	 the	 International	 Space	 Station	 (ISS).	 I	 also	 analysed	 neutron-exposed	 P3HT	OFETs	

response	 to	 ESD	 phenomena,	 to	 assess	 the	 combination	 of	 both	 stress	 kinds	 on	 instruments	

employing	 organic	 transistors	 for	 space	 application.	 The	 combination	 of	 both	 stresses	 resulted	

particularly	damaging	for	polymer	crystal	domains	and	for	the	molecular	order/aggregation	of	the	

CPs	used	in	these	devices.	The	work	in	this	dissertation	reported	about	neutron	radiation	hardening	

of	electronic	devices	based	on	CPs	is	part	of	a	much	larger	investigation	lead	by	Dr.	Paternò,	Dr.	

Sakai	and	Prof.	Cacialli	that,	to	the	best	of	my	knowledge,	has	been	producing	the	very	first	papers	

reported	on	such	topic	so	far[10],	[22].		

The	 results	 reported	 in	 this	 thesis	 are	 valuable	 for	 the	 development	 of	 ad	 hoc	 designed	 ESD	

protections	for	organic	devices	and	for	the	understanding	of	OPVs	and	OFETs	neutrons	hardened	

behaviour.	The	first	outcome	paves	the	route	to	a	larger	deployment	of	CPs	based	devices	whilst	

the	second	one	underlines	a	further	advantage	in	the	utilisation	of	OPVs	since	these	show	a	great	

ability	 to	 withstand	 massive	 doses	 of	 neutron	 irradiation	 without	 a	 dramatic	 loss	 of	 their	

performances.	Furthermore,	the	results	 in	this	thesis	reported	show	how	polymer-based	devices	

are	robust	to	both	ESD	and	cosmic	ray	stress.	Silicon-based	technology	is	found	to	suffer	permanent	

failure,	 in	 the	 best	 cases,	 for	 an	 applied	 TLP	 power	 of	 400	 W[15],	 [23],	 whilst	 polymer-based	

technology	was	found	to	withstand	up	to	800	W	(OPVs	and	OLEDs)	without	suffering	of	damages.	

As	regards	the	stress	correlated	to	the	same	dose	of	neutrons	irradiation,	optoelectronic	devices	

based	on	inorganic	semiconductors	suffer	of	a	~90%	reduction	of	their	figures	of	merit	(JSC,	h)	[24],	

whilst	in	polymer-based	devices	the	same	figures	are	reduced	up	to	~20%.		

Overview	of	the	thesis	

In	chapter	1,	I	introduce	all	main	concepts	concerning	CPs,	OFETs,	OPVs,	OLEDs,	TLP	and	neutron	

radiation	hardening	tests.	About	CPs,	the	properties	arising	in	these	because	of	carbon	atoms	sp2	

hybridisation,	leading	to	the	formation	of	HOMO	and	LUMO	bands,	are	described.	Furthermore,	I	

describe	how	electric	charges	transport	within	the	polymers	are	depending	mostly	on	the	dielectric	

constant	 of	 CPs,	 on	 the	 electrons-lattice	 coupling	 and	on	 the	 structural	 disorder	of	 CPs.	 Charge	

transport	 in	 CPs	 takes	 place	 via	 hopping	 between	 localised	 energy	 states,	 namely	 solitons	 and	

polarons.	Upon	photoexcitation	or	electric	excitation,	excitons	are	formed	within	CPs.	These	quasi-

particles	are	fundamental	in	OPVs	and	OLEDs	since	the	split	of	the	hole	from	the	electron	within	a	

formed	exciton	is	the	principle	OPVs	are	based	on,	whereas	their	recombination	is	the	one	exploited	
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in	OLEDs.	Hence,	in	this	chapter,	a	brief	description	of	parameters	characterising	OPVs	and	OLEDs	

are	 introduced.	Similarly,	parameters	characterising	OFETs	are	described.	The	principles	TLP	test	

rely	 on	 are	 introduced	 and	discussed	 so	 as	 to	 furnish	 a	 sufficient	 understanding	of	 the	 analysis	

reported	in	the	following	chapters.	Finally,	an	introduction	on	the	fundamental	principles	neutrons	

irradiation	technique	is	based	on	is	reported.		

Chapter	 2	 briefly	 introduces	 the	materials	 used	 to	 carry	 on	 the	 research	 activity	 in	 this	 thesis	

reported,	namely	P3HT,	PCBM,	PBTTT	and	F8BT,	as	well	as	the	fabrication	processes	of	the	devices	

(OPVs,	OLEDs	and	OFETs)	based	on	these	materials.	A	description	of	the	electrical,	optical	and	TLP	

characterisation	techniques	used	to	analyse	TLP	stressed	devices	is	reported.	The	last	part	of	the	

chapter	 focuses	 on	 the	 neutron	 radiation	 hardening	 of	 OPVs	 and	OFETs,	 describing	 the	 energy	

spectrum	of	neutrons	used	over	these	devices.			

In	chapter	3	the	results	about	the	TLP	characterisation	of	OPVs,	OFETs	and	OLEDs	are	reported	and	

discussed.	Each	kind	of	device	was	tested	according	different	operation	conditions	so	as	to	shed	

light	on	the	ESD	response	in	correspondence	of	different	bias	conditions	of	the	active	layer.	Hence,	

TLP	 parameters	 are	 obtained	 out	 of	 each	 case-study.	 OPVs	 photovoltaics	 parameters	 were	

calculated	before	and	after	 the	TLP	tests	and	the	same	procedure	was	 followed	to	measure	the	

electrical	parameters	of	OLEDs	and	OFETs.	Raman	spectroscopy	of	PBTTT	and	P3HT	OFETs	and	PL	

investigations	of	OPVs,	carried	out	before	and	after	the	TLP	tests,	in	this	chapter	are	presented.	

In	 chapter	 4,	 the	 results	 obtained	 regarding	 OPVs	 neutrons	 hardened	 are	 reported.	 OPVs	 are	

irradiated	 in	 operando	 conditions,	 and	 devices	 parameters	 were	 calculated	 every	 15	 minutes	

throughout	the	irradiation	period.	Furthermore,	in	this	chapter,	the	results	obtained	on	TLP	tested	

OFETs	previously	exposed	to	three	different	level	of	neutron	doses	are	also	reported,	pointing	out	

the	combination	of	both	stress	kinds	on	polymer	domains	by	means	of	Raman	spectroscopy.			

Finally,	in	chapter	5	considerations	about	the	whole	research	work	carried	out	are	presented.		
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1. Organic	Optoelectronic	Devices	and	
Environmental	Features	

In	this	chapter,	I	introduce	the	main	concepts	regarding	conjugated	polymers	electrical	and	optical	

properties.	The	functionality	of	OPVs,	OFETs	and	OLEDs	rely	on	such	properties,	hence	the	working	

principles	and	the	parameters	used	to	characterise	these	devices	are	described.	The	third	section	of	

the	chapter	describes	TLP	test	basic	principles	and	TLP	parameters	extraction	and	interpretation,	

whereas	the	last	section	briefly	introduces	concepts	at	the	basis	of	neutron	irradiations	techniques.		

1.1 Conjugated	polymers	

Polymers	are	material	characterised	by	many	repetitive	structural	units	called	monomers.	In	fact,	

the	term	polymer	derives	from	poly,	meaning	many,	and	mer,	meaning	units.	Therefore,	a	monomer	

is	 any	unit	 that	 can	 generate	 a	 polymer	by	means	of	 a	 process	 called	polymerisation	 [25]–[27].	

Polymers	can	be	classified	according	different	criteria,	such	as	according	to	their	chain	chemistry	

(carbon-chain	 or	 heterochain	 polymers),	 to	 their	 macroscopic	 structure	 (linear,	 branched	 or	

crosslinked	polymers)	or	according	their	formability	(thermo-plastics	or	thermoset	polymer)[28]–

[30].	A	proper	description	of	the	properties	of	the	polymers	belonging	to	each	of	these	classes	is	by	

far	beyond	the	purposes	of	this	thesis.	I	will	focus	my	attention	only	on	a	specific	group	of	polymers,	

i.e.	the	semiconductive	polymers.		

Semiconductive	 polymers	 have	 been	 increasingly	 captivating	 attention	 since	 Shirakawa	 and	

McDiarmid	 discovered	 a	 way	 to	 significantly	 enhance	 the	 electrical	 conductivity	 in	 doped	

polyacetylene	in	1977	[2].	The	electrical,	optical	and	mechanical	properties[5],	[31]–[33]	(flexibility	

and	lightweight)	featured	along	with	an	easy	and	cheap	processing	render	semiconductive	polymers	

particularly	suitable	for	optoelectronic	devices	such	as	organic	light-emitting	diodes	(OLEDs)[34]–

[38],	organic	photovoltaic	cells	(OPVs)[3],	[39],	[40]	and	organic	field-effect	transistors	(OFETs)[41],	

[42].	 Semiconductive	 polymers	 are	 encompassed	 in	 larger	 area	 of	materials	 defined	 as	 organic	

semiconductors	 that	 comprises	 also	 small	 molecules.	 In	 semiconductive	 polymers,	 the	 carbon	

atoms	exhibit	sp2	hybridization,	due	to	a	mixing	of	the	2s	orbitals	with	two	of	the	3	available	2p	

orbitals,	forming	three	sp2	orbitals	per	each	carbon,	plus	one	free	p	orbital.	Each	carbon	is	therefore	

forming	3	coplanar	bonds,	defined	σ	bond	and	spatially	distributed	according	an	angle	of	120°,	with	
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the	adjacent	carbon	atoms	by	means	of	the	sp2	hybrid	orbitals.	The	remaining	2p	orbital,	which	is	

not	hybridized,	is	perpendicular	to	the	sigma	bond	and	it	is	defined	as	2pz.	When	two	2pz	from	two	

different	carbon	atoms	are	close	enough	to	permit	an	overlap,	a	π	orbital	is	formed,	resulting	in	the	

creation	of	a	double	bond.	The	π	bonds	are	weaker	than	σ	ones	because	of	a	less	overlap	of	the	

molecular	orbitals.	The	semiconducting	properties	of	these	systems	arise	from	the	alternation	of	

single	 (σ)	 and	 double	 bonds	 (σ	 +	 π)	 in	 the	 molecule	 and	 such	 system	 arrangement	 is	 called	

conjugation.	Systems	featuring	conjugation	are	called	conjugated,	hence	semiconductive	polymers	

are	more	 properly	 referred	 as	 conjugated	 polymers	 (CPs)	 (Figure	 1-1).	 The	 simplest	 conjugated	

system	is	obtained	from	two	carbon	atoms	hybridized	sp2	(ethene	molecule	CH2=CH2)	in	which	the	

overlap	of	two	2pz	results	 in	the	formation	of	a	molecular	bond.	Upon	the	rise	of	this	molecular	

bond,	two	orbitals	are	formed,	namely	a	bonding	and	an	antibonding	molecular	orbital.	The	π	orbital	

is	lower	in	energy	than	the	original	2pz	orbital,	whereas	the	π*	orbital	is	higher	in	energy	than	the	

original	 2pz.	 Hence,	 the	 two	 electrons	 coming	 from	 the	 2pz	 original	 orbitals	 are	 energetically	

favoured	to	occupy	the	π	orbital,	 in	the	ground	state.	The	bonding	orbital	π	is	called	the	highest	

occupied	 molecular	 orbital	 (HOMO),	 whereas	 the	 anti-bonding	 orbital	 π*	 is	 called	 the	 lowest	

unoccupied	molecular	orbital	(LUMO)	(Figure	1-2).	If	we	consider	a	larger	number	of	sp2	hybridized	

carbon	atoms	forming	a	conjugated	system,	for	example	trans-polyacetylene,	the	 lateral	overlap	

between	 π-orbitals	 permits	 the	 delocalisation	 of	 the	 π-electrons	 over	 the	 whole	 molecule	 so	

considerably	 reducing	 the	 HOMO-LUMO	 gap,	 and	 thus	 permitting	 the	 formation	 of	 quasi-

continuous	π	(occupied)	and	π*	(unoccupied)	bands.	Such	delocalisation	would	lead	polyacetylene	

to	acts	as	a	1D	metal	with	2pz	electrons	filling	half	of	the	π-band.	If	the	real	space	periodicity	of	the	

chain	is	"a"	and	the	1D	band	is	half	filled	the	Fermi	points	are	at	±π/a.	However,	such	condition	can	

be	easily	perturbed	by	elastic	distortions	causing	a	lowering	of	the	symmetry	and	inducing	so-called	

Peierls	 distortions	 [43],	 [44]	 or	 dimerization,	 which	 is	 energetically	 favoured	 and	 introducing	 a	

periodicity	twice	the	original	one	(2a).	A	band	gap	at	the	Brillouin-zone	boundaries	(k	=	±	π/2a)	arises	

because	of	these	new	conditions	and	the	overall	electronic	energy	is	lowered	as	filled	electron	states	

move	below	the	new	Fermi	points	(±	π/2a),	whereas	empty	states	move	above.	As	long	as	the	strain	

energy	 introduced	 by	 the	 distortion	 does	 not	match	 or	 exceeds	 the	 decrease	 of	 the	 electronic	

energy,	 the	 dimerization	 is	 favoured	 (Figure	 1-3).	 According	 this	 mechanism,	 the	 trans-

polyacetylene,	and	more	generally	the	conjugated	polymers,	are	characterised	by	an	energy	gap	

within	the	HOMO-LUMO.	The	optical	band	gap	of	undoped	CPs	is	normally	between	2	and	3	eV,	

while	the	electronic	band	gap	is	higher	of	~	0.5	–	1	eV	of	the	latter	due	to	the	strong	electron-hole	
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binding	energy	(~	1	–	1.5	eV)	[45].	The	number	of	alternated	single-double	bonds	in	CPs,	defined	as	

conjugation	length,	affects	the	energy	spacing	between	the	HOMO	and	LUMO	levels.	

	

	

Figure	1-1:	(a)	Representation	of	the	three	hybridized	sp2	and	the	non-hybridized	pz	orbitals.	(b)	The	σ	
interaction	between	the	hybridized	sp2	orbitals.	(c)	Alternate	π-bonds	in	PA,	originating	from	the	lateral	overlap	
between	non-hybridised	pz	orbitals.	(d)	The	whole	conjugated	structure	of	trans-polyacetylene.	Taken	from[5].	

	

	

              

Figure	1-2:	(a)	Scheme	of	the	sp2	hybridization	in	an	ethylene	molecule.	Taken	from[46].	(b)	Scheme	of	the	
energy	splitting	of	2pz	orbitals	into	a	bonding	and	an	antibonding	orbital.	From	an	increase	of	the	CH2	units,	

energy	levels	are	lead	into	a	degeneration	resulting	in	two	quasi-continuous	bands,	namely	the	highest	occupied	
molecular	orbital	(HOMO)	and	the	lowest	unoccupied	molecular	orbital	(LUMO).	

a	 																																																								b	
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Figure	1-3:	The	effects	of	so-called	Peierls	distortions	on	the	periodicity	and	the	Fermi	points	of	trans-
polyacetylene,	from	an	undimerised	(metallic)	form	(a)	to	a	dimerised	one	(b).	

	

 Solitons,	polarons	and	excitations	in	CPs	

CPs	 have	 been	 intensively	 studied	 as	 active	 layer	 of	 optoelectronic	 devices	 because	 of	 the	

localisation	of	electrical	and	photo-excitations	they	feature.	Such	property	arises	from	mainly	three	

synergistic	 effects	 taking	 place	 in	 CPs:	 i)	 the	 weak	 electron-electron	 screening	 due	 to	 the	 low	

dielectric	constant	(ε	=	2	-	4)	characterising	CPs;	ii)	the	electron-lattice	coupling	causing	self-trapping	

of	excited	states	and	giving	these	a	quasi-particle	nature;	iii)	the	broad	and	disordered	density	of	

electronic	states	caused	by	the	structural	disorder	[47].	The	charge	transport	in	CPs	greatly	depends	

on	these	three	phenomena.	Upon	chemical	processes	(i.e.	oxidation/reduction)	or	electrical/photo	

treatments	(charge	injection/photo-oxidation)	an	excess	of	electric	charge	can	be	introduced	in	CPs,	

and,	 contrarily	 to	what	 happens	 in	 conventional	 3D	 semiconductors,	 these	 do	 not	 enter	 in	 the	

energetic	bands	of	the	polymers	but	induce	kinks	in	the	conjugated	sequence.	The	consequences	of	

these	kinks	depend	whether	the	conjugated	system	possesses	a	doubly	degenerated	ground	state	

or	 not.	 In	 those	 featuring	 a	 doubly	 degenerated	 ground	 state,	 such	 as	 trans-polyacetylene,	

introduced	charges	accommodate	in	defective	states	called	solitons	that	behave	as	solitary	localised	

waves	in	a	range	of	10-15	carbon	atoms.			

			a	 																																																							b	
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Figure	1-4:	a)	The	midgap	introduced	by	excess	of	charges	into	trans-polyacetylene;	b)	an	empty	positive	
soliton;	c)	a	neutral	soliton	that	can	be	characterised	either	by	an	electron	having	a	downward	or	upward	spin;	

d)	a	doubly	negative	soliton.	Taken	from[48].	

	

Solitons	electronic	energy	lies	in	the	middle	of	the	π-π*	gap	so	introducing	a	possible	midgap	optical	

transition	in	addition	to	the	π-π*	one	[43],	[48]	(Figure	1-4	a).	On	trans-polyacetylene,	soliton	can	

result	as:	a	doubly	occupied	negatively	charged	soliton	S-	(Figure	1-4	d);	an	empty	positively	charged	

soliton	S+	(Figure	1-4	b);	a	neutral	soliton	S	as	a	consequence	of	one	electron	occupying	the	soliton	

state	(Figure	1-4	c)	[49].	Conjugated	polymers	not	featuring	a	doubly	degenerate	electronic	ground	

state,	i.e.	characterised	by	a	lower	energy	benzenoid	state	and	a	higher	energy	quinoid	state	as	in	

polyphenylene	vinylene,	result	altered	in	their	bond-alternation	pattern	by	excess	electronic	charge.	

Since	the	alteration	induced	is	forcing	the	system	to	acquire	an	energetically	disfavoured	status,	the	

distortion	is	strongly	localised	on	the	chain.	Such	alteration	is	called	polaron	and	can	be	seen	as	a	

charged	quasi-particle	that	strongly	interacts	with	the	surrounding	lattice.	Polarons	are	equivalent	

to	 a	 pair	 of	 localised	 solitons	 interacting	 and	 forming	 bonding/anti-bonding	 combinations	 of	

solitons.	 In	 the	 presence	of	 a	 doubly	 degenerate	 electronic	 state	 polarons	 decay	 into	 a	 soliton.	

Polarons	can	accommodate	up	to	4	electrons,	so	generating	four	different	polaron	kinds:	negative	

polarons	p-;	negative	bipolarons	bp2-	;	positive	polarons	p+;	positive	bipolarons	bp2+	(Figure	1-5).	

	

	

a	 											b																															c																													d	
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Figure	1-5:	Formation	of	positive	bipolarons	(a),	positive	polarons	(b),	negative	polarons	(c)	and	negative	
bipolarons	(d)	upon	occupation	of	polaron	states	by	electrons.		

	

Upon	 photoexcitation	 of	 CPs	 so-called	 excitons	 are	 formed,	 namely	 neutral	 quasi-particles	 of	

electron-hole	pairs	characterised	by	a	binding	energy	(BE)	due	to	the	Coulombic	attraction	between	

them	and	by	diffusion	lengths	dependant	on	the	charge	screening	of	the	material	in	which	excitons	

are	 formed,	 that	 in	 turn	 depend	 on	 the	 dielectric	 constant	 of	 the	 same.	Materials	 featuring	 a	

relatively	 low	dielectric	 constant	 (ε	=	2-4),	as	 in	CPs,	 form	excitons	classified	as	Frenkel	excitons	

characterised	by	a	BE	ranging	between	0.2	eV	and	1.5	eV	and	a	diffusion	 length	of	 the	order	of	

10	nm[50].	On	the	contrary,	in	materials	featuring	a	relatively	high	dielectric	constant	the	charge	

screening	is	stronger,	as	inorganic	semiconductors,	and	generated	excitons	are	so-called	Wannier-

Mott	excitons	that	are	characterised	by	a	BE	of	the	order	of	few	meV	and	diffusion	lengths	of	tens	

of	the	lattice	constant	(i.e.	>100	µm	in	single	crystalline	systems	for	inorganic	semiconductors).	The	

localisation	 of	 charge	 causes	 transport	 to	 occur	 via	 hopping,	 i.e.	 thermally-assisted	 tunnelling	

between	localised	sites.	Such	transport	is	favoured	by	phonons	scattering	so	determining	mobility	

of	CPs	to	be	strongly	affected	by	temperature	and	to	increase	with	the	latter	raising,	contrarily	to	

inorganic	semiconductors,	according	to	the	exponential	law:	

	 	 	 	 𝝁 = 𝝁𝟎𝒆
^ 𝑻

𝑻𝟎
𝜶
	 	 (Equation	1-1)	

where	µ0	is	the	pre-exponential	factor	representing	the	hopping	mobility	in	absence	of	energetic	

disorders,	T0	is	an	empirical	parameter	related	to	the	Gaussian	width	of	the	site	distribution,	α	is	an	

integer	of	a	value	between	1	and	4	and	T	is	the	temperature.	At	room	temperature	µ	is	between	

0.1	cm2/Vs	and	2.5	cm2/Vs	for	disordered	CPs,	whilst	it	is	considerably	higher	in	molecular	crystals	

(up	to	20	cm2/Vs)	[43],	[51],	[52].	

a	 					b																																				c																																					d	
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 Optical	properties	of	CPs	

Upon	photo	or	electric	stimulation	excitons	arise	in	CPs.	In	the	case	of	photoexcited	excitons,	an	

electron	 is	 promoted	 to	 an	 excited	 state,	whereas	 in	 the	 case	 of	 electrically	 excited	 excitons	 a	

mutual	capture	of	free	charges	within	close	proximity	takes	place.	Depending	on	the	spin	angular	

momentum	S	as	a	combination	of	the	spin	of	the	electron	and	the	hole	involved,	these	excitons	can	

be	singlets	(S=0)	or	triplets	(S=1)	[50],	[53].	Excitons	formed	via	photoexcitation	are	primarily	singlets	

and	they	can	decay	by	means	of	a	radiative	or	non-radiative	process.	Instead,	electrically	stimulated	

excitons	 can	 form	either	 singlets	or	 triplets	 according	a	1:3	 ratio	and	undergo	 radiative	or	non-

radiative	decay	[49],	[54]	(Figure	1-6).	In	radiative	decay,	the	excited	electron	of	a	exciton	releases	

the	acquired	energy	surplus	by	emitting	a	photon	while	retroceding	toward	a	lower	energy	state	

[44].			

	
Figure	1-6:	(a)	A	triplet,	characterised	by	the	electron	and	the	hole	having	parallel	spins,	(b)	a	singlet	

characterised	by	the	electron	and	the	hole	having	antiparallel	spins.		

	

The	processes	involved	in	light-absorption	and	in	light-emission	are	generally	described	by	so-called	

Jablonski	diagram	(Figure	1-7).	The	electronic	energy	levels	are	vertically	arranged	and	named	S0	

(ground	 state),	 S1	 (first	 excited	 state),	 S2	 (second	 excited	 state)	 and	 T1	 (triplet	 state).	 Electronic	

energy	 states	are	organised	 in	 subsystems	called	vibrational	 levels	approximately	 spaced	0.1	eV	

from	each	other,	a	gap	much	lower	than	the	one	between	electronic	(excited	and	ground)	states.	

Radiative	processes	are	indicated	by	means	of	green	arrows	whilst	non-radiative	ones	by	means	of	

dashed	lines.	

a	 																				b	
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Figure	1-7:	Jablonski	diagram:	S0,	S1	and	S2	are	the	ground	state,	the	first	and	second	excited	state	respectively.	
T1	indicates	a	triplet	state.	Radiative	decays	are	represented	with	solid	lines	whilst	non-radiative	decays	with	

dashed	lines.	Taken	from[55].	

	

Absorption,	(hνabs	 in	Figure	1-7)	is	a	vertical	transition	from	S0	to	S1	or	S0	to	S2	and	occurs	within	

	10-15	s.	Both	S1	and	S2	are	excited	singlet	states.	Electrons	moved	from	S0	to	S2	relax	firstly	to	S1	by	

internal	 conversion	 within	 10-12	 s.	 Electrons	 in	 S1	 relax	 to	 S0	 via	 internal	 conversion	 so	 that	 a	

relaxation	from	the	lowest	vibrational	level	of	S1	is	most	likely	to	take	place	rather	than	from	other	

vibrational	states	of	the	same	excited	state.	Once	in	S0,	electrons,	in	vibrational	levels	higher	than	

the	lowest	one,	relax	further	to	eventually	end	up	in	the	lowest	vibrational	level	within	10-12	s.	The	

radiative	decay	taking	place	upon	the	relaxation	from	an	excited	state	to	the	ground	state	is	called	

fluorescence	and	occurs	within	an	elapse	of	nanoseconds	(hνem	in	Figure	1-7).	State	T1	is	involved	in	

intersystem	 crossing,	 namely	 a	 process	 involving	 an	 intermediate	 state	 necessary	 for	 triplets	 to	

rearrange	parallel	spins	(total	spin	momentum	=	1)	into	antiparallel	ones	(total	spin	momentum	=	0)	

so	that	exciton	can	return	to	the	ground	state,	where	only	excitons	with	a	null	total	spin	momentum	

are	allowed.	Such	process	occurs	within	microseconds	to	milliseconds,	a	considerably	longer	period	

of	 that	 observed	 for	 singlets	 emission	 (that	 is	 of	 the	 order	 of	 nanoseconds),	 and	 is	 referred	 as	

phosphorescence.	 Upon	 photoexcitation,	 the	 combination	 of	 the	 occurring	 phenomena	 of	

fluorescence	and	phosphorescence	is	termed	photoluminescence	(PL)	[56]–[58].		
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1.2 Optoelectronic	devices	

CPs	have	found	an	extensive	utilisation	in	optoelectronic	devices,	as	previously	said,	because	of	the	

multiple	 properties	 they	 feature	 (lightweight,	 cheap	 production	 costs,	 easy	 manufacturing,	

biocompatibility,	 flexible	 and	 stretchable	 mechanical	 properties[5],	 [12],	 [59]–[61])	 and	 the	

potential	 scenarios	 they	open	 in	application	 fields	 such	as	medicine	 [62]–[64],	 robotics	 [13]	and	

space	technology	[10].	The	CPs-based	devices	that	have	been	studied	the	most	are	OPVs,	OLEDs	and	

OFETs.	In	this	section,	the	main	aspects	of	these	three	devices	typologies	are	described.		

 Organic	photovoltaics	(OPVs)		

CPs	are	extensively	used	in	photovoltaic	solar	cells	as	active	layer.	The	latter	can	be	obtained	either	

as	a	blend	(in	case	of	bulk	heterojunction	solar	cells)	or	as	a	bilayer	(in	case	of	a	planar	solar	cells)	

of	an	electron	donor	polymer,	such	as	polythiophene	(e.g.	P3HT	or	PBTTT),	and	an	electron	acceptor	

polymer,	such	as	fullerene	derivative	(e.g.	PCBM)	[65],	[66].	Upon	photo-stimulation,	excitons	are	

formed	in	the	active	layer	of	these	devices.	OPVs	are	aimed	to	convert	photons	on	electric	current,	

the	generation	of	which	stems	from	the	splitting	of	exciton	holes	from	the	corresponding	exciton	

electrons	so	as	to	obtain	charges	to	flow	through	the	device	layers	and,	eventually,	to	be	collected	

at	the	electrodes.	The	photovoltaic	hole-electron	splitting	process[67]	is	described	in	Figure	1-8	and	

consists	in:	

	

i. Generation	 of	 excitons	 (electron/hole	 pairs	 bounded	 by	 Coulomb	 force)	 upon	 photon	

absorption	by	electron	donor	polymers;	

	

ii. Dissociation	of	excitons	into	free	charges	at	the	donor/acceptor	interface;		

	

iii. Charge	transport	across	the	active	layer;		

	

iv. Charge	collection	at	the	electrodes.	
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Figure	1-8.	Simplified	mechanism	of	OPV	exciton	dissociation.	Taken	from[67].	

	

OPVs	are	characterised	by	a	multi-layered	structure.	Depending	on	the	position	of	the	electrode	

from	which	electrons	are	extracted,	it	is	possible	to	obtain	a	direct	structure	(electrons	extracted	

from	metallic	 electrode)	or	 an	 inverted	 structure	 (electrons	extracted	 from	 the	 conductive	 thin-

oxide	electrode).	The	positions	of	each	layer	in	both	configurations	can	be	summarised	as	in	Figure	

1-9):	 i)	 top	metal	electrode;	 ii)	electron-collection	 layer	(ECL)	(direct	structure)	or	hole-collection	

layer	(HCL)	(inverse	structure);	iii)	the	active	layer	in	which	excitons	formation	occurs	upon	photo-

excitation;	iv)	HCL	(direct	structure)	or	ECL	(inverse	structure);	v)	transparent	conductive	oxide	(TCO)	

as	bottom	electrode	coated	over	a	transparent	substrate	(silica	or	glass)	from	which	light	reaches	

the	active	 layer.	The	active	 layer	 can	be	obtained	by	either	arranging	an	electron-donor	and	an	

electron-acceptor	according	a	planar	heterojunction	(or	type	I),	i.e.	by	depositing	a	film	of	one	of	

the	two	materials	first	and	the	other	on	top	afterwards,	or	according	a	bulk	heterojunction	(BHJ)	(or	

type	II),	namely	by	obtaining	a	blend	of	the	two	materials	to	be	deposited	as	unique	film.	The	bulk	

heterojunction	 has	 been	 demonstrated	 to	 maximise	 the	 contact	 surface	 between	 the	 two	

components	of	the	active	layer,	therefore	obtaining	a	higher	number	of	dissociated	charges	at	the	

donor/acceptor	interface	than	the	planar	heterojunction	[66],	[68],	[69].		

In	this	thesis,	the	treated	OPVs	were	all	built	according	the	direct	structure	and	by	using	this	material	

sequence:	ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al.	ITO	(Indium	Tin	Oxide)	acts	as	bottom	TCO	(anode),	

poly(3,4-ethylenedioxythiophene)	 polystyrene	 sulfonate	 (PEDOT:PSS)	 is	 the	 HCL,	 the	 blend	

P3HT:PCBM	is	the	active	layer	and	the	Ca/Al	is	the	top	metallic	electrode	(cathode).	The	active	layers	
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of	OPVs	are	mostly	obtained	out	of	a	solid	blend	composed	by	an	electron-donor	and	an	electron-

acceptor	 material.	 Such	 configuration	 is	 therefore	 a	 bulk	 heterojunction	 (BHJ)	 and	 features	 a	

nanostructured	 morphology	 formed	 by	 spontaneous	 phase	 separation	 between	 the	 two	

components[70],	[71].	The	typical	exciton	diffusion	length	in	CPs	is	~	10	nm,	as	seen	before,	hence	

the	 length	 scale	 of	 such	 phase	 separation	 should	 be	 within	 10-20	 nm.	 Furthermore,	 a	 highly	

interpenetration	 between	 the	 two	 blend	 components	 maximise	 the	 overall	 interface	 area	 in	

correspondence	of	which	the	charge	splitting	takes	place.	An	opportune	choice	of	materials	with	

properly	matching	donor	and	acceptor	LUMO-HOMO	levels	(Figure	1-10	)	renders	OPVs	capable	to	

generate	current	upon	photo-stimulation.	In	P3HT:PCBM	OPVs,	P3HT	acts	as	electron	donor	whilst	

PCBM	as	electron	acceptor[66].	

	

											 	

Figure	1-9:	(a)	The	general	structure	of	an	OPV.	(b)	The	direct	structure	normally	used	to	build		
P3HT:PCBM	BHJ	OPVs.	Taken	from[72].		

	

		 	

Figure	1-10:	(a)	The	occurring	charge	splitting	and	electrodes	collection	taking	place	in	a	BHJ	P3HT:PCBM	OPV.	
In	order	to	be	split	into	free	charges,	the	exciton	has	to	diffuse	at	the	electron-donor/electron	acceptor	interface	
within	its	lifetime.	Once	split,	charges	travel	through	electrodes	favoured	by	the	built-in	field	due	to	the	energy	
band	configuration.	Taken	from[47].	(b)	P3HT:PCBM	as	an	example	of	a	proper	donor/acceptor	HOMO-LUMO	

level	matching	to	obtain	charge	splitting	upon	photo-excitation.		

a	 																																		b	

a	 																																	b	
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Figure	1-11:	The	JV	curves	of	a	solar	cell	under	illumination	conditions	equivalent	to	1	Sun	(100	mW/cm2)	(red	
line)	and	in	dark	conditions	(blue	line).	The	JSC,	the	Voc,	the	Jpmax,	the	Vpmax	and	the	Pmax	points	are	highlighted.		

Rsh	and	Rs	are	respectively	the	shunt-resistance	and	the	series	resistance	of	the	equivalent	circuit	of	the	solar	cell.	
Adapted	from[73].	

	

The	current	density	vs	voltage	(JV)	curve	characterisation	of	OPVs	under	both	illumination	and	dark	

conditions	give	meaningful	insights	about	a	cell	functionality.	A	typical	JV	curve	is	reported	in	Figure	

1-11	 from	which	 it	 is	 possible	 to	 extract	 the	 parameters	 normally	 used	 to	 assess	 a	 cell	 quality,	

namely	the	short-circuit	current	density	(Jsc)	and	the	open-circuit	voltage	(Voc).	The	Jsc	is	the	current	

measured	under	illumination	conditions	with	no	external	applied	voltage,	i.e.	in	correspondence	of	

the	conditions	the	diode	delivers	the	maximum	current.	This	parameter	mainly	depends	on	three	

factors:	i)	the	fraction	of	absorbed	photons,	in	turn	depending	on	the	absorption	spectrum,	on	the	

absorption	coefficient	and	on	the	thickness	of	 the	absorbing	 layer;	 ii)	 the	 fraction	of	dissociated	

excitons	that	is	depending	on	the	phase	separation	between	the	two	blend	components,	required	

to	match	the	exciton	diffusion	length;	iii)	the	fraction	of	charges	successfully	reaching	the	collecting	

layers	 with	 respect	 to	 those	 lost	 for	 recombination	 due	 to	 charge	 traps	 or	 impurities	 present	

throughout	the	active	layer.		

The	open	circuit	voltage	(Voc)	is	the	value	of	applied	voltage	capable	of	null	the	built-in	voltage	due	

to	the	different	HOMO	level	of	the	donor	and	the	LUMO	level	of	the	acceptor.	In	correspondence	

of	 such	 value	 the	 current	 flowing	 through	 the	 device	 is	 zero.	 The	 Voc	 can	 be	 therefore	 directly	

obtained	according	the	following	formula:	
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	 𝑽𝒐𝒄 = 	
𝟏
𝒆
	( 𝑬𝑯𝑶𝑴𝑶𝒅𝒐𝒏𝒐𝒓 − 𝑬𝑳𝑼𝑴𝑶

𝒂𝒄𝒄𝒆𝒑𝒕𝒐𝒓 − 𝟎. 𝟑	𝒆𝑽)	 	 Equation	1-2	

where	e	is	the	elementary	charge	and	E	is	the	energy	level.	The	empirical	factor	0.3	eV	is	a	correction	

of	a	deviation	arising	because	of	factors	such	as	charge	mobility	and	active	layer	thickness	[74].	For	

a	 P3HT:PCBM	 OPV	 the	 calculated	 Voc	 is	 0.6	 eV,	 however,	 the	 measured	 one	 is	 0.56	 eV.	 Such	

discrepancy	stands	because	of	the	dependency	of	Voc	not	only	on	the	HOMO	and	LUMO	values	but	

also	 on	 the	 quality	 of	 the	 electrode/active	 layer	 interfaces,	 as	 the	 presence	 of	 defects	 at	 the	

interfaces	or	short	circuit	pathways	(i.e.	pinholes	or	cracks	in	the	active	film)	lead	to	an	increase	of	

the	resistivity	offered	by	the	material,	and	thus,	to	a	lowering	of	the	Voc	[75]–[77].	Importantly,	the	

Voc	 turns	 to	 be	 a	 valuable	 factor	 to	 assess	 the	 cell	 overall	 conditions	 since	 a	 close	 value	 of	 the	

measured-Voc	to	the	calculated-Voc	points	out	a	good	charge	transport	along	cell	layers.	The	JV	curve	

also	indicates	the	point	corresponding	to	the	maximum	power	provided	by	the	solar	cell,	i.e.	the	

Pmax,	obtained	as	 the	product	of	 the	current	density	 Jpmax	 and	 the	voltage	Vpmax	 (Figure	1-11).	A	

fundamental	parameter	calculated	starting	 from	the	 Jsc,	 the	Voc	and	the	Pmax	 is	 the	so-called	 fill-

factor	(FF),	used	to	directly	measure	the	squareness	of	the	JV	curve:	

	 	 𝑭𝑭 = 	 𝑷𝒎𝒂𝒙𝑽𝒐𝒄∗𝑱𝒔𝒄
=	𝑽𝒑𝒎𝒂𝒙∗𝑱𝒑𝒎𝒂𝒙𝑽𝒐𝒄∗𝑱𝒔𝒄

		 	 Equation	1-3	

FF	value	is	between	0	and	1,	an	ideal	cell	would	have	a	FF	of	1,	hence	giving	its	maximum	power	in	

correspondence	of	the	Jsc.	However,	such	condition	cannot	be	satisfied	and	real	cells	feature	a	FF	

lower	than	1.	The	yield	of	the	solar	cell	in	terms	of	incident	power	Pin,	due	to	the	light	converted	in	

delivered	current,	is	measured	by	the	power	conversion	efficiency	(η)	obtained	as:	

	 	 𝜼 = 	𝑷𝒎𝒂𝒙𝑷𝒊𝒏
= 𝑭𝑭 ∗

𝑽𝒐𝒄∗𝑱𝒎𝒂𝒙
𝑷𝒊𝒏

	 	 	 Equation	1-4	

The	power	conversion	efficiency	is	measured	by	adopting	as	standard	conditions	a	temperature	of	

25	°C	and	a	light	source	characterised	by	an	intensity	of	1	sun,	equivalent	to	1000	W/m2,	and	a	solar	

spectral	distribution	of	1.5	AM	(air	mass),	equivalent	to	the	irradiance	and	spectrum	of	incidental	

solar	ray	in	a	48.2°	angle[78].		

The	equivalent	circuit	model	for	a	solar	cell[79],	[80]	(Figure	1-12)	consists	of	a	current	generator	IL	

that	 takes	 in	 account	 the	 photo-generated	 current	 flowing	 through	 the	 device,	 of	 a	 current	 ID	

produced	by	a	diode	that	takes	in	account	the	recombination	of	the	charges	and	the	dark	current	

that	would	flow	in	the	opposite	direction	of	the	IL,	a	shunt-resistance	RSH	parallel	to	the	diode	that	

considers	the	resistance	across	the	active	layer	and	a	series	resistance	Rs	that	takes	in	account	the	

loss	due	to	the	contacts.	As	shown	in	Figure	1-11,	Rsh	affects	the	slope	of	the	straight	line	tangential	
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to	the	JV	curve	in	the	0	V	-	VPmax	portion,	whereas	Rs	affects	the	slope	of	the	straight	line	tangential	

to	the	JV	curve	from	Voc	onwards[73].		

	

	

Figure	1-12:	The	equivalent	circuit	of	a	solar	cell.	

	

The	equation	describing	the	output	current	I	is:	

	 𝑰 = 	 𝑹𝑺𝑯
𝑹𝑺𝑯+	𝑹𝑺

𝑰𝑳 −
𝑽
𝑹𝑺𝑯

− 𝑰𝑫𝟎 𝐞𝐱𝐩 𝑽+𝑰𝑹𝑺
𝒏𝑲𝑻 𝒒 − 𝟏 	 		 Equation	1-5	

That,	in	correspondence	of	the	Voc,	becomes		

	 	 𝑽𝒐𝒄 = 	
𝒏𝑲𝑻
𝒒
𝒍𝒏

𝑰𝑳−𝑽𝒐𝒄 𝑹𝑺𝑯
𝑰𝑫𝑶

+ 𝟏 		 	 Equation	1-6		

whereas,	in	correspondence	of	the	short	circuit	current	(Isc),	1-5	becomes:	

	 𝑰𝑺𝑪 =
𝑹𝑺𝑯

𝑹𝑺𝑯+	𝑹𝒔
	 𝑰𝑳 − 𝑰𝑫𝟎 𝒆𝒙𝒑 𝑰𝑺𝒄	𝑹𝑺

𝒏𝑲𝑻 𝒒 − 𝟏 	 	 Equation	1-7	

The	current	I,	the	short	circuit	current	Isc	and	the	Ipmax	can	be	expressed	as	J,	Jsc	and	Jpmax	simply	

dividing	the	current	values	by	the	solar	cell	pixel	area.		
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 Organic	light-emitting	devices	(OLEDs)	

	

Figure	1-13:	the	structure	of	a	OLED	(a)	and	the	hole-injection	layer	(HIL)	PEDOT:PSS	(b).	

	

	

Figure	1-14:	Injection	and	recombination	of	charges	in	OLEDs	and	subsequent	photon	emission.	Taken	from[67].		

	

In	OLEDs	the	recombination	of	electrons	and	holes,	induced	upon	an	electrical	stimulation,	is	aimed	

at	 the	emission	of	photons,	 the	emission	 frequency	of	which	depends	on	 the	energy	gap	of	 the	

active	layer.	The	main	phenomena	occurring	in	OLEDs	upon	electrical	stimulation	are[67]	(Figure	

1-14):	

	

i. Injection	of	 charge	carriers,	namely	electrons	 in	 the	LUMO	of	 the	organic	 layer	 from	the	

cathode	and	of	holes	at	the	HOMO	of	the	organic	layer	from	the	anode;	

	

a	 																																																							b	



	 43	

ii. Carrier	transport	through	the	device	and	formation	of	excitons	into	the	active	layer;	

	

iii. Electrostatic	 interaction	 and	 consequent	 combination	 of	 electron-hole	 pairs	 to	 form	

excitons,	or	bound	hole-electron	pairs;	

	

iv. Radiative	emission	upon	recombination,	by	means	of	photons.	

	

A	well-established	structure	for	an	OLED	consists	of	a	thin	film	of	an	organic	semiconductor,	i.e.	the	

emissive	layer	(∼100	nm),	sandwiched	between	two	electrodes.	A	hole-injection	layer	(HIL)	can	also	

be	inserted	between	the	anode	and	the	emissive	layer	as	well	as	electron-transport	layer	(ETL)	to	

improve	charge	 injection	 into	 the	device	 (Figure	1-13a).	The	 structure	 is	 very	 similar	 to	 the	one	

already	observed	for	OPVs	(1.2.1)	with	a	TCO	(anode)	on	one	side	to	allow	light	to	be	emitted	and	a	

metal	on	the	other	side	(cathode).	The	TCO	must	feature	high	transparency,	low	sheet	resistance,	

low	roughness	and	a	high	work	function.	For	both	OPVs	and	OLEDs	the	TCO	chosen	to	build	the	

devices	discussed	in	this	thesis	is	indium-tin-oxide	(ITO)	(In2O3	(90	wt%)	and	SnO2	(10	wt%)	that	has	

a	good	transparency	(up	to	90%	at	550	nm),	a	 low	sheet	resistance	(∼20	Ω/□),	a	 low	roughness	

(∼3	 nm	 rms)	 and	 a	 high	 work	 function	 (∼4.6	 eV).	 Furthermore,	 PEDOT:PSS	 (poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate))	(Figure	1-13b)	is	used	as	HCL	in	OLEDs.	Notably,	

the	same	material	is	also	used	as	HIL	in	the	OPVs	in	this	thesis	studied,	since	in	both	cases	PEDOT:PSS	

enhance	the	charge	transport	between	the	active	layer	and	the	anode	(i.e.	the	TCO).		

In	OLEDs,	PEDOT:PSS	provides	a	low	barrier	for	hole-injection	given	that	the	HOMO	of	the	emissive	

layer	is	normally	between	5	eV	and	6	eV.	Furthermore,	ITO	featuring	a	work	function	of	∼4.6	eV,	

which	 is	generally	 increased	to	∼4.7-4.8	eV	by	means	of	an	oxygen	plasma	treatment,	 further	

lowers	the	barrier	to	the	injection	of	holes	from	the	anode.	Analogously,	 in	OPVs,	PEDOT:PSS	

provides	 a	 low	 barrier	 for	 hole-extraction	 from	 the	 donor	 HOMO	 to	 the	 ITO	 anode.	Other	 two	

analogies	between	OPV	and	OLED	structures	are:	 i)	 the	oxygen	plasma	 treatment	 these	devices	

undergo	 to	 increase	 the	work	 function	 (∼4.7-4.8	eV),	 lower	 the	sheet	 resistance	 (∼15	Ω/□)	and	

decrease	surface	roughness	(from	3	nm	to	1.4	nm	rms)	of	ITO	[38],	[81];	ii)	the	choice	to	use	a	low	

work	 function	 material	 for	 the	 cathode	 in	 order	 to	 reduce	 electron	 injection/collection	

(OLEDs/OPVs)	barrier	since	LUMO	of	the	emissive/acceptor	(OLEDs/OPVs)	layer	is	typically	2-3	eV.	

Concerning	ii,	for	both	OLEDs	and	OPVs	here	studied	a	thin	layer	of	calcium	(∼30	nm)	capped	with	



	 44	

aluminium	(∼150	nm)	is	used	as	cathode.	Ca	has	a	work	function	of	∼2.8	eV	whereas	Al	of	3.7-4.2	

eV.	The	active	 layer	chosen	 for	 the	OLEDs	 in	 this	 thesis	 studied	 is	F8BT	 (poly(dioctyfluorene-alt-

benzothiadiazole))[82],	[83].		

OLEDs	exploit	so-called	electroluminescence	 (EL)	phenomenon,	namely	the	emission	of	a	photon	

upon	 recombination	of	 an	 injected	electron	 (from	 the	 cathode)	with	an	 injected	hole	 (from	 the	

anode)	taking	place	in	the	emissive	layer.	In	fact,	injected	charges	establish	excitons	as	result	of	the	

coulombic	 interaction	 between	 an	 injected-electron	 in	 the	 LUMO	of	 the	 active	material	 and	 an	

injected-hole	 in	 the	 HOMO	 of	 the	 same.	 Excitons	 may	 decay	 radiatively	 or	 non-radiatively	

afterwards.		

The	light	emitted	and	measured	from	OLEDs	can	be	expressed	either	in	radiometric	or	photometric	

units.	Radiometric	units	count	the	number	of	photons	emitted	by	the	device,	whereas	photometric	

units	 express	 the	 light	 emission	 according	 to	 the	 sensitivity	 of	 the	 human	eye	 giving	 the	 actual	

brightness	 perceived	 by	 the	 eye.	 However,	 the	 latter	 is	 restricted	 to	 the	 visible	 part	 of	

electromagnetic	spectrum,	i.e.	400	nm	to	700	nm.	Whenever	the	light	emission	falls	outside	such	

range,	it	must	be	expressed	in	radiometric	units	and	the	emission	intensity	is	given	as	radiance	(W	

sr-1	m-2).		

OLEDs	 are	 normally	 assumed	 as	 Lambertian	 light	 sources,	 or	 rather	 a	 source	 having	 the	 same	

radiance	 in	any	direction.	The	corresponding	photometric	unit	 for	 the	radiance	 is	 the	 luminance	

(cd·m-2).	F8BT	emits	 in	the	visible	range,	therefore	OLEDs	studied	in	this	thesis	are	characterised	

according	photometric	units,	i.e.	current	density-luminance	vs	voltage	(JLV)	and	EL	vs	voltage	graphs	

(Figure	 1-15).	 Upon	 application	 of	 a	 voltage	 bias	 between	 the	 anode	 and	 the	 cathode,	 the	

parameters	 normally	 used	 to	 characterise	 OLEDs	 functionality	 are:	 i)	 the	 turn-on	 voltage	 (VON),	

namely	the	(arbitrarily	defined)	bias	required	to	obtain	an	emitted	intensity	equal	to	∼5	times	the	

value	of	the	 intercept	of	the	LV	curve	(cd/m2)	with	the	noise	 level	 in	the	semi-log	plot	[44],	[84]	

(Figure	1-15b);	 ii)	 the	external	quantum	efficiency	 (EQE),	namely	 the	 ratio	between	 the	photons	

emitted	and	the	charges	injected;	iii)	the	EL	maximum	wavelength	of	emission	(λmax)	(Figure	1-15a).		
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Figure	1-15:	The	EL	vs	voltage	(a)	and	the	JLV	graph	(b)	of	a	F8BT	OLED	built	for	the	purposes	of	this	thesis.	The	
EL	spectra	were	collected	by	applying	a	9	V	bias	between	the	anode	and	the	cathode.		

	

The	VON	value	is	affected	by	the	presence	of	charge	traps,	impurities	and	device	degradation	due	to	

oxidation.	The	EQE	is	the	most	important	parameter	to	assess	the	efficiency	of	a	LED	and	can	be	

calculated	as:	

	 	 𝑬𝑸𝑬 = 𝜼𝑷𝑳 ∗ 𝒓𝒔𝒕 ∗ 𝜸 ∗ 𝜼𝒐𝒖𝒕				 	 Equation	1-8	

where:	 ηPL	 is	 the	 photoluminescence	 quantum	 efficiency;	 rst	 is	 the	 ratio	 between	 singlets	 and	

triplets,	normally	0.25	[49],	[54];	γ	is	the	charge	balance	factor	and	takes	in	account	the	number	of	

excitons	generated	per	electrons	injected	in	the	device;	ηout	is	the	light	out-coupling	efficiency	[38],	

[85]	that	measures	the	amount	of	internally	generated	light	escaping	from	the	device	and	limited	

by	the	difference	in	the	refractive	indices	between	layers	and	other	factors	such	as	the	total	internal	

reflection	at	the	glass/air	interface.	Out-coupling	efficiency	can	be	as	low	as	19	%,	meaning	that	up	

to	almost	80	%	of	the	light	can	be	lost	in	waveguiding	in	the	device[86].		

	

 Organic	Field-Effect	Transistors	(OFETs)	

OFETs,	similarly	to	other	CPs-based	devices,	can	be	integrated	in	plastic	low-cost	circuits[9],	[87],	

[88].	A	plethora	of	CPs	have	been	investigated	and	applied	as	active	layer	for	such	device,	such	as	

poly(alkylthiophenes),	 liquid-crystalline	 thieno-thiophene	 copolymers	 and	 indacenodithiophene–

benzothiadiazole	copolymers,	exhibiting	mobilities	 ranging	 from	0.1	cm2V-1s-1	 to	5	cm2V-1s-1[89]–

[91].	
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Figure	1-16:	The	generic	structure	of	a	OFET:	two	upper	metallic	contacts	act	as	drain	and	source	contacts;	an	
extended	gate	contact,	usually	obtained	by	heavy	n-doping	of	Si,	located	on	the	bottom	of	the	device;	a	dielectric	
layer	located	in	the	middle	of	the	structure	and	electrically	isolating	the	gate	contact	from	the	upper	contacts;	a	

semiconductor	layer	deposited	at	the	top	of	the	whole	structure	and	immerging	the	drain	and	the	source	
contacts.			

	

A	typical	OFET	structure	(Figure	1-16)	is	characterised	by:	i)	a	semiconducting	layer;	ii)	a	dielectric	

layer;	iii)	two	electrodes	called	source	(S)	and	drain	(D)	usually	located	on	top	of	the	dielectric	layer	

aimed	at	enabling	charge	injection	and	extraction;	iv)	a	gate	(G)	electrode	located	on	the	bottom	of	

the	dielectric	 layer	 aimed	at	modulating	 the	 resistance	of	 the	 semiconductor	 layer	 immediately	

laying	 at	 the	 interface	 with	 the	 dielectric	 material,	 properly	 termed	 transistor	 channel.	 The	

semiconductor	is	the	active	layer	of	the	device	and	provides,	upon	the	proper	applied	bias	between	

the	gate	and	the	source	contacts	 (VGS),	a	conductive	channel	enabling	charge	 injection	 from	the	

drain	and	charge	extraction	from	the	source.	Drain	and	source	contacts	create	ohmic	contacts	with	

the	semiconductor,	and	thus,	with	the	arisen	channel.	A	crucial	difference	with	inorganic	field-effect	

transistor	such	as	metal-semiconductor	FETs	(MESFETs)	or	metal-insulator	FETs	(MISFETs)	consists	

in	the	absence	of	an	inversion	regime	for	OFETs	while	they	can	operate	in	accumulation	or	depletion	

regime[92].	The	accumulation	arises	upon	an	applied	negative	bias	on	the	gate	contact	so	turning	

the	dielectric	 capacitive	 layer	negatively	 charged	and	 therefore	attracting	 the	majority	holes	 (p-

OFETs)	 to	 the	 semiconductor-insulator	 interface	 that	 create	 a	 so-called	 channel.	 A	 DS	 positive	

current	 (holes)	 therefore	 flows	 through	 this	 channel	 and	 it	 is	modulated	by	 the	 gate	 voltage.	A	

depletion	regime	arises	upon	the	application	of	a	small	positive	bias	to	the	gate	electrode	so	causing	

the	repelling	of	majority	carriers	from	the	semiconductor-insulator	interface	[93].	In	this	thesis,	the	

analysed	 semiconductors	 are	 either	 P3HT	 or	 PBTTT	 (Poly(2,5-bis(3-hexadecylthiophen-2-

yl)thieno[3,2-b]thiophene))	 OFETs,	 both	 p-type	 transistors.	 OFETs	 reported	 in	 the	 literature	 are	

mostly	based	on	CPs	featuring	a	p-type	behaviour	[92],	[94],	since	the	n-type	behaviour	is	affected	
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by	e-trapping	at	the	semiconductor-dielectric	interface	by	hydroxyl	groups	(silanols	in	the	case	of	

SiO2	dielectric	as	 those	growth	 in	 the	substrate	used	to	build	 the	OFETs	 in	 this	 thesis	analysed).	

Nevertheless,	n-type	OFETs	are	obtained	by	using	CPs	featuring	high	electron	mobility	such	as	8_3-

NTCDI	(N,N	-bis	(3-(perfluoroctyl)propyl)-1,4,5,8-naphthalenetetracar-boxylic	acid	diimide)	and	by	

means	 of	 superficial	 treatments	 aimed	 at	 reducing	 the	 e-trapping,	 such	 as	 self-assembled	

monolayers	(SAMs)	coating	the	dielectric	layer[91],[92].	In	n-type	OFETs	the	required	bias	to	open	

the	channel	must	be	positive	 so	as	 to	positively	 charge	 the	dielectric	 capacitance	and	 therefore	

obtain	an	accumulation	of	electrons	at	the	semiconductor-insulator	interface.	Importantly,	n-type	

transistors	can	also	be	achieved	by	using	P3HT	or	PBTTT	but,	since	the	electron	mobility	in	these	

devices	 is	 approximately	 tenfold	 lower	 than	 the	 hole	 one	 (hole/electron	 mobility	 in	 P3HT	

∼0.01	cm2V-1s-1/∼0.001	cm2V-1s-1;	hole/electron	mobility	in	PBTTT	∼1	cm2V-1s-1	/	∼0.1	cm2V-1s-1),	p-

type	OFET	behaviour	better	suits	these	CPs	[97].		

The	characterisation	of	OFETs	 requires	measuring	 the	current	vs	voltage	curves	 (IV)	 that	 can	be	

either	 the	 drain-source	 current	 (IDS)	 vs	 the	 gate-source	 voltage	 (VGS)	 curve,	 termed	 transfer	

characteristic,	or	the	IDS	vs	the	drain-source	(VDS)	curve,	termed	output	characteristic.	The	transfer	

characteristics	are	taken	by	using	the	applied	VDS	as	parameter,	whereas	the	output	characteristics	

are	 measured	 by	 using	 the	 applied	 VGS	 as	 parameter.	 Hence,	 IV	 curves	 of	 OFETs	 are	 normally	

reported	as	a	collection	of	several	transfer	characteristics	and	of	output	characteristics	(Figure	1-17).	

When	no	bias	is	applied	the	transistor	is	in	the	so-called	off	state,	whereas	it	is	in	the	on	state	for	an	

applied	bias	capable	to	open	the	device	channel.		

			 	

Figure	1-17:	The	output	characteristics	(a)	and	the	transfer	characteristics	(b)	of	a	PBTTT	OFET	featuring	a	
channel	length	of	20	µm.	The	VGS	used	as	parameter	in	the	output	curves	was	ranging	between	0	V	and	-80	V	
according	an	increasing	step	of	-20	V.	The	VDS	in	the	transfer	characteristics	was	ranging	between	-20	V	and	-

80	V	with	an	increasing	step	of	-60	V.	
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For	an	applied	VGS	higher	than	the	applied	VDS,	OFETs	work	in	so-called	linear	regime	(VGS>VDS)	where	

IDS	can	be	expressed	as:	

	 𝑰𝑫𝑺 =
𝑾

𝑳
∗ µ ∗ 𝑪𝒊 ∗ 𝑽𝑮𝑺 − 𝑽𝑻𝑯 ∗ 𝑽𝒅 −

𝑽𝑫𝑺
𝟐

𝟐
		 Equation	1-9	

where	W	and	L	are	respectively	the	width	and	the	length	of	the	transistor	channel,	µ	is	the	mobility	

of	charge	carriers	within	the	channel,	Ci	is	the	capacitance	per	unit	area	of	the	insulating	layer	of	

the	transistor,	VTH	is	the	so-called	threshold	voltage,	or	rather	the	minimum	bias	voltage	necessary	

to	induce	a	conductive	channel	[98].	For	an	applied	VGS	lower	than	the	applied	VDS,	OFETs	work	in	

so-called	saturation	regime	(VDS>VGS),	in	correspondence	of	which	a	depletion	layer	extends	for	the	

whole	semiconductor	thickness[98],	and	the	equation	1.9	becomes:	

	 	 𝑰𝑫𝑺 =
𝑾

𝟐𝑳
∗ µ ∗ 𝑪𝒊 ∗ 𝑽𝑮𝑺 − 𝑽𝑻𝑯

𝟐	 	 Equation	1-10	

The	last	equation	is	normally	used	to	assess	both	the	VTH	and	the	mobility	µ.	In	fact,	the	threshold	

voltage	VTH	can	be	extracted	by	determining	the	x	axis	intercept	of	(IDSsat)1/2	vs	VGS	in	the	saturation	

regime(equation	 1.10)[99],	 whilst	 µ	 corresponds	 to	 the	 slope	 of	 such	 graph	 (Figure	 1-18).	 The	

threshold	voltage	can	also	be	expressed	as:		

	 	 	 𝑽𝑻𝑯 = ± 𝒒𝒏𝟎𝒅
𝑪𝒊

+ 𝑽𝒇𝒃	 	 	 Equation	1-11	

where	Vfb	is	the	flat-band	potential	that	takes	in	account	any	work-function	difference	between	the	

semiconductor	and	 the	gate	metal,	q	 is	 the	elementary	charge,	n0	 is	 the	density	of	 free	carriers	

whereas	d	is	the	semiconductor	thickness.	The	sign	of	the	right-hand	side	of	the	equation	depends	

on	the	sign	of	the	charge	carriers.		
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Figure	1-18:	The	IDS0.5	vs	VGS	graph	of	a	OFET	built	for	the	purposes	of	this	thesis	used	to	extract	both	VTH	and	µ.		

	

The	electrical	parameters	useful	to	assess	OFETs	performances	are:	i)	the	field-effect	charge	carrier	

mobility	µ;	ii)	the	VTH;	iii)	the	on/off	current	ratio,	i.e.	the	ratio	between	the	IDS	value	for	VGS=0	and	

VGS=VDS	measured	over	the	same	transfer	characteristics,	hence	for	the	same	applied	VDS.	In	fact,	

mobility	and	VTH	can	be	affected:	by	the	presence	of	traps	at	the	insulator-semiconductor	interface	

resulting	 in	 a	 variation	 of	 n0;	 by	 Ci	 alterations	 due	 to	 charge	 injection	 from	 the	 gate	 or	 the	

drain/source;	by	structural	variations	affecting	the	Vfb[93],	[99].	Importantly,	mobility	depends	on	

the	magnitude	of	the	gate	voltage	and	therefore	is	field-effect	dependent.	The	on/off	ratio	is	a	figure	

of	 merit	 for	 OFETs	 since	 higher	 values	 of	 this	 parameter	 results	 in	 a	 better	 switch	 between	 a	

condition	 of	 off	 state,	 hence	 with	 the	 solely	 sub-threshold	 voltage	 flowing	 between	 drain	 and	

source,	to	an	on	state	in	which	considerable	higher	current	flows	within	the	device.	Such	parameter,	

in	fact,	establishes	the	quality	of	the	OFET	to	act	as	a	switch,	particularly	important	for	applications	

in	 digital	 circuits,	 and	 to	 determine	 a	 low	 consumption	 in	 correspondence	 of	 circuit	 standby.	 A	

variation	of	the	VTH	or	an	increase	of	the	charges	trapped	within	the	device	can	alter	such	parameter.	
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1.3 Electrostatic	Discharge	(ESD)		

Damages	 prevention	 due	 to	 electrostatic	 discharge	 (ESD)	 in	 electronic	 circuits	 relies	 on	 the	

utilisation	of	circuit	(or	component)	protections.	The	latter	are	designed	according	to	specifications	

that	 can	 be	 obtained	 by	 means	 of	 a	 transmission	 line-pulsing	 (TLP)	 system,	 which	 is	 aimed	 to	

reproduce	 on	 workbench	 ESD	 phenomena[14],	 [100].	 Such	 technique	 is	 widely	 used	 to	 test	

inorganic	electronic	circuits	aimed	to	be	used	on	a	large	scale,	such	as	phones,	TVs,	laptops	etc.	[16],	

[101]–[103].	 Interestingly,	TLP	testing	has	been	poorly	applied	on	organic	devices	since	only	few	

papers	have	been	reported	so	far	on	the	subject,	and	thus,	the	characterisation	of	the	TLP-stress	

response	of	organic	devices	turns	out	particularly	important	for	a	large-scale	deployment.				

 Transmission-Line	Pulse	

ESD	events	normally	occur	in	daily	life	due	to	the	tendency	of	bodies	to	get	charged,	because	of	

friction,	and	to	discharge	over	other	not-charged	or	grounded	objects.	There	are	several	possible	

ESD	mathematical	models	 such	 as	 Human	 Body	Model	 (HBM),	Machine	Model	 (MM),	 Charged	

Device	Model	 (CDM),	Charge	Board	Model	 (CBM),	Human	Metal	Model	 (HMM),	Cable	Discharge	

Events	 (CDE)	 and	 others[104]–[106].	 In	 these,	 human	 body,	 machines,	 IC	 chips,	 circuit	 boards,	

cables,	or	an	entire	system	are	modelled	by	a	RC	or	RLC	equivalent	circuit,	where	the	capacitor	is	

responsible	to	accumulate	charge,	whereas	the	resistance	and,	when	present,	the	inductance	are	

the	discharging	path.	Furthermore,	a	switch	 is	usually	 inserted	to	mimic	the	discharge	triggering	

moment	taking	place	when	a	charged	body	gets	in	contact	with	a	not-charged	one.	The	TLP	system	

used	to	test	the	devices	in	this	thesis	discussed	produces	discharges	modelled	according	the	Human	

Body	Model	 (HBM)[15].	 According	 the	 latter,	 an	 electronic	 potential	 equal	 to	 2	 kV	 or	 more	 is	

connected	to	a	100	pF	capacitor	(CHBM),	representing	the	average	capacitance	of	the	human	body,	

and	a	resistance	of	1.5	kΩ	(RHBM)	that	represents	the	average	resistance	of	the	human	skin	(Figure	

1-19a)[107].	 The	 discharge	 trigger	 is	 represented	 by	 a	 switch	 that,	 upon	 closure,	 connects	 the	

charged	capacitor	with	a	grounded	device	by	means	of	the	discharging	path,	i.e.	the	RHBM.	A	further	

resistance	 is	 inserted	 in	 the	 HBM	 circuit	 representing	 the	 resistance	 felt	 by	 charges	 during	

accumulation	periods,	virtually	infinite,	due	to	the	friction	with	other	objects.	Such	resistance	does	

not	 take	 part	 to	 the	 discharging	 event.	 The	 charged	 capacitor	 is	 discharged	 over	 the	 contacted	

device	within	few	tens	of	nanoseconds	and	is	characterised	by	a	current	reaching	values	even	higher	

than	10	A.	The	ESD	event	modelled	by	the	HBM	is	thus	consisting	of	a	current	pulse,	potentially	

destructive	for	electronic	circuits,	which	imposes	the	adoption	of	proper	protections.	The	shape	of	
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such	current	pulse	 is	depicted	 in	Figure	1-19b.	A	rise	time	(tri)	period,	of	approximately	10	ns,	 is	

followed	by	a	discharge	time	(tdi),	of	approximately	20	ns,	during	which	the	current	is	progressively	

reduced	from	the	100%	up	to	36%	of	its	value[108].	Afterwards,	a	period	of	50	ns	follows	during	

which	the	current	is	completely	nulled.	The	TLP	line	I	used	to	test	my	devices	reproduces	HBM-like	

pulses	characterised	by	increasing	current	amplitude.	The	TLP	produced	pulse	is	squared-shaped,	

hence	 not	 exactly	 the	 same	 as	HBM	 curve	 shape.	Nevertheless,	 it	 is	 designed	 in	 such	 a	way	 to	

transfer	the	same	quantity	of	energy	a	HBM	pulse	would	transfer	given	a	certain	maximum	current	

amplitude,	therefore	the	area	under	the	two	curves	depicted	in	Figure	1-20a	is	the	same[109].	Such	

difference	is	due	to	the	fact	that	obtaining	and	reproducing	square	pulses	featuring	the	same	time	

duration	is	easier	than	other	type	of	pulses.	In	fact,	during	a	TLP	test,	a	train	of	pulses	of	the	same	

time	 length	 and	 shape	but	with	 increasing	 amplitude	are	discharged	over	 the	device	under	 test	

(DUT).	Figure	1-20b	depicts	the	sequence	of	increasing	pulses	a	DUT	undergoes	during	a	TLP	test	

session[102],	[103],	[110].	The	purpose	of	such	applied	train	of	pulses	is	to	expose	DUT	to	a	level	of	

TLP	 stress	progressively	higher,	 in	order	 to	 find	 the	maximum	pulsed	energy	 that	 it	 can	 sustain	

before	suffering	permanent	damaging.		

	

	 	

Figure	1-19:	(a)	The	circuit	of	the	human	body	model	(HBM).	Adapted	from[107].	(b)	The	current	pulse	
generated	upon	an	ESD	discharge	according	to	the	HBM	(www.circuitcellar.com).	

a	 																																				b	
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Figure	1-20:	a)	The	modelled	HBM	pulse	and	the	real	applied	TLP	pulse	shape,	occurring	approximately	within	
100	ns(www.edn.com)	b)	The	sequence	of	amplitude-increasing	TLP-generated	pulses	over	the	DUT.	Taken	

from[110].	

	

 

Figure	1-21:	A	simplified	circuit	of	a	TLP	line.	Adapted	from[103].	

	

A	summary	of	the	circuit	of	a	TLP	system	is	shown	in	Figure	1-21[103].	A	TLP	square	pulse	generator	

is	connected	by	means	of	a	switch	(S1)	to	a	transmission	line	(TL1)	(a	coaxial	cable	of	few	meters	

length)	composed	by	an	attenuator	and	a	second	switch	(S2),	responsible	to	allow	the	incoming	TLP	

pulse	to	reach	the	DUT	by	means	of	a	second	transmission	line	(TL2)	(shorter	than	TL1).	TL0,	TL1	

and	TL2	are	characterised	by	a	resistance	Z0,	equal	to	50	Ω	in	the	circuit	proposed	in	Figure	1-21	

(note	the	TLP	system	used	for	the	purposes	of	this	thesis	features	a	Z0	resistance	of	200	Ω).	S2	is	

	a	 																																																									b	
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also	used	to	connect	the	DUT,	between	a	pulse	replica	and	another,	to	a	source	measurement	unit	

(SMU)	aimed	at	assessing	the	functionality	of	the	DUT	during	the	period	in	which	S1	is	left	opened.	

In	correspondence	of	S1	closed	and	S2	positioned	on	the	TL2,	a	pulse	is	released	directly	over	the	

DUT.	 The	 pulse	 travels	 through	 the	 transmission	 line	 to	 reach	 the	 DUT.	 The	 pulse	 is	 partially	

reflected	back	towards	TL2,	therefore	S1	is	immediately	opened	after	the	pulse	release	in	order	to	

avoid	any	reflection	damaging	the	pulse	generator.	The	reflection	is	due	to	a	mismatch	between	the	

resistance	of	the	line	(Z0)	and	the	resistance	of	the	DUT.	Importantly,	the	pulse	can	be	reflected	back	

and	forth	from	the	DUT	to	TL2	but,	because	of	the	attenuator,	the	amplitude	of	such	reflections	is	

promptly	reduced	and	negligible	rendered.	An	oscilloscope	is	connected	at	the	exit	of	the	attenuator	

in	order	to	detect	the	applied	voltage,	also	called	pre-charge	voltage	(Vinc),	and	the	voltage	reflected	

by	the	DUT,	called	Vref,	before	the	latter	reaches	the	attenuator.	Vinc	is	different	than	the	voltage	

generated	by	the	pulse	generator	VHV	because	of	the	loss	due	to	TL0	and	TL1	(Vinc<VHV).	The	actual	

value	of	the	pulse	applied	across	the	DUT	is	termed	TLP	voltage	(VTLP),	whereas	the	actual	value	of	

current	flowing	through	the	device	because	of	the	applied	pulse	is	termed	TLP	current	(ITLP).	VTLP	and	

ITLP	can	be	calculated	as:	

	 	 𝑰𝑻𝑳𝑷 =
𝑽𝒊𝒏𝒄−𝑽𝒓𝒆𝒇

𝒁𝟎
		 	 	 Equation	1-12	

	

	 	 𝑽𝑻𝑳𝑷 = 𝑽𝒊𝒏𝒄 + 	𝑽𝒓𝒆𝒇	 	 	 Equation	1-13	

The	value	of	these	two	quantities	varies	at	each	pulse	replica.	The	ITLP	vs	VTLP	graphs	are	fundamental	

to	understand	the	DUT	response	to	the	applied	TLP	stress	and	to	extract	so-called	TLP	parameters,	

namely	the	trigger	current	ITR,	the	trigger	voltage	VTR,	the	TLP	resistance	RTLP	and	the	trigger	energy	

ETR.	The	ITLP	vs	VTLP	is	a	segmented	curve,	as	shown	in	Figure	1-22,	in	which	each	segment	ends	in	

correspondence	of	a	so-called	trigger	point,	namely	each	point	in	which	main	changes	occur	within	

the	DUT	so	altering	its	ability	to	dissipate	the	pulsed	charges.	Such	changes	can	be	related	to	various	

kind	 of	 partial	 damages	 or	 total	 failures,	 such	 as	 arisen	 short	 circuits,	 junction	 breakdown,	 and	

failure	of	metal	contacts.	Furthermore,	each	segment	 is	usually	characterised	by	 its	own	RTLP,	or	

rather	the	DUT	acts	as	a	resistance	over	which	the	pulsed	ITLP	is	discharged.	As	long	as	the	relation	

between	the	VTLP	and	the	ITLP	is	linear	this	means	that	the	DUT	is	successfully	dissipating	the	pulsed	

energy	and,	expectably,	no	permanent	damages	are	occurring	into	the	DUT.	In	correspondence	of	

a	trigger	point	such	interdependence	between	the	ITLP	and	the	VTLP	changes	(red	region	in	Figure	

1-22),	and	therefore	suggesting	that	a	permanent	damage	occurred	into	the	DUT.	The	value	of	the	
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ITLP	and	of	the	VTLP	corresponding	to	the	trigger	point	are	the	VTR	and	the	ITR	respectively.	The	ETR	

parameter	is	therefore	obtained	as:	

	 𝑬𝑻𝑹 = 	𝑽𝑻𝑹 ∗ 𝑰𝑻𝑹 ∗ 𝒕𝒑𝒖𝒍𝒔𝒆 = 𝑷𝑻𝑹 ∗ 𝒕𝒑𝒖𝒍𝒔𝒆	 Equation	1-14	

where	tpulse	 is	the	duration	of	the	applied	pulse	by	the	TLP	system	on	the	DUT	and	the	PTR	is	the	

trigger	power.	RTLP	can	be	obtained	from	the	inverse	of	the	slope	of	the	linear	segment	ending	with	

the	trigger	point.	Each	linear	segment	is	characterised	by	a	VTR,	an	ITR,	a	RTLP	and	an	ETR.	If	the	latter	

are	referring	to	segment	subsequent	to	the	first	trigger	point,	they	are	termed	as	VTR2,	ITR2,	RTLP2,	

ETR2	or	VTR3,	ITR3,	RTLP3,	ETR3	etc.	Usually,	the	second	trigger	point	is	associated	to	a	permanent	failure	

of	the	device,	and	thus,	a	further	exposure	of	the	DUT	to	TLP	stress	is	avoided	by	limiting	the	analysis	

up	to	the	second	trigger	point[15].	Furthermore,	these	parameters	can	be	found	in	the	literature	

named	 as	 Vt1,	 It1,	 Et1,	 Ron1	 or	 Vt2,	 It2,	 Et2,	 Ron2[103],	 [105]–[107]	 but,	 I	 found	 less	 confusing	 the	

aforementioned	 terminology	 (VTR,	 ETR,	 ITR)	 since	 in	 all	 cases	 analysed	 I	 chose	 to	 extract	 the	

parameters	only	up	to	the	first	trigger	point.		

A	 particular	 case	 of	 TLP	 parameter	 extraction	 takes	 place	 when	 no	 trigger	 point	 is	 observed,	

meaning	that	the	device	successfully	sustained	the	pulsed	energy	up	to	the	maximum	value	the	TLP	

system	can	supply,	i.e.	up	to	the	maximum	Vinc.	In	correspondence	of	such	case,	the	parameters	are	

the	maximum	values	observed	during	 the	TLP	 test,	 therefore	 they	are	 termed	as	VTLPMax,	 ITLPMax,	

RTLPMax	and	ETLPMax	since	no	trigger	takes	place	and	those	parameters	are	equal	to	TLP	system	full-	

scale.		

	

	

Figure	1-22:	The	ITLP	vs	VTLP	graph	of	a	PBTTT	TLP	tested	OFET.	

0 40 80 120 160 200 240 280
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

I TL
P (

A
)

VTLP (V)

RTLP

Trigger Point
VTR =259V , ITR=0.15A

RTLP2

Second Trigger
VTR2= 79V , ITR2= 0.89A

Snapback 
region



	 55	

The	behaviour	 reported	 in	Figure	1-22	was	chosen	since	representative	of	almost	 the	totality	of	

cases	 in	 the	 thesis	 reported.	However,	 the	 response	 to	TLP	 stress	 can	be	 considerably	different	

according	the	kind	of	device	analysed	(single	component	such	as	CMOS,	FETs	or	entire	integrated	

circuits)	and	according	the	model	the	TLP	system	is	modelled	on	(HBM,	MM,	CMD	etc.).	An	analysis	

of	 each	 of	 these	 cases	 is	 beyond	 the	 purposes	 of	 this	 thesis,	 which	 is	 instead	 focused	 only	 on	

components	 tested	 by	means	 of	 a	 TLP	 set	 to	 generate	 HBM-like	 pulses.	 The	 ITLP	 vs	 VTLP	 graphs	

measured	according	such	methodology	are	characterised	by:	i)	a	first	region	of	the	graph	consisting	

of	a	straight	line;	ii)	a	second	region	the	shape	of	which	depends	on	the	way	the	DUT	dissipates	the	

pulsed	energy	after	the	first	trigger	point.	Figure	1-23[106]	is	reporting	two	possibilities	for	ii.	The	

first	one	(a)	shows	an	increased	RTLP2	with	respect	to	the	RTLP	of	the	first	portion	of	the	graph.	This	

happens	whenever	the	dissipated	pulsed	energy	involves	a	small	portion	of	the	device	and	the	DUT	

resistance	 is	 altered	 in	 such	 a	way	 to	 result	 less	 prone	 to	 allow	 pulses	 to	 pass	 through,	 hence	

undergoing	a	considerable	heat	dissipation	leading	toward	a	total	failure	of	the	device	within	few	

pulses.	Such	response	is	similar	to	a	junction	breakdown	since	the	accumulated	energy	is	almost	

fully	released	after	the	second	trigger	point.			

The	second	one	(Figure	1-23b)	is	characterised	by	a	snapback	region,	namely	a	sudden	reduction	of	

the	RTLP	takes	place	straight	after	the	first	trigger	point,	so	pointing	out	that	the	DUT	has	released	

part	of	the	accumulated	energy	in	correspondence	of	the	trigger	point.	The	snapback	takes	place	

because	of	arisen	parasitic	current	within	the	DUT	dissipating	the	pulsed	energy	and	considerably	

reducing	the	resistance	to	the	pulsed	current[106].	Such	situation	is	generally	damaging	since	the	

DUT	starts	working	in	different	conditions	with	respect	to	the	normal	ones,	due	to	arisen	parasitic	

current	exploiting	electrical	paths	opened	because	of	both	the	frequency	regime	(GHz)	the	device	

is	forced	to	work	and	the	physical	alterations	the	dissipated	heat	induces.	A	snapback	region	was	

observed	in	almost	the	totality	of	the	devices	in	this	thesis	reported.	
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Figure	1-23:	Two	possible	post	first	trigger	point	(VBD	in	the	graphs)	response	to	TLP	stress	by	devices	
undergoing	HMB-like	pulses:	a)	junction-breakdown	like;	b)	snapback	region.	Adapted	from[106].	

	

The	functionality	of	the	DUT	is	monitored	after	each	TLP	event	by	measuring	the	leakage	current	

(ILEAK),	namely	the	current	flowing	through	the	DUT	upon	application	of	a	voltage	comparable	to	the	

operating	one.	The	choice	of	this	parameter	corresponds	to	the	selection	of	the	failure	assessment	

criterion.	In	fact,	the	maximum	allowed	value	for	the	ILEAK	is	termed	IFAIL.	If	the	ILEAK	overcomes	such	

value	the	so-called	ILEAK	test	is	failed	and	it	reveals	if	the	applied	TLP	pulse	induces	a	short-circuit	

into	 the	 device	 or	 an	 abnormally	 high	 current	 flowing	 through	 the	 device	 in	 normal	 operation	

conditions.	Device	not	failing	the	ILEAK	test	are	either	not	experiencing	a	failure	or	experiencing	a	

failure	 of	 a	 different	 kind,	 such	 as	 disruption	 of	 electrical	 connections[111].	 Commonly,	 this	

parameter	turns	particularly	useful	in	tests	involving	a	dielectric	material,	such	as	gate	oxide	in	field	

effect	transistors,	in	which	ESD	events	create	holes	thus	inducing	short	circuits.	Furthermore,	the	

ILEAK	 is	normally	reported	within	the	 ITLP	vs	 ILEAK	graph.	The	shape	of	such	graph	gives	 indications	

about	the	DUT	in	relation	of	the	amount	of	pulsed	current	it	has	been	exposed:	i)	a	decrease	of	the	

ILEAK	for	an	increasing	pulsed	current	generally	indicates	a	failure	of	a	metal	connection	internally	to	

the	DUT	whilst	parasitic	current,	arising	solely	in	the	TLP	regime,	is	discharging	the	pulsed	energy	

via	parasitic	resistance;	ii)	sudden	fluctuations	of	the	ILEAK	and	the	ITLP	itself	suggest	a	failure	of	the	

TLP	probe-DUT	electric	contact,	as	a	result	of	a	localised	damage	over	the	input	pad	of	the	DUT;	iii)	

a	steady	value	of	the	ILEAK	for	an	arising	ITLP	is	instead	indicating	that	the	pulsed	current	is	not	causing	

significant	changes	in	the	device;	iv)	an	increasing	ILEAK	for	an	increasing	ITLP	suggests	that	the	TLP	

pulsed	 energy	 is	 heating	 the	 DUT	 and	 altering	 its	 conductivity,	 for	 example	 by	 increasing	 the	

conductivity	 of	 the	 active	 layer	 of	 organic	 devices;	 v)	 fluctuation	 of	 the	 ILEAK	 around	 a	 certain	

constant	value	can	suggest	the	injection	of	charges	that	remain	trapped	into	the	DUT,	especially	if	

a	 																																																											b	
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the	pulsed	current	is	interesting	a	dielectric;	vi)	A	sudden	increase	of	the	ILEAK	is	instead	revealing	a	

short-circuit.	Usually,	the	ITLP	vs	ILEAK	is	a	combination	of	these	cases	and	the	passage	from	a	case	to	

another	within	the	same	graph	can	be	linked	to	the	passage	from	a	trigger	point-limited	portion	of	

the	ITLP	vs	VTLP	to	another.	An	example	of	a	complete	TLP	graph,	correlated	with	both	the	ITLP	vs	VTLP	

and	the	ITLP	vs	ILEAK	(inset)	graph	in	Figure	1-24a	is	reported.		

Another	test	normally	carried	out	to	assess	TLP	effects	on	devices	is	the	DC	(direct	current)	test	that	

consists	in	measuring	the	device	by	sweeping	a	certain	set	of	voltage	values.	Such	test	is	performed	

before	 and	 after	 the	whole	 TLP	 test.	 The	main	 difference	with	 the	 ILEAK	 lies	 in	 the	 latter	 being	

assessed	at	every	TLP	replica	and	in	correspondence	of	a	unique	applied	voltage	bias,	whilst	the	DC	

test	obtain	an	entire	curve	out	of	the	device.	For	instance,	a	DC	test	on	TLP	OFETs	is	shown	in	Figure	

1-24b	where	the	curve	obtained	by	sweeping	the	drain-source	voltage	between	0	and	-40	V	and	

keeping,	by	means	of	a	third	terminal,	the	gate-source	biased	at	-40	V	is	measured	before	and	after	

the	TLP	test,	pointing	out	an	altered	behaviour	because	of	the	TLP	test.	Instead	the	ILEAK,	as	shown	

in	Figure	1-24a,	is	measured	in	correspondence	uniquely	of	an	applied	VGS	of	-20	V	and	an	applied	

VDS	of	-20	V,	there	is	no	sweeping.	The	DC	is	therefore	aimed	at	assessing	the	device	functionality	

immediately	after	the	TLP	test.	

The	parameters	obtained	by	means	of	TLP	tests	are	used	to	build	ESD	protections,	in	particular	the	

ETR	gives	an	immediate	measure	of	the	maximum	pulsed	energy	these	devices	can	sustain,	whereas	

ITR	and	VTR	establish	the	limit	within	which	the	devices	must	be	kept	in	order	to	avoid	any	damage.	

To	obtain	 this,	 low-impedance	discharging	current	paths	 such	as	Zener	diodes,	multi-finger	gate	

grounded	MOS	or	metal	ring,	aimed	to	shunt	ESD	currents	and	clamp	the	I/O	pad	voltage	to	safe	

levels,	are	designed	accordingly[112].	However,	the	same	TLP	parameters	can	be	used	also	to	assess	

TLP	tested	devices	as	ESD	protector	themselves,	since	observed	low	impedance	paths	arisen	upon	

TLP	pulses	can	potentially	be	used	to	deviate	pulses	from	cores	of	electronic	circuits.	In	such	regard,	

the	RTLP	is	the	parameter	providing	useful	information[113].		

To	 the	 best	 of	 my	 knowledge,	 only	 few	 papers	 have	 been	 reported	 so	 far	 regarding	 the	

characterisation	 of	 the	 response	 of	 organic	 FETs[108],	 [114],	 as	 described	 later,	 and	 the	 work	

reported	specifically	for	P3HT	and	PBTTT	OFETs[115],	[116]	is	the	first	one	involving	these	materials,	

whereas	there	are	no	reported	papers	on	OPVs	and	OLEDs	characterised	by	means	of	a	TLP	stressing	

line.			
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Figure	1-24:	A	complete	TLP	graph	of	a	PBTTT	OFET	tested	by	applying	positive	pulses	between	the	drain	and	
the	source	(a)	and	the	DC	test	results	of	the	same	device	before	(red	line)	and	after	(black	line)	the	TLP	test(b).	
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1.4 Neutron	scattering	based	technique		

Neutrons	 are	 uncharged	 particles	 capable	 of	 deeply	 penetrating	 into	 materials	 so	 providing	

information	 related	 to	 the	 bulk	 of	 samples	 or,	 by	means	 of	 fast	 neutrons,	 to	 induce	 ionisation,	

recoiling	 or	 cleavage	 into	 irradiated	 atoms[17].	 Neutrons	 are	 scattered	 by	 strong	 and	 very	

short	(~10-14	nm)	nuclear	forces,	hence	neutrons-matter	interaction	results	different	compared	to	

X-rays	or	electrons	interactions	with	matter.	For	instance,	hydrogenated	materials	poorly	deflects	

X-rays	and	electrons,	whereas	they	strongly	scatter	neutrons,	and	thus,	organic	materials	can	be	

successfully	investigated	by	means	of	neutron-scattering	techniques[22],	[117],	[118].	Furthermore,	

the	spectrum	of	neutron	energy,	obtained	within	a	neutron	source,	ranges	from	very	low	energetic	

neutrons	(0.025	eV)	up	to	highly	energetic	ones	(hundreds	of	MeV)	thanks	to	a	tuning	process	of	

neutrons	energy	(thermalisation)	obtained	by	using	a	medium	at	a	certain	temperature.	Such	wide	

spectrum	renders	neutrons	scattering	a	versatile	investigation	tool	since	lower	energetic	neutrons	

can	be	employed	for	neutron	diffraction	and	spectroscopy,	whereas	those	featuring	a	higher	energy	

are	suitable	for	damaging	tests[10],	[119].		

 Neutrons	features	

Neutron	sources	can	be	of	two	kinds,	namely	reactors	or	pulsed	sources.	In	both	cases	produced	

neutrons	are	far	too	energetic	(>	1	MeV)	for	spectroscopy	purposes,	therefore	a	speed	moderating	

mean	is	used	so	as	to	force	neutrons	to	lose	energy	via	collision	to	recoiling	atoms	of	the	moderator.	

Emerging	neutrons	 feature	an	energy	content	within	 the	Maxwell-Boltzmann	distribution	of	 the	

moderator	mean.	 The	moderation	 can	 be	 tuned	 by	 changing	 the	mean	 or	 its	 temperature.	 For	

instance,	 if	 the	used	mean	 is	water	kept	at	 room	temperature,	 the	average	energy	of	emerging	

neutrons	 is	 25	meV,	 suitable	 for	 diffraction	 experiments,	 whilst	 if	 the	mean	 is	 liquid	 hydrogen	

(<20.28	K)	the	average	neutron	energy	falls	to	5	meV	making	neutrons	suitable	for	slow	inelastic	

processes	or	quasi-elastic	scattering	events[43].	Since	temperature	affects	moderator	mean	atoms	

energy,	the	whole	process	of	neutrons	moderation	is	termed	thermalisation.	Examples	of	neutrons	

are:	cold	neutrons	with	energy	ranging	between	0.0	and	0.025	eV;	thermal	neutrons	featuring	an	

energy	of	0.025	eV;	epithermal	neutrons	of	energy	ranging	between	10-6	to	10-1	MeV;	fast	neutrons	

having	an	energy	ranging	from	1	MeV	to	20	MeV.	Several	others	can	be	found	featuring	different	

energy	 intervals	 such	 as	 cadmium	 (kinetic	 energy	 below	 the	 cadmium	 cut-off	 energy,	~0.5	 eV),	

epicadmium	 (kinetic	 energy	 between	 0.5	 eV	 and	 1	 eV),	 slow	 (kinetic	 energy	 between	 1	 eV	 and	
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10	eV),	 resonance	 (kinetic	 energy	between	10	eV	and	300	eV)	and	 intermediate	 (kinetic	 energy	

between	300	eV	and	1	MeV)	neutrons.	

Neutrons	scattering	can	be	elastic	or	inelastic,	depending	mainly	on	neutron	speed	(cold,	thermal	

or	fast)	and	target	nuclei	neutron	cross	section.	Neutron	cross	section	is	a	measure	of	the	likelihood	

of	a	neutron	to	hit	a	target-nucleus	and	depends	on:	i)	target	type;	ii)	nuclear	reaction;	iii)	incident	

particle	 energy;	 iv)	 relative	 angle	 between	 the	 incident	 neutron	 and	 the	 target;	 v)	 target	

temperature.	 Such	 parameters	 are	 therefore	 to	 be	 taken	 in	 consideration	 within	 the	 neutron	

sources	in	order	to	tune	produced	neutrons	in	such	a	way	to	obtain	either	spectroscopy-suitable	or	

damaging	neutrons.	An	elastic	scattering	resolves	in	the	total	amount	of	kinetic	energy	possessed	

by	particles	involved,	as	well	as	their	number,	remaining	constant	after	the	neutron-sample	nuclei	

collision.	According	such	conditions,	no	conversion	of	energy	from	kinetic	 into	other	forms	takes	

place.	Elastic	scattering	is	observed	in	fast	neutrons	(>1	MeV).	Inelastic	scattering	means	instead	a	

transfer	of	the	kinetic	energy	of	the	 incident	particle	to	the	 irradiated	atoms	as	thermal	energy.	

Inelastic	scattering	can	activate	the	target	nucleus	to	an	excited	unstable	state	causing	a	subsequent	

emission	of	radiation	(alpha,	beta,	gamma,	protons)	with	the	nucleus	returning	to	its	ground	state.	

Nucleus	can	also	recoil	in	other	direction.	Upon	neutron	irradiation	target	materials	can	experience	

ionisation,	because	of	direct	neutron-nuclei	collision	involving	fast	neutrons,	or	other	damages	due	

to	inelastic	scattering	such	as	recoiling,	resonance,	cleavage.	The	latter	can	take	place	in	CPs	upon	

transfer	of	an	energy	from	neutrons	to	nuclei	of	∼4	eV,	or	rather	the	quantity	necessary	to	break	a	

C-H	or	a	C-C	bond[10],	[22],	[119].		

 Neutron	sources	

Neutrons	are	obtained	either	 from	reactors	or	pulsed	sources.	 In	 the	 first	one	 the	neutrons	are	

provided	by	fission	of	a	fissile	material,	commonly	enriched	uranium	235U	according	the	reaction:	

𝑛 + 𝑈¢£¤ 	 𝑈¢£¥ 	 𝑋𝑒¨£© + 𝑆𝑟¨¬¬ + 2𝑛	

where	n	stands	for	neutron.	Such	reaction	is	self-sustaining	due	to	the	surplus	of	neutrons	hitting	

other	 235U	 nuclei	 and	 hence	 renewing	 the	 reaction.	 Neutron	 scattering	 experiments	 in	 reactor	

sources	require	a	monochromatic	beam	necessary	to	modulate	the	scattering	according	to	either	

elastic	 or	 inelastic	modality.	 Although	 the	 generation	 of	more	 or	 less	 "monochromatic"	 beams	

decreases	the	incident	flux,	its	relatively	high	initial	value	counterbalances	such	degradation[118].	



	 61	

Pulsed	sources	are	obtained	starting	from	a	high-energy	stream	of	protons	(∼	GeV)	colliding	against	

a	heavy-metal	target	so	as	to	knock	out	from	the	nuclei	neutrons	and	protons.	Such	process	is	called	

spallation[120]	and	it	is	based	upon	accelerator	technology.	The	generated	flux	is	pulsed,	differently	

from	the	radiation	sources	in	which	the	flux	is	steady,	and	the	repetition	rate	is	up	to	the	facility	but	

commonly	ranging	between	10	Hz	and	60	Hz.	Generation	of	monochromatic	beams	is	not	required	

in	this	neutron	source	since	the	common	starting	point	of	the	neutrons	easily	permits	to	determine	

the	associated	wavelength	l	from	the	neutron	time-of-flight:	

	 	 	 𝝀 = 𝒉 𝒕+𝒕𝟎
𝒎𝒏 𝑳+𝑳𝟎

		 	 	 Equation	1-15	

where	h	is	the	Planck’s	constant,	t	is	the	time,	mn	the	mass	of	neutron,	L	the	total	flight	path	and	t0	

and	 L0	 small	 calibration	 offsets.	 The	 number	 of	 deflected	 neutrons	 is	 normalised	 against	 the	

distribution	of	the	beam	measured	using	a	neutron	monitor	after	the	moderator	before	using	the	

beam	over	the	sample.	

Importantly,	pulsed	sources	have	become	increasingly	popular	among	scientist	and	are	relatively	

easier	to	set	up	because	do	not	rely	on	fissile	material,	also	posing	less	political/social	issues.	The	

experiments	involving	neutron	irradiation	reported	in	this	thesis	were	carried	out	in	the	neutron	

pulsed	facility	within	the	Rutherford	Appleton	Laboratory,	ISIS,	in	Oxfordshire	(U.K.)	that	operates	

at	160	kW	and	characterised	by	a	flux	repetition	rate	of	50	Hz	in	the	target	station	1	(VESUVIO),	

where	my	samples	were	irradiated.		

 Neutron	Irradiation	

Neutrons	are	exploited	mostly	for:	i)	neutron	reflectivity,	namely	a	diffraction	technique	useful	to	

measure	sample	thickness,	roughness	and	chemical	composition;	ii)	so-called	quasi-elastic	neutron	

scattering	 (QENS)	 spectroscopy;	 iii)	 neutron	 irradiation	 to	 mimic	 the	 exposure	 to	 secondary	

neutrons	that	instruments	experience	in	aircrafts	and	spacecraft.	Techniques	i	and	ii	were	not	used	

for	the	purposes	of	this	thesis,	whereas	technique	iii	was	used	on	OFETs	and	OPVs,	as	reported	in	

chapter	4.	In	fact,	my	purpose	is	to	quantify	the	loss	of	figures	affecting	photovoltaic	cells	because	

of	the	prolonged	interaction	with	neutrons,	namely	years	of	utilisation	in	space.	Devices	exposed	to	

neutrons	for	periods	of	few	hours	according	technique	iii	receive	a	dose	of	neutrons	equivalent	to	

the	 dose	 they	 would	 receive	 staying	 years	 in	 space.	 Such	 condition	 is	 ideal	 to	 assess	 neutron	

exposition	long-term	effects	on	devices.	Neutron	exposition	can	also	be	termed	neutron	hardening	

whereas	the	period	of	time	during	which	devices	or	samples	are	exposed	to	neutron	irradiation	are	
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termed	aging	periods.	Techniques	i	and	ii	do	not	provide	a	sufficient	level	of	neutrons	to	achieve	

such	accelerated	stressing	condition.		

Although	QENS	technique	was	not	used	within	the	work	carried	out	for	this	thesis,	few	words	are	

worth	to	be	said	since	such	technique	is	particularly	interesting	for	the	analysis	of	CPs.	In	fact,	QENS	

is	obtained	by	using	neutrons	characterised	by	an	energy	close	to	the	elastic	limit,	hence	in	a	regime	

where	 a	 small	 portion	of	 neutron	 kinetic	 energy	 is	 converted	 into	 thermal	 energy	 to	 the	 target	

nuclei.	 In	 such	 conditions,	 neutrons	 interact	with	 target	 nuclei	 and	 are	 sensitive	 to	 phenomena	

characterised	by	timescales	ranging	between	10-13	s	and	10-9	s	and	lengths	of	1	to	30	A,	therefore	

sensitive	to	polymer	segmental	motions,	 translation	or	rotation	that	take	place	within	the	QENS	

detection	capabilities[119].		

Neutron	irradiation	is	a	well-established	technique	to	mimic	the	effects	of	cosmic	rays	on	silicon-

based	electronics	for	space	and	avionics	applications.	In	fact,	due	to	cosmic	rays	interaction	with	

structural	shielding	of	spacecraft,	highly	energetic	stream	of	secondary	neutrons	can	be	generated	

and,	therefore,	equipment	and	crew	on	board	are	constantly	exposed	to	this	stream.	Cosmic	rays	

are	generated	outside	the	solar	system	and	are	composed	for	the	90%	by	protons	and	for	10%	by	

ionised	 atoms.	 Secondary	 neutrons	 are	 also	 generated	 from	 interaction	 of	 cosmic	 rays	 with	

atmosphere.	 In	 fact,	 neutron	 irradiation	 normally	 takes	 place	 at	 different	 altitudes	 because	 of	

atmospheric	neutrons.	To	assess	the	long-term	effects	of	such	neutron	irradiation	on	equipment	

and	materials	so-called	neutron	irradiation	technique	is	carried	out	within	neutron	sources,	since	

these	provide	an	intense	fast	neutrons	flux.		

In	 this	 thesis,	 I	 analysed	neutrons	 irradiated	OFETs	 and	OPVs	 according	different	 neutron	 aging	

periods.	For	our	irradiation	experiment	(chapter	4),	I	took	advantage	of	the	VESUVIO	beamline	at	

ISIS	-	Neutron	and	Muon	source.	VESUVIO	beamline	is	mainly	a	neutron	spectroscopy	beamline	but,	

by	tuning	the	moderation	of	the	neutron	beam,	a	flux	of	neutrons	featuring	an	energy	spanning	

from	meV	to	MeV	can	be	obtained	so	permitting	neutron	aging	tests	too[120],	[121].		
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2. Material	and	methods	

In	this	chapter,	the	first	section	describes	the	materials	used	(P3HT,	PBTTT,	PCBM	,	F8BT).	Section	

two,	three	and	four	introduce	the	fabrication	procedure	and	the	electrical	characterisation	of	OPVS,	

OLEDs	and	OFETs	respectively.	The	fifth	section	briefly	describes	the	optical	investigation	technique	

used	to	analyse	TLP	stressed	devices,	namely	photoluminescence	and	Raman	spectroscopy.	The	TLP	

characterisation	 of	 OPVs,	 OFETs	 and	 OLEDs	 is	 described	 in	 the	 sixth	 section.	 Finally,	 neutron	

irradiation	energy	spectrum	used	for	OPVs	and	OFETs	neutron	hardening	is	introduced	in	the	last	

section.		

2.1 P3HT,	PCBM,	PBTTT	and	F8BT	

																																																								 	

																																							 	

Figure	2-1:	the	chemical	structures	of:	a)	P3HT;b)PCBM;	c)PBTTT;	d)	F8BT.	

	

Regioregular	Poly(3-hexylthiophene)	(P3HT)	(Figure	2-1a)	is	a	semiconducting	polymer	largely	used	

in	organic	electronics	primarily	because	of	its	regular	end-to-end	arrangement	of	side	chain,	yielding	

an	efficient	p-	p	stacking	of	the	conjugated	backbones[68],	[122].	P3HT	it	is	used	as	active	layer	of	

OFETs	 and	 also	 blended	 with	 [6,6]-Phenyl-C61-butyric	 acid	 methyl	 ester	 (PCBM)	 in	 bulk	

heterojunction	solar	cells.	P3HT	features	a	HOMO	level	of	5	eV	and	a	LUMO	level	of	3	eV	and	it	

a	 																																																																			b	
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features	 a	 hole	 mobility	 of	 ~10-4	 -10-2	 cm2/Vs,	 and	 approximately	 a	 tenfold	 lower	 electron	

mobility[51],	[96],	[123],	[124].	

PCBM	(Figure	2-1b),	instead,	is	a	solubilised	version	of	the	buckminsterfullerene,	C60,	and	it	is	well	

known	as	one	of	 the	most	 commonly	used	electron	accepting	materials	 in	organic	photovoltaic	

devices.	When	blended	with	other	donor	materials,	 such	as	P3HT,	 it	enables	an	efficient	charge	

transfer	and	exciton	dissociation[125].	PCBM	features	a	HOMO	level	of	6.1	eV	and	a	LUMO	level	of	

3.7	eV,	whereas	the	electron	mobility	is	approximately	of	10-3	cm2/Vs.		

Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene)	(PBTTT)	(Figure	2-1c)	is	usually	used	

to	be	blended	with	fullerenes	since	its	structure	features	adjacent	side-groups	that	are	positioned	

sufficiently	 far	 apart	 so	 that	 they	 can	permit	 the	molecular	 intercalation	of	 these[12],	 [96].	 The	

microstructure	of	PBTTT	is	similar	to	the	lamellar	organization	of	P3HT	but	the	lower	density	of	side	

chains	in	thiophene-thienothiophene	copolymers	increases	the	ionization	potential,	improves	the	

stability,	 allows	a	better	 side	chain	 interdigitation	 resulting	 in	a	highly	 crystalline	 structures[41].	

Such	properties	render	PBTTT	higher	conductive	than	P3HT.	PBTTT	features	a	HOMO	level	of	5.1	eV,	

a	LUMO	level	of	3.1	eV	and	a	hole	mobility	of	~1	cm2/Vs.		

Poly(9,9-dioctylfluorene-alt-benzothiadiazole)	 (F8BT)	 (Figure	 2-1d)	 is	 a	 largely	 used	 CP	 as	 active	

layer	in	OLEDs,	as	a	quasi-balanced	p-type	and	n-type	semiconductor	for	OFETs	and	as	active	layer	

in	 light	emitting	transistors.	 It	can	also	be	used	as	polymeric	acceptor	 for	OPVs.	F8BT	 is	a	green	

emitter	 (~550	 nm)	 featuring	 a	 HOMO/LUMO	 levels	 of	 5.9	 eV/3.3	 eV	 and	 hole	 mobility	 of	

~4x10−3	cm2/Vs[126]–[129].		

The	fabrication	process	of	the	devices	in	this	thesis	reported	exploited	the	utilisation	of	thin	films	

obtained	out	of	the	materials	previously	mentioned.	The	thickness	of	these	films	has	been	measured	

by	means	of	the	instrument	Dektak	3	Surface	Profilometer	and	optimised	by	accordingly	tuning	the	

rpm	used	during	the	spin-coating	process.				

2.2 Solar	cells	fabrication	and	characterisation		

I	prepared	P3HT:PCBM	bulk	heterojunction	solar	cells	by	using	OSSILA	substrates	(8	pixels-	4.5	mm2	

active	area)	suitable	for	encapsulation,	which	were	cleaned	in	a	sonication	bath	of	10	minutes	in	

isopropanol	 and	 in	 a	 second	 one	 of	 10	 minutes	 in	 acetone.	 An	 oxygen	 plasma	 treatment	 of	

10	minutes	was	carried	out	 in	order	to	 increase	the	wettability	of	such	substrates.	Afterwards,	 I	

spun-coated	 in	 air	 Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)	 (PEDOT:PSS)	 onto	



	 65	

these	devices	 (5000	 rpm	–	60	 s	 resulting	 in	a	40-50	nm	 thick	 layer)	 and	 I	 carried	out	a	 thermal	

annealing	at	100°	C	for	10	minutes	in	glovebox	(inert	environment).	A	solution	of	P3HT	and	one	of	

PCBM,	both	in	chlorobenzene	according	to	a	concentration	of	20	mg/ml,	were	prepared	and,	after	

a	 stirring	 period	 of	 12	 hours,	 filtered	 by	 using	 a	 10	μm	diameter	 pores	 polytetrafluoroethylene	

(PTFE)	filter.	Eventually,	the	two	solutions	were	mixed	according	to	a	ratio	of	0.7:1	in	volume	and	

the	resulting	solution	was	left	in	stirring	for	12	hours	prior	its	utilisation	as	active	layer	in	the	cells.	I	

spun	 coated	 this	 solution	 onto	 the	 substrates,	 prior	 treated	 as	 reported	 above,	 in	 glovebox	

(1600	 rpm	 for	60	 s	+	4000	 rpm	 for	10	 s	 resulting	 in	a	180-200	nm	 thick	 layer).	An	annealing	of	

10	minutes	at	100°	C	in	glovebox	was	carried	out	on	the	substrates	spun	with	the	active	layer	before	

undergoing	 the	 evaporation	 process	 of	 the	 cathode,	 namely	 a	 30	 nm-thick	 calcium	 layer	 and	 a	

100	nm-thick	aluminium	layer.	After	the	evaporation,	the	devices	were	encapsulated	by	using	glass	

slides	glued	over	the	bottom	side	of	the	devices,	above	the	aluminium	layer,	by	means	of	an	UV-

strengthen	epoxy.	The	structure	of	the	cell	and	the	energy	bands	diagram	of	the	material	involved	

are	respectively	reported	in	Figure	2-2a	and	Figure	2-2b.	

	

	

Figure	2-2:	a)	The	structure	of	the	solar	cells	obtained	by	using	the	OSSILA	substrates.	These	devices	are	
provided	of	8	pixels	that	feature	an	active	area	of	4.5	mm2.	b)	The	band	diagram	of	the	material	involved	into	the	

P3HT:PCBM	BHJ	cells.	

	

 Solar	cells	electrical	characterisation	

I	characterised	the	solar	cells	by	means	of	an	AAA	class	Sun	3000	11016A	ABET	Sun	simulator	and	

of	a	Keithley	2100.	Solar	cells	were	impinged	by	a	light	intensity	of	1	Sun	(1000	W/m2)	and	JV	curves	

were	measured	by	 applying	 a	 voltage	 spanning	 from	 -0.2	V	 to	 1	V	between	 the	 anode	 and	 the	

cathode.	I	measured	both	the	dark	current	and	the	current	generated	under	illumination.	For	the	

a	 																																																							b	
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in-operando	illumination	during	the	neutron	hardening	tests	and	the	TLP	tests,	I	used	a	tungsten	

halogen	LS-1-CAL	Ocean	Optics	lamp	which	was	providing	a	light	intensity	of	0.8	Sun	(800	W/m2).	

2.3 Organic	transistors	fabrication	and	characterisation	

Regioregular	P3HT	purchased	from	Sigma	Aldrich	and	PBTTT	purchased	from	Ossila	Ltd	were	used	

to	 build	 the	 OFETs	 used	 in	 the	 research	 activity	 here	 reported.	 P3HT	 solution	 is	 dissolved	 in	

chlorobenzene	 at	 room	 temperature	 (RT)	with	 a	 concentration	 of	 10	mg/ml,	 whereas	 PBTTT	 is	

dissolved	in	1,2	dichlorobenzene	at	80°C.	Both	solutions	are	then	filtered	by	using	a	PTFE	syringe-

filter	with	0.20	μm	(diameter)	pores.	Bottom-gate/bottom-contact	transistors	are	then	prepared	by	

spin-coating	these	solutions	on	silicon/silicon	oxide	substrates,	featuring	pre-patterned	Au	source	

and	drain	electrodes.	 Importantly,	as	PBTTT	 is	 soluble	 in	 chlorinated	solvents	 for	a	 temperature	

above	70	°C,	to	prevent	formation	of	a	defect-rich	interface	induced	by	the	quick	crystallization	of	

the	solution	upon	contacting	the	cooler	substrate,	both	the	PBTTT	solution	and	the	substrates	are	

kept	at	the	same	temperature	(~80	°C)	before	spin-coating.	This	procedure	is	not	required	for	P3HT.	

	

	

	

	
Figure	2-3:	Top-view	of	the	Fraunhofer	IPMS	OFETs	substrate	(15	mm	x	15	mm)	(a),	of	a	single	10	µm	channel	
length	transistor	(b)	and	of	the	cross	section	of	a	single	film	transistor	(c)	obtained	via	deposition	of	P3HT	onto	

the	interdigitated	substrates.	Transistors	are	organised	according	to	their	channel	length.		

	

	

a	 																														b	

	

	

	

	

	

c	
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The	substrates	used	were	purchased	from	Fraunhofer	Institute	for	Photonic	Microsystems	(IPMS).	

On	each	substrate	16	transistors,	with	 four	different	channel	 lengths	 (2.5	μm,	5	μm,	10	μm	and	

20	μm)	are	located	on	top.	All	transistors	have	a	channel	width	of	10	mm	and	a	common	gate	contact	

located	on	the	bottom	of	the	chip.	Substrates	are	composed	by	a	675	μm	n-doped	silicon	bottom	

layer,	 acting	 as	 bottom	 gate,	 capped	 with	 a	 230	 nm	 SiO2	 layer	 that	 is	 in	 turn	 patterned	 with	

interdigitated	metal	lines	and	pads,	the	latter	acting	as	source	and	drain	contacts.	Metal	lines	are	

obtained	out	of	a	30	nm	Au	layer.	Au	adhesion	to	substrates	is	increased	by	using	a	10	nm	ITO	layer	

laying	in	between	the	SiO2	and	the	Au	layers.	The	structure	of	the	entire	chip,	of	a	single	transistor	

and	of	the	cross	section	of	one	of	the	transistors	are	shown	in	Figure	2-3.	

For	the	preparation	of	these	devices	the	first	step	is	an	oxygen	plasma	treatment	of	OFET	substrates.	

Afterwards,	 a	 hexamethyldisilazane	 (HMDS)	 layer	 is	 spin-coated	 over	 the	 samples	 that	 are	

subsequently	annealed	at	100°	C	for	1	h.	HDMS	is	an	organosilicon	compound	that	has	been	shown	

to	 improve	 the	mobility	 of	 p-type	 OFETs[51]	 by	 favouring	 active	 layer	 crystallisation.	 After	 the	

annealing,	 substrates	 are	 spin-washed	 with	 isopropyl	 alcohol	 (in	 glove-box)	 before	 undergoing	

another	thermal	annealing	at	100°	C	for	10	minutes	aimed	at	removing	HMDS	in	excess	so	obtaining	

a	very	thin	layer	(~5nm)	of	the	same.	HMDS	was	purchased	from	Sigma	Aldrich.	At	this	point	of	the	

preparation	 substrates	are	 ready	 to	be	 coated	with	organic	active	 layers.	Both	P3HT	and	PBTTT	

layers	are	deposited	via	spin-coating	and,	once	spun,	another	thermal	annealing	at	100°	C	for	10	

minutes	 is	 carried	out	 to	help	 residual	 solvent,	used	 for	 the	preparation	of	P3HT	and	PBTTT,	 to	

evaporate.	 The	 cross-section	 of	 a	 P3HT	 transistor	 (equivalent	 to	 PBTTT	 ones)	 is	 presented	 in		

	Figure	2-3c.	These	OFETs	are	three-terminal	devices	with	no	bulk-terminal.	Once	spun,	P3HT	and	

PBTTT	form	the	semiconducting	channel	of	the	transistors.	The	active	layer	thickness	is	between	60	

and	70	nm.	I	did	not	apply	any	passivation	on	the	uppermost	layer	(active	layer	and	drain-source	

terminals)	in	order	to	allow	a	direct	access	on	the	terminals	of	the	devices	and	to	permit	Raman	

spectroscopy	analysis	of	the	chips	prior	and	after	the	TLP	stress.	

 OFETs	electrical	characterisation	

P3HT	and	PBTTT	display	higher	hole-mobility	than	electron	mobility,	therefore	they	are	best	suited	

for	p-type	(accumulation)	OFETs,	and	this	is	the	operation	mode	I	used	in	my	experiments.	First,	I	

carried	 out	 a	 preliminary	 characterisation	 of	 the	 devices	 by	 recording	 the	 transfer	 and	 output	

characteristics	(at	room	temperature)	by	means	of	a	PM5	Cascade-Microtech	wafer	prober	and	a	

HP	4145B	semiconductor	parameter	analyser.	The	output	characteristics	of	transistors	have	been	
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obtained	by	sweeping	the	gate-source	voltage	(VGS)	between	0	V	and	-80	V	and	the	drain-source	

voltage	(VDS)	between	0	V	and	-80	V.	The	transfer	characteristics	have	been	obtained	by	sweeping	

the	VGS	between	10	V	and	-80	V	for	and	applied	VDS	of	-20	V	and	-80	V.	In	order	to	obtain	the	mobility	

from	 the	 equation	 1.10,	 the	 value	 of	 Ci	 was	 calculated	 by	 using	 the	 vacuum	 permittivity	

(ɛ0=8.854x10-12	F/m)	times	the	relative	permittivity	of	silicon	oxide	(3.9)	split	by	the	oxide	thickness	

(230	nm),	hence	resulting	Ci	=	1.5x10-4	F/m2[130].		

2.4 Organic	 light-emitting	 diodes	 (OLEDs)	 fabrication	 preparation	 and	
electrical	characterisation	procedures	

F8BT	purchased	from	Ossila	Ltd	was	used	to	build	F8BT	OLEDs.	F8BT	is	dissolved	in	toluene	according	

2%	in	weight	per	ml.	The	so	prepared	solution	is	then	kept	in	stirring	for	2	hours	at	360	rpm	and	at	

60°C.	The	solution	is	filtered	before	spin-coating	by	using	a	PTFE	filter	(0.20	µm	pores	diameter).	

Spin-coating	 is	 performed	 at	 1800	 rpm	 for	 120	 s	 and	 an	 approximately	 100	 nm	 thick	 layer	 is	

obtained.	The	substrates	used	are	the	same	described	 in	section	2.2	and	the	PEDOT:PSS	coating	

procedure	is	also	the	same.	The	resulting	structure	is	equivalent	to	the	one	shown	in	Figure	2-2a,	

except	for	the	active	layer	that,	in	this	case,	is	F8BT.	In	Figure	2-4	it	is	possible	to	see	a	F8BT	OLED	

working.	

	

	

Figure	2-4:	One	of	the	F8BT	encapsulated	OLED	used	for	the	studies	in	this	thesis	reported.	The	picture	was	
taken	by	means	of	a	13	Megapixel	CCD	camera	with	a	f/2.0	lens,	optical	zoom	2x.	

	

OLEDs	electrical	characterisation		

The	current	density	and	luminance	versus	voltage	(JLV)	characteristics	are	measured	with	a	Keithley	

2004	 source-meter	 and	 a	 calibrated	 Si	 photodiode	 coupled	 to	 a	 Keithley	 2000	multimeter.	 A	 Si	



	 69	

photodiode,	with	an	area	of	100	mm2,	detects	photons	emitted	by	the	device	(the	emitting	device	

area	is	4.5	mm2,	i.e.	a	pixel	area).	The	light	output	intensity	is	directly	proportional	to	the	current	

flowing	 through	 the	 LED.	 The	 emission	 intensity	 versus	 wavelength,	 i.e.	 the	 EL	 spectrum,	 is	

measured	by	using	an	ANDOR-Shamrock	 spectrograph	 coupled	with	an	ANDOR-Newton	 charge-

coupled	device	(CCD)	unit.	

2.5 TLP	devices	characterisation	

The	TLP	measurements	of	the	devices,	which	are	presented	in	this	thesis,	are	tested	by	means	of	a	

home-built	Transmission-Line	Pulsing	system	(TLP)	at	the	Analysis	and	Test	of	Integrated	Systems	

(ATIS)	 group	 in	 Fraunhofer	 research	 institution	 for	 microsystems	 and	 solid-state	 technologies	

(EMFT),	at	room	temperature.	This	characterisation	provides	the	component	behaviour	during	an	

ESD	event	without	 the	self-heating	 issue	of	standard	 IV	measurements[14],	 [103].	This	 test	uses	

short	square	pulses	in	the	time-domain	according	to	the	Human	Body	Model	(HBM)	electrostatic	

discharge.	The	rise	time	of	the	applied	TLP	pulse	provide	information	on	the	ability	of	the	device	

under	test	(DUT)	to	trigger	correctly	when	an	ESD	pulse	is	applied.	The	width	of	the	applied	pulse	

indicates	the	energy	the	DUT	has	to	sustain	during	an	ESD	event.	The	system	used	 is	a	constant	

current	TLP	provided	with	an	impedance	(Z0)	of	200	Ω,	whereas	the	pulses	used	in	the	tests	are,	on	

average,	100	ns	wide	including	a	5	ns	rise	time	and	5	ns	descending	time.	The	mean	value	of	the	

pulse	duration	is	also	given	by	the	system	in	order	to	correctly	obtain	the	value	of	the	pulsed	energy.	

Calibration	steps	were	carried	out	on	 the	system	to	prevent	all	 systematic	errors	due	 to	cables,	

connectors,	oscilloscope	and	temperature	with	open-short	correction	circuits	and	a	standard	Zener	

diode.	Per	each	device	the	TLP	parameters	are	obtained	by	directly	analysing	the	ITLP	vs	VTLP	graphs	

and	the	ITLP	vs	ILEAK	values.	The	time	passing	between	one	pulse	to	another	is	~1	s,	during	which	the	

ILEAK	 is	 obtained[15],	 [116].	 After	 each	 test,	 also	 the	 DC	 curves	 were	 measured.	 A	 TLP	 test	 is	

characterised	by	the	polarity	of	applied	pulses	and	by	a	bias	a	third	terminal	can	apply	over	the	

devices.	By	combining	these	last	two	factors	several	possible	TLP	test	setups	can	be	obtained.	The	

chosen	TLP	setups	per	each	test	are	described	in	the	following	chapters.		

2.6 Optical	Characterisation	

 PL	and	absorption	spectra	

The	photoluminescence	spectra	(PL)	were	collected	with	an	Andor	Shamrock	spectrograph	(spectral	

resolution	of	1	nm)	coupled	with	a	charge	coupled	device	(CCD)	camera.	The	PL	measurements	were	
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conducted	 exciting	 the	 samples	 with	 a	 450	 nm	 wavelength	 diode	 laser.	 The	 absorption	

measurements	were	obtained	using	an	Agilent	8453	spectrophotometer	with	spin-coated	200	nm	

thick	 films	of	P3HT-PCBM	blend	over	 fused	 silica	 (“Spectrosil”)	 substrates.	 The	 latter	were	 spin-

coated	with	a	40	nm	layer	of	PEDOT:PSS	prior	the	P3HT:PCBM	deposition.	

 Raman	Spectra	

In	Raman	Spectroscopy	photons	of	a	single	wavelength,	generally	obtained	by	using	a	 laser,	are	

focused	onto	a	sample.	Such	photons	can	be	reflected,	adsorbed	or	scattered.	The	latter	are	mostly	

elastically	scattered,	therefore	maintaining	the	same	wavelength	of	incident	light.	Such	scattering	

is	called	Rayleigh	scattering.	However,	approximately	1	out	of	a	million	photons	are	 inelastically	

scattered,	as	first	described	by	Sir	Chandrasekhara	Raman	in	1922[131].	Raman	spectroscopy	draws	

upon	inelastically	light	scattering	that	is	directly	revealing	information	on	vibrational	modes	of	the	

molecules,	and	 therefore	about	 the	vibrational	 spectrum	for	 the	 identification	of	molecules	and	

their	 functional	 groups[83],	 [132],	 [133].	 According	 such	 phenomenon	 a	 photon	 is	 scattered	

inelastically	by	a	crystal	with	the	creation	or	annihilation	of	a	phonon	or	magnon[134].	The	process	

is	identical	to	the	inelastical	scattering	of	x-rays	and	analogous	to	the	inelastic	scattering	of	neutrons	

by	a	crystal.		

	

	

Figure	2-5:	Upon	light	(hν)	beamed	over	a	sample,	photons	can	undergo	Rayleigh,	Stokes	Raman	or	Anti-Stokes	
Raman	scattering.	
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For	an	incident	photon	interacting	with	matter	its	wavelength	can	be	either	shifted	lower	(red	shift),	

and	hence	undergo	a	so-called	Stokes	shift,	or	shifted	higher	(blue	shift),	and	hence	undergo	so-

called	Anti-Stokes	 shift	 (Figure	 2-5).	 In	 Stokes	 shifts,	 photon	 interact	with	 electron	 cloud	 of	 the	

functional	group	bonds	exciting	these	into	a	virtual	state.	Therefore,	photon	transfer	a	portion	of	

their	energy	to	these	electrons,	which	in	turn	are	excited	and	moved	into	a	virtual	state	(vibrational	

modes)	 to	 subsequently	 relax	 into	 a	 vibrational	 state.	 The	 portion	 of	 energy	 lost	 by	 photons	 is	

directly	depending	on	the	functional	groups,	atomic	bonds	or	the	molecular	structure	the	photon	

interacted	with.	The	polarisation	state	of	the	molecule	and	its	change	caused	by	the	interaction	with	

light	is	directly	influencing	the	so-called	Raman	scattering	intensity,	the	more	the	functional	group	

are	polarised	the	more	their	Raman	scattering	is	intense,	therefore	not	all	vibrational	or	rotational	

transitions	are	Raman	active[135].	

The	Raman	Spectrum	 is	hence	 characterised	by	 the	 intensity	of	 the	Raman	 signal	on	 the	Y	 axe,	

generally	normalised	with	respect	to	the	highest	of	the	peaks	found	 in	the	spectrum,	whilst	 it	 is	

characterised	by	so-called	Raman	Shift	on	the	x	axe,	namely	a	wavenumber	expressed	in	cm-1	and	

defined	as:	

	
𝑹𝒂𝒎𝒂𝒏	𝑺𝒉𝒊𝒇𝒕 = 	 𝟏

𝛌𝟎
+	 𝟏

𝛌𝟏
	 	 Equation	2-1	

where	l0	 is	 the	wavelength	of	 the	 incident	 light	whilst	l1	 is	 the	Raman	spectrum	wavelength.	A	

Raman	micro-spectrometer	 is	 a	Raman	 spectrometer	exploiting	one	or	more	 lasers,	of	different	

wavelengths,	integrated	with	an	optical	microscope.	Raman	spectra	are	acquired	by	beaming	one	

of	 the	 laser	on	 the	 sample	onto	an	area	of	 few	microns	of	diameter[136].	Raman	 spectroscopy	

exploiting	lasers	characterised	by	a	wavelength	causing	electrons	to	jump	into	excited	states,	and	

so	generating	PL	phenomena,	 is	working	 in	 so-called	 resonant	conditions,	whilst	 in	not-resonant	

conditions	in	other	cases[137].		

The	OFETs	 reported	 in	 chapters	 3	 and	 chapters	 4	were	 analysed	by	means	of	 a	Renishaw	 inVia	

Raman	 microscope	 (50×	 objective)	 with	 an	 excitation	 wavelength	 of	 785	 nm	 (non-resonant	

conditions).	The	laser	power	was	set	at	1%	of	its	maximum	power	to	avoid	photo-degradation	of	

the	sample	(1	–	5	mW).	The	spectra	were	taken	at	room	temperature	in	the	Stokes’	region	and	were	

calibrated	 against	 the	 520.5	 cm-1	 line	 of	 an	 internal	 silicon	wafer.	 The	 signal-to-noise	 ratio	was	

enhanced	by	repeated	acquisitions.	Spectra	were	corrected	by	subtracting	the	samples	fluorescence	

background	 affecting	 the	 spectra	 baseline	 by	 using	 the	 “peak	 analyser”	 tool	within	OriginPro	 9	
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program.	The	baseline	to	subtract	is	obtained	by	means	of	a	b-spline	interpolation	of	spots	manually	

chosen	over	each	spectrum.	The	Raman	spectra	were	collected	from	each	of	the	tested	devices	and	

compared	with	a	reference	spectrum	taken	from	a	pristine	device,	built	within	the	same	fabrication	

session	of	the	tested	one	and	according	the	same	procedure	and	by	using	the	very	same	materials.	

I	 could	 not	 carry	 on	 any	 Raman	 analysis	 on	 OPVs	 or	 OLEDs	 because	 of	 the	 encapsulation	 not	

permitting	to	directly	beam	the	exciting	laser	over	the	pixels,	whilst	only	strong	fluorescence	signal	

was	obtained	by	trying	to	reach	the	polymer	beaming	the	laser	through	the	silica	composing	the	

OSSILA	substrates	used	to	build	encapsulated	devices.		

2.7 Neutron	aging	exposure	

	

Figure	2-6:	The	energy	profile	of	neutron	flux	in	the	VESUVIO	beamline	and	in	the	ISS.	Taken	from[10].	

	

The	 experiments	 involving	 neutron	 hardening	 in	 this	 thesis	 reported	 were	 carried	 out	 at	 the	

VESUVIO	beamline	within	the	RAL	 laboratories.	 In	Figure	2-6	the	energy	profile	produced	within	

such	 beamline[138]	 is	 reported	 and	 compared	 to	 the	 one	measure	 on	 board	 the	 ISS[139].	 The	

spectrum	results	pretty	broad	in	both	cases	but	VESUVIO-spectrum	shows	higher	level	of	neutron	

flux,	and	thus,	indicating	that	the	neutron	irradiation	experiments	within	such	beamline	can	be	used	

to	 mimic	 an	 accelerated	 exposure	 to	 neutrons	 of	 devices	 on	 ISS.	 In	 particular,	 the	 number	 of	
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epithermal-neutrons	(10-6	to	10-1	MeV)	generated	within	VESUVIO	is	resulting	up	to	seven	orders	

higher	than	those	registered	within	the	ISS.	Taking	in	account	only	fast	neutrons	with	energy	higher	

than	10	MeV,	which	flux	value	in	the	VESUVIO	beamline	is	5.82	×	104	n	cm−2	s−1,	Paternò	et	al.[10]	

estimated	that	samples	exposed	to	such	flux	absorb	in	six	minutes	the	equivalent	neutrons	quantity	

of	1	year	of	 irradiation	on	the	 ISS,	hence	 in	1	hour	the	equivalent	of	10	years.	Such	accelerated	

exposure	rate	can	be	assumed	valid	for	the	samples	reported	in	this	thesis	as	well.	
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3. TLP	Experimental	Results	

Organic	semiconductors	have	attracted	great	interest	due	to	their	easy	manufacturing[31],	low	cost	

requirements	and	suitability	for	flexible	and	stretchable	devices.	In	particular	organic	light-emitting	

diodes	(OLEDs),	organic	photovoltaics	(OPVs)	and	organic	field-effect	transistors	(OFETs)[7],	[42],	

[140]–[142]	have	been	beneficiating	of	these	materials,	and	thus	extensively	studied	and	constantly	

improved,	resulting	particularly	appealing	for	a	wide	range	of	applications	such	as	artificial	electric	

skin	for	robots[143],	[144],	prosthetics[145],	energy	harvesting[146],	[147]	and	space[47].		

OPVs,	for	instance,	can	be	embedded	in	home	curtains	and	windows	or	used	to	cover	spacecraft	

and	aircraft	externally.	These	utilisations	require	flexible	mechanical	properties	and	low	production	

costs,	 therefore	 the	 properties	 featured	 by	 organic	materials	 could	 act	 as	 key	 factor	 to	 replace	

inorganic	 ones[148],	 [149].	 However,	 a	 large	 spread	 of	 these	 devices	 is	 yet	 to	 take	 place	 since	

researchers	 have	 to	 address	 and	 solve	 problems	 related	 to	 organic	 devices	 performance	 in	

comparison	of	those	inorganic	devices	provide.	

Some	of	 the	 aspects	 addressed	 to	 close	 the	 gap	between	organic	 and	 inorganic	 devices	 are:	 (i)	

enhance	 the	 power	 conversion	 efficiency	 (η)	 of	 OPVs,	 the	 best	 reported	 organic	 solar	 cell	 η	 is	

12.6%[150]	whilst	inorganic	ones	range	from	21.2	%	(thin	film	crystal	silicon	cells)	to	a	maximum	of	

28.8	%	 (thin	 film	crystals	of	GaAs)[12],	 [151];	 (ii)	 long-term	reliability	and	durability[4],	higher	 in	

inorganic;	 (iii)	 lack	of	a	reliable	response	to	the	mechanical	 fatigue[152]–[154];	 (iv)	 lower	charge	

mobility	and	higher	activation	bias	required	for	VTH	of	transistors	and	Von	of	OLEDs	(up	to	tens	of	

volts)	in	comparison	of	values	required	for	inorganic	devices	(~1	V	or	lower);	(v)	long	term	electrical	

reliability[108],	[114],	[116].	Whilst	points	(i)-(iv),	are	largely	discussed	and	matter	of	many	reported	

works,	point	(v)	encompasses	a	study	poorly	covered	so	far	in	literature,	namely	the	characterisation	

of	the	response	of	organic	devices	to	electrostatic	discharge	(ESD)	phenomena.	This	is	particularly	

relevant	since	ESD	events	are	likely	to	affect	devices	throughout	their	lifetime	and	lead	to	devices	

failure	therefore	imposing	appropriate	protections[23].	The	latter,	in	turns,	are	specifically	designed	

on	the	basis	of	TLP	tests[102],	[103].	Several	papers	on	inorganic-based	circuits	characterised	via	

TLP	 are	 reported	 in	 literature[100],	 [101],	 [106].	 On	 the	 contrary,	 the	 characterisation	 of	 the	

robustness	of	organic	devices	to	ESD	events,	 to	date,	has	scarcely	been	considered	 in	 literature,	
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even	though	it	could	definitely	pave	the	route	towards	a	large	spread	of	OPVs	as	well	as	OLEDs	and	

OFETs.	

The	few	works	so	far	reported	on	organic	devices	TLP-tested	are	focused	on	OFETs	or	single	layers	

used	to	build	organic	devices,	i.e.	PEDOT:PSS.	Bonfert	et	al	published	papers	on	flexible	PEDOT:PSS	

3	μm-thick	films	tested	by	means	of	a	TLP	line[110],	[155],	[156]	set	in	the	Time	Domain	Reflection	

(TDR)	regime	and	applying	pulses	100	ns	long.	They	observed	PEDOT:PSS	films	can	sustain	TLP	pulses	

up	 to	 a	 pre-charge	 amplitude	 of	 300	 V	 without	 suffering	 permanent	 damages,	 above	 which	

overheating	causes	fatal	damages.	Bonfert	also	observed	that	by	adding	6	%	in	volume	of	ethylene	

glycol	(EG)	to	the	PEDOT:PPS	solution	the	films	subsequently	featured	an	increased	robustness	to	

TLP	stress,	resulting	damaged	for	a	pre-charge	amplitude	over	380	V.	Liu	et	al.	analysed	the	failure	

mechanism	due	to	ESD	events	in	pentacene	OFETs[108],	[114].	They	observed	the	rupture	of	the	

drain	contact	upon	failure	of	the	stressed	devices.	The	highest	current	these	devices	withstand	is	

0.468	A,	occurring	for	an	applied	voltage	of	702	V.	Furthermore,	by	applying	a	bias	on	the	gate	of	

TLP	stressed	devices	they	found	a	correlation	between	TLP-discharges	and	the	parameters	trigger	

voltage,	failure	current	and	resistance	to	failure.	In	two	previous	papers	we	reported	for	the	first	

time	about	the	response	of	regioregular	poly	(3-hexylthiophene-2,5-diyl)	(P3HT)	OFETs	upon	100	ns	

wide	TLP	applied	pulses[115],	[116].	We	directly	 involved	the	organic	semiconductor	by	applying	

positive	pulses	between	the	drain	and	the	source	of	the	devices	finding	out	a	correlation	between	

the	channel	length	and	the	trigger	voltage.	A	maximum	315	V	voltage	trigger	was	registered	for	a	

20	 μm	 length	 channel	 and	 corresponding	 to	 a	 trigger	 current	 of	 0.2	 A.	 Three	 different	 channel	

lengths	were	 investigated,	 i.e.	20	μm,	10	μm	and	5	μm.	We	also	analysed	the	robustness	of	the	

250	μm-thick	silicon	oxide	gate	of	these	devices	measuring	a	failure	current	of	0.09	A	corresponding	

to	a	trigger	voltage	of	315	V.	We	finally	analysed	how	the	I-V	curves,	the	threshold	voltage	and	the	

charge	 carrier	mobility	 changed	 according	 to	 the	 dissipated	 power	 between	 the	 drain	 and	 the	

source,	which	results	significantly	damaging	for	the	interdigitated	drain	and	source	metal	lines.	The	

results	published	in[115],	[116]	are	inserted	within	the	larger	investigation	reported	in	section	3.2.			

In	the	first	section	of	this	chapter	I	report	on	the	effects	of	the	TLP	stress	on	the	JV	curves	and	the	

photovoltaic	parameters	of	P3HT:PCBM	BHJ	solar	cells.	I	analyse	the	different	responses	in	the	case	

of	negative	and	positive	applied	pulses	and	also	how	these	vary	in	case	such	pulses	occur	whilst	the	

cells	are	under	illumination	or	not	and	biased	with	an	anode-cathode	(VAC)	voltage.	Hence,	I	analyse	

the	photovoltaics	parameters	of	the	cells	that	did	not	fail	during	the	test	and	the	photoluminescence	

of	all	the	samples	tested.	I	also	describe	the	cells	behaviour	according	to	the	equivalent	electronic	
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circuit	of	solar	cells	pointing	out	the	role	of	the	series	resistance	(RS)	and	the	shunt	resistance	(RSH).	

Notably,	this	work,	at	the	best	of	my	knowledge,	 is	the	first	work	carried	out	on	OPVs	tested	by	

means	of	a	TLP	system.		

In	the	second	section	of	the	chapter	I	analyse	the	response	to	TLP	stress	of	P3HT	and	PBTTT	OFETs.	

The	tests	were	carried	out	by	employing	both	negative	and	positive	pulses	in	correspondence	of	

different	bias	values	for	the	VGS.	TLP	parameters	in	each	case-study	are	obtained	and,	in	those	cases	

the	OFETs	resulted	still	functioning	after	the	TLP	test,	a	characterisation	of	the	electric	parameters	

(VTH,	µ,	on/off)	of	TLP-stressed	OFETs	is	also	reported.	Raman	spectroscopy	of	TLP-stressed	devices	

is	also	reported.		

In	 the	 third	 section,	 the	 results	 of	OLEDs	 tested	 by	means	 of	 TLP	 are	 reported.	 I	 tested	OLEDs	

according	 different	 VAC	 bias	 values	 and	 pulse	 polarities.	 TLP	 parameters	 obtained	 in	 each	 case	

studied	and,	in	those	cases	OLEDs	managed	to	sustain	up	to	the	maximum	Vinc	of	the	TLP	system,	

JVL	and	LV	curves	of	OLEDs	before	and	after	TLP	stress	are	reported.		

3.1 TLP	test	on	P3HT:PCBM	OPVs	

I	carried	out	four	different	TLP	tests	by	applying	positive	and	negative	TLP-pulses	between	the	anode	

and	 the	 cathode	 of	 the	 OPVs	 in	 both	 illumination	 and	 dark	 conditions:	 (i)	 positive	 TLP	 in	 dark	

conditions,	(ii)	positive	TLP	under	illumination,	(iii)	negative	TLP	in	dark	conditions,	(iv)	negative	TLP	

under	illumination.	Each	of	the	aforementioned	tests	was	repeated	on	three	different	pixels,	and	

thus	the	average	values	and	the	corresponding	variance	were	calculated	accordingly.	Each	graph	

here	reported	is	representative	for	all	the	pixels	treated	in	the	same	TLP-conditions.	Devices	are	

built	and	tested	according	procedure	described	in	2.2.	PL	investigations	are	carried	out	as	described	

in	2.6.1.		

 TLP	test	results		

I	observed	that	regardless	of	the	presence	of	the	illumination,	devices	tested	according	to	i	and	ii	

do	not	fail	(Figure	3-1).	In	case	i,	the	cells	sustained	a	TLP	current	(ITLP)	of	3.35	±	0.12	A	corresponding	

to	an	applied	TLP	voltage	(VTLP),	directly	applied	across	the	pixel,	of	229	±	24	V.	Similarly,	in	case	ii,	

cells	sustained	a	maximum	ITLP	current	of	3.31	±	0.05	A	corresponding	to	a	VTLP	across	the	pixel	of	

251	±	10	V.	The	PTLPMax	(see	1.3.1)	measured	reach	a	value	of	767	±	110	W	and	a	value	of	830	±	44	W,	

corresponding	to	an	ETLPMax	of	~	83	µJ	and	of	~76	µJ	(pulse	mean	duration	98	ns),	for	the	case	i	and	

ii	respectively.	The	pulsed	resistance	is	very	similar	for	pulse	modules	bigger	than	50	V	and	it	ranges	
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from	75.2	Ω	to	92.44	Ω	in	case	i	and	from	72.5	Ω	to	74.2	Ω	in	case	ii.	However,	the	same	curves	are	

different	for	applied	pulses	lower	than	50	V,	resulting	much	higher	in	the	case	i,	probably	due	to	a	

different	 arrangement	of	 the	 chains	 in	 the	active	 layer.	 These	 values	were	 registered	 for	 a	pre-

charge	voltage	value	of	2000	V,	which	is	the	maximum	voltage	allowed	by	the	instrument	we	used,	

which	suggests	that	possibly	a	higher	 level	of	stress	 is	sustainable	by	these	devices.	As	shown	in	

Figure	3-1a,	there	is	a	linear	correlation	between	the	ITLP	and	the	VTLP.	From	the	inset	of	the	same	

(Figure	3-1a)	we	can	observe	the	registered	leaking	currents	measured	for	an	applied	voltage	of	1	V.	

The	one	under	illumination	produces	a	higher	value	of	current,	roughly	1.1	mA,	which	is	coherent	

with	the	normal	functioning	of	the	cell	for	an	applied	VAC	of	1	V.	In	both	cases	there	are	no	signs	of	

damages	 coherently	 with	 the	 TLP	 graphs.	 The	 robustness	 to	 the	 TLP	 stress	 shown	 in	 both	 the	

positive	TLP	cases	arises	from	the	fact	that	charges	are	favoured	to	move	into	the	active	layer	from	

the	 anode	 (ITO-PEDOT)	 towards	 the	 cathode	 (Ca-Al)	 since	 the	 devices	 are	working	 as	 diodes	 in	

forward	 condition,	 i.e.	 in	 the	 first	 quadrant,	 and	 thus	 devices	 successfully	 discharge	 the	 pulsed	

power	without	resulting	destroyed	for	Joule	effect[14].		

In	the	case	of	negative	TLP	treatments	(iii	&	iv)	(Figure	3-1b)	there	is	a	clear	change	into	the	leakage	

current	indicating	that	a	failure	is	occurring.	This	change	occurs	for	an	ITR	of	almost	0.2	±0.065	A,	

corresponding	 to	 trigger	voltage	VTR	of	46	±	17	V,	 in	 the	case	 iii	 and	 for	an	 ITR	of	0.49	±	0.13	A,	

corresponding	to	a	VTR	of	42.4	±	7	V,	in	the	case	iv.	We	observe	a	PTR	of	9.2	±6	W	(ETR	of	~	0.9	µJ)	for	

the	not	 illuminated	devices	and	of	20.7	±	9	W	(ETR	of	~2	µJ)	 in	the	case	of	the	 illuminated	ones.	

Interestingly,	the	slope	of	the	graph	of	the	devices	tested	under	illumination	is	different	from	the	

one	not	 illuminated,	 pointing	 out	 a	 different	 behaviour	 of	 the	 pulsed	 resistance	RTLP	 across	 the	

device	during	the	TLP	test	 in	the	two	cases:	ranging	from	200	Ω	to	214	Ω	before	the	failure	and	

steeply	decreasing	to	151	Ω	after	(iii);	ranging	from	92.7	Ω	to	102	Ω	before	the	failure	and	falling	to	

77	Ω	after	(iv)	(Figure	3-2).	The	different	behaviour	of	these	devices	pointed	out	in	the	negative	TLP	

test	can	be	explained	analysing	the	position	of	the	charges	in	the	device	in	correspondence	of	the	

iii	and	iv	cases.	In	both	these	cases	there	are	a	lot	of	p	charges	into	the	active	layer,	which	are	not	

favoured	to	move	from	the	cathode	towards	the	anode	due	to	the	applied	field,	hence	all	the	pulsed	

power	 is	discharged	uniquely	 via	 a	 joule	effect	up	 to	 the	point	 in	which	an	 irreversible	damage	

occurs.	Nevertheless,	a	difference	was	noticed	between	these	two	cases.	 In	the	case	of	negative	

applied	 pulses	 under	 illumination,	 at	 the	 moment	 of	 the	 pulse	 striking	 the	 device	 a	 negative	

photogenerated	 current	 is	 already	 flowing	 through	 the	 same	 so	 explaining	 the	 different	 RTLP	

between	iii	and	iv.	The	TLP	pulses	force	the	device	 into	a	reverse	bias	that	 is	not	favouring	both	
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electrons	and	holes	to	move	through	the	active	layer	therefore	leading	to	the	device	failure	anyway.	

I	also	repeated	all	the	tests	by	changing	the	TLP	step,	namely	5-10-50	V,	and	I	observed	that	the	TLP	

measures	are	not	affected	by	such	parameter	variation.		

The	 observed	 RTLP	 values,	 ranging	 between	 214	 Ω	 and	 77	 Ω,	 let	 OPVs	 possibly	 qualify	 as	 ESD	

protections	 in	 applications	 that	 feature	 a	 considerable	 higher	 input	 impedance	 of	 this	 one.	

Therefore,	 by	 inserting	 these	 devices	 in	 parallel	 to	 such	 other	 devices,	 ESD	 phenomena	 would	

primarily	affect	OPVs	and,	depending	on	the	polarity	of	the	applied	pulses,	the	latter	could	also	act	

as	ESD	monitor	since,	if	applied	pulses	are	positive	the	OPVs	expectably	continue	to	work,	whilst	

result	compromised	if	pulses	polarity	is	negative.	Instead,	in	case	protections	for	OPVs	need	to	be	

designed,	these	must	avoid	the	pulsed	energy	to	overcome	a	value	of	0.32	µJ	and	ITLP	and	VTLP	to	

overcome	0.13	A	and	29	W	respectively.		
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Figure	3-1:	The	TLP	curves	measured	according	to	the	positive	applied	pulses	(a)	and	negative	applied	pulses	
(b).	In	both	graphs	the	curves	measured	under	illumination	and	in	dark	conditions	are	reported.	

	

	

	

	

	
	
	
	
	
	
	
	
	

	

Figure	3-2:	RTLP	of	samples	stressed	with	positive	(a)	and	negative	(b)	pulses.	
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Figure	3-3:	The	JV	curves	of	the	cells	before	and	after	the	positive	TLP	stress.	On	the	right	(a)	the	cells	that	were	
in	dark	conditions	during	the	TLP	and	on	the	left	(b)	those	kept	under	illumination	during	the	TLP	test.	In	the	

insets,	the	JV	curves	of	the	cells	in	dark	conditions.	

	

 OPV	Parameters		

The	short	circuit	current	density	(Jsc),	the	open	circuit	voltage	(Voc),	the	fill	factor	(FF)	and	the	power	

conversion	efficiency	(η)	of	pristine	(devices	not	TLP	stressed)	and	TLP-treated	solar	cells	in	Table	1	

are	reported.	Notably,	the	pristine	ones	features	are	consistent	with	previous	paper	published	in	

our	group[68].	As	pointed	out	by	the	graphs	in	Figure	3-3,	the	current	density	vs	voltage	(JV)	curves	

confirm	that	the	OPVs	maintain	their	functionality	whenever	the	applied	pulses	between	the	anode	

and	the	cathode	are	positive.	However,	there	are	some	significant	differences	arising	after	the	TLP	

tests	 depending	 on	 the	 presence	 of	 the	 illumination	 (Figure	 3.3).	 Firstly,	 Jsc	 results	 lowered	 in	

amplitude	by	~	7	%	in	dark	conditions,	instead	in	the	case	of	illuminated	devices	the	Jsc	increases	in	

modulus	by	~	13	%.	The	Voc	remains	almost	the	same	after	the	stress	regardless	of	the	illumination,	

featuring	a	variation	contained	within	the	±	1	%	in	all	cases.	The	average	FF	increases	by	~	24	%	in	

the	case	of	not	illuminated	and	by	~	0.83	%	in	the	case	of	the	illuminated	devices.	The	average	η	

improves	in	both	cases;	precisely	by	the	~	13	%	and	the	~	14	%	respectively	for	not	illuminated	and	

illuminated	devices.	 Interestingly,	 the	TLP	 stress	exerts	 a	beneficial	 effect	 slightly	 improving	 the	

solar	cells	JV	parameters.	This	effect	can	be	seen	as	a	consequence	of	the	pulsed	electro-annealing	

that	stimulates	a	filling-effect	of	the	charge-carrier	traps	present	 into	the	device	due	to	the	 ions	

sweeping	towards	the	electrodes.	Such	ions	also	affect	the	potential	barrier	directly	interacting	with	
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the	built-in	voltage.	Furthermore,	the	polar	molecules	and	polymer	chains	into	the	active	layer	are	

aligned	according	to	the	applied	pulsed	field.	These	phenomena	altogether	cause	an	improved	yield	

of	the	devices[157],	[158].	

The	equivalent	circuit	model	for	a	solar	cell[79],	[80]	(Figure	1-12)	consists	of	a	current	generator	IL	

that	 takes	 in	 account	 the	 photo-generated	 current	 flowing	 through	 the	 device,	 of	 a	 current	 ID	

produced	by	a	diode	that	takes	in	account	the	recombination	of	the	charges,	a	shunt-resistance	RSH	

parallel	to	the	diode,	taking	in	account	the	resistance	across	the	active	layer,	and	a	resistance	RS	

that	 takes	 in	 account	 the	 loss	 due	 to	 the	 contacts.	 The	 equations	 describing	 such	 circuit	 are	

introduced	in	section	1.2.1.	The	general	improvement	of	the	cell	can	be	explained	as	a	consequence	

of	the	decrease	of	the	RS	of	the	cells,	possibly	due	to	the	ions	migrations	induced	by	the	applied	

pulsed	field	previously	described.	The	reduction	of	the	charge-carriers	traps	also	reduces	the	diode	

current	that	represents	the	exciton	recombination	current.	RS	decrease	correlates	with	the	increase	

of	the	FF,	whereas	the	Voc	negligible	variation	suggests	that	RSH	is	not	particularly	affected	by	the	

treatment.	The	combinations	of	all	these	factors	lead	to	the	increase	of	the	η	as	observed.	The	dark	

currents	in	illuminated	devices	are	slightly	reduced	after	the	TLP	stress,	whereas	significantly	so	in	

dark	 condition,	 corroborating	 the	observed	 improvement	of	 the	 cell.	 In	 terms	of	 the	equivalent	

circuit,	in	dark	conditions	the	IL	is	null	and	the	measured	I	is	directly	correlated	to	the	diode	current	

that	 results	 hence	 lowered	 as	 RS	 decreases,	 confirming	 the	 observed	 post-positive-TLP	 induced	

improvement.	
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Table	1:	TLP	and	JV	parameters	after	the	TLP	tests.	

	 Positive	TLP		

not	illuminated	

Positive	TLP		

illuminated	

Negative	TLP	

illuminated	

Negative	TLP	

not	illuminated	

TLP	test	 Not	failed	 Not	failed	 Failed	 Failed	

PTLPMax	 767	±	110	W	 830±44	W	 9.2±6	W	 20.7±9	W	

ITLPMax	 3.35	±	0.12	A	 3.31±0.05	A	 0.2±0.07	A	 0.49±0.13	A	

VTLPMax	 229	±	24	V	 251±10	V	 46±17	V	 42±7	V	

Jsc	pre	TLP	 6.4±0.1	mA/cm2	 5.3±0.2	mA/cm2	 5.6±0.5	ma/cm2	 5.8±1.7	ma/cm2	

Jsc	post	TLP	 5.9±0.4	mA/cm2	 6±0.2	mA/cm2	 Not	working	 Not	working	

∆	Jsc	 -7.2±3.5%	 +13.1±0.7	%	 -	 -	

Voc	pre	TLP	 0.587±0.002	V	 0.575±0.005	V	 0.565±0.036	V	 0.578±0.009	V	

Voc	post	TLP	 0.585±0.569	V	 0.576±0.001	V	 Not	working	 Not	working	

∆Voc	 -0.34±0.4	%	 +0.17±0.9	%	 -	 -	

FF	pre	TLP	 46.8±0.4	%	 53.1±	2.2	%	 53.3±0.1	%	 49.3±0.3	%	

FF	post	TLP	 58.1±1.7	%	 53.5±2.3	%	 Not	working	 Not	working	

∆FF	 +24.3±4.7	%	 +0.8±1.1%	 -	 -	

η	pre	TLP	 1.79±0.03	%,	 1.62±0.14	%,	 1.97±0.16	%	 1.6±0.41%	

η	after	TLP	 2.01±0.18	%	 1.85±0.16	%	 Not	working	 Not	working	

∆η	 +13.15±8.2	%	 +14.2±1.3	%	 -	 -	
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Figure	3-4:	the	JV	curves	of	the	cells	before	and	after	the	negative	applied	pulses,	for	both	the	cases	in	which	the	
devices	were	illuminated	and	not.	

	

In	the	case	of	negative	applied	pulses,	the	reverse	pulsed	bias	applied	causes	the	breakdown	of	the	

junction	 (Figure	 3-4).	 In	 fact,	 as	 long	 as	 the	 device	 provides	 to	 the	 striking	 pulse	 a	 way	 to	 be	

dissipated,	or	rather	a	way	to	be	discharged,	this	can	withstand	the	applied	power.	On	the	opposite,	

when	the	junction	is	in	reverse	the	current	is	not	normally	allowed	to	flow	through	it,	and	thus	the	

incoming	power	starts	being	dissipated	mainly	via	Joule	effects	that	progressively	spoils	the	device.	

In	all	cases	analysed,	in	correspondence	of	the	ITR,	the	linear	dependence	between	VTLP	and	ITLP	ends	

revealing	the	point	in	which	a	permanent	damage	into	the	device	occurs.	Notably,	also	in	the	ILEAK	

vs	ITLP	graphs	there	is	a	sudden	increase	of	the	ILEAK	in	correspondence	of	the	ITR	value,	(Figure	3-1.b	

inset)	pointing	out	the	arising	of	a	current	flowing	into	the	junction	due	to	the	breakdown	thereof.	

Referring	to	the	equivalent	circuit	(Figure	1-12)	the	breakdown	is	the	result	of	a	sudden	dramatic	

decrease	of	the	RSH	that	discharges	the	current	IL.	Although	the	response	to	negative	applied	pulses	

results	in	a	permanent	damage	of	the	devices	in	both	the	illuminated	and	not	illuminated	devices,	

there	are	 few	differences	 that	are	worth	discussing.	 In	 the	case	 in	which	no	 light	was	applied,	 I	

observed	a	lower	value	of	power	tolerated	by	the	device	in	comparison	of	the	one	of	the	case	in	

which	 they	were	 illuminated,	 as	 also	 confirmed	 by	 Figure	 3-1.b.	 In	 the	 case	 of	 the	 illuminated	

devices,	the	striking	current	is	partially	dissipated	via	the	negative	photo-generated	current	due	to	
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the	impinging	light.	In	the	case	of	not	illuminated	devices	the	incoming	power	cannot	be	discharged	

but	via	Joule	effects	so	generating	a	lower	value	of	PTR.	When	devices	are	not	illuminated	the	power	

dissipated	into	the	active	layer	can	dig	a	hole	into	this,	thus	leading	to	a	short	circuit[159],	which	I	

observed	in	two	of	the	three	devices	tested	in	dark	conditions.	Any	such	treated	device	reveals	a	

response	to	the	pulsed	field	similar	to	the	one	of	a	dielectric	kept	between	two	electrodes.	On	the	

contrary,	 the	 illuminated	 devices	 feature	 the	 behaviour	 observed	 in	 a	 junction	 brought	 to	 the	

breakdown	but	not	turned	into	a	short	circuit[160].		

 PL	spectra	

	

	

Figure	3-5:	Normalised	photoluminescence	and	absorption	spectra	of	TLP	stressed	devices.	

	

From	the	PL	spectra	(Figure	3-5),	obtained	by	exciting	the	films	with	a	450	nm	(2.75	eV)	diode	laser,	

there	are	four	notable	peaks	in	the	complex	P3HT-PCBM:	namely	a	first	peak	at	1.52	eV	reasonably	

due	to	 the	vibronic	0-2	emission	peak	of	 the	P3HT	 (i)[68],	 [161]–[163];	a	second	one	at	1.69	eV	

where	interestingly	both	the	PCBM	single	excited	emission	and	the	vibronic	0-1	emission	peak	of	

the	P3HT	take	place	(ii)[163];	a	third	one	at	1.85	eV	reasonably	due	to	the	vibronic	0-0	emission	

peak	of	the	P3HT	(iii);	a	fourth	at	2.37	eV	due	to	a	charge-transfer	(CT)	transition	of	intermolecular	
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exciton	(iv)[45].	I	used	as	reference	the	PL	obtained	from	the	pixels	of	a	not	stressed	device,	which	

showed	a	similar	response	in	all	pixels	tested.	Interestingly,	in	peak	iii	the	relative	ratios	between	

the	vibronic	0-0	peaks	in	TLP	stressed	devices	and	the	same	peak	from	the	reference	results	lower	

than	 1	 in	 positive	 TLP-stressed	 devices	 whilst	 higher	 than	 1	 in	 negative	 TLP-stressed	 ones.	

Analogously,	the	peaks	in	iv	also	change	according	to	the	polarity	of	the	TLP	tested	used,	resulting	

very	 low	or	nearly	 absent	 in	 the	 reference	and	 the	 two	positive	 stressed	 cases	 spectra,	 instead	

increasing	significantly	in	the	peaks	of	the	negative	treated	devices,	especially	in	those	that	were	

kept	in	dark	conditions	during	the	negative	TLP	test.	These	PL	spectra	therefore	show	a	correlation	

between	the	polarity	of	the	TLP	test	and	the	peaks	relative	intensity.	The	positive	TLP	test	performs	

an	electro-annealing	of	 the	devices	 that	 induces	a	 further	mixing	of	 the	 two	components	 in	 the	

active	layer,	therefore	improving	the	photovoltaics	parameters.	The	reduction	of	the	vibronic	0-0	

peak	of	the	P3HT	and	the	confirmed	absence	of	the	CT	transition	peak	of	the	PCBM	corroborate	

such	explanation.	On	the	contrary,	the	negative	pulses	trigger	an	isolation	of	the	two	components,	

either	by	damaging	P3HT	chains	and	PCBM	molecular	structures	or	by	randomly	promoting	crystal	

domains	formation,	which	weakens	the	exciton	splitting	mechanism	and	increases	the	PL	emissions	

of	the	two	separate	species.	In	particular,	the	CT	transition	peak	at	2.4	eV	that	is	normally	quenched	

for	PCBM	molecules	mixed	with	P3HT	or	other	donors,	clearly	indicates	that	a	certain	number	of	

PCBM	molecules	are	no	longer	able	to	interact	with	the	P3HT	chains	after	the	negative	TLP	test.	The	

separation	of	the	two	species	 into	the	active	 layer	 is	coherent	with	the	loss	of	the	photovoltaics	

features	of	the	devices.		

 Effect	of	Voc	bias	on	samples	robustness	to	TLP	stress	

I	also	repeated	the	TLP	test	by	applying	pulses	on	devices	biased	with	a	VAC	voltage	equal	to	the	

measured	Voc	of	the	cells	for	illumination	conditions.	I	did	not	perform	such	test	in	dark	conditions	

since	 the	 balancing	 of	 the	 external	 field	 with	 the	 built	 in	 one	 requires	 the	 cell	 to	 be	 under	

illumination	conditions.	Such	condition	is	not	normally	exploited	in	solar	cells	but,	nevertheless,	is	

an	important	condition	that	reveals	if	the	built-in	voltage	of	devices	is	the	one	expected	in	regard	

to	the	materials	used	to	build	the	active	layer	of	the	cell.	In	fact,	the	calculated	Voc	is	equal	to	0.6	eV	

(equation	 1.2)	 for	 P3HT:PCBM	 heterojunction	 solar	 cells	 but	 commonly	 the	 value	 measured	 is	

around	 0.56	 eV.	 The	 discrepancy	 arises	 due	 to	 factors	 such	 as	 contaminations,	 oxidation	 and	

degradation	of	materials	during	the	fabrication	process.	Hence,	the	displacement	of	the	measured	

Voc	value	from	the	calculated	one	is	a	measure	of	the	quality	of	the	cell.		
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The	TLP	test	carried	on	in	these	conditions	damaged	2	out	of	3	tested	devices	during	the	positive	

TLP	test	as	well	as	during	the	negative	TLP.	This	reveals	a	weakening	of	the	cells	in	such	conditions,	

in	comparison	with	positive	pulses	applied	to	the	cell	in	correspondence	of	no	applied	VAC	bias	and	

under	 illumination.	 Importantly,	 a	 similar	 behaviour	 arises	 regardless	 of	 the	 pulse	 polarity,	

reasonably	due	to	the	fact	that	no	charges	are	supposed	to	flow	in	such	conditions,	since	a	balance	

is	reached	if	an	external	applied	field	nulls	the	built	in	one.	Hence,	upon	an	applied	pulse,	either	

positive	or	negative,	the	supplied	energy	is	dissipated	via	a	Joule	effect	that	in	most	of	the	cases	

causes	a	breakdown	of	the	active	layer,	with	the	cell	assuming	a	resistor-like	linear	behaviour.	The	

ITLP	was	found	between	3.78	A	and	2.48	A	in	those	tested	with	positive	pulses	and	between	3.52	A	

and	1.93	A	in	those	tested	with	negative	pulses,	respectively	corresponding	to	a	VTLP	ranging	from	

199	V	and	464	V	and	from	146	V	and	461	V.	The	behaviour	of	the	RTLP	is	shown	in	Figure	3-6,	beside	

the	first	pulses	the	curve	shape	is	similar	in	both	cases,	revealing	a	slightly	higher	value	of	resistance	

in	correspondence	of	the	negative	pulses,	namely	of	10	Ω	roughly,	probably	due	to	the	P3HT	charge	

carrier	mobility	resulting	slower	in	the	second	case.	In	fact,	the	RTLP	ranges	between	37.85	Ω	and	

16.61	Ω	in	those	stressed	with	positive	pulses	and	between	51.52	Ω	and	39	Ω	in	the	others.	From	

the	ITLP	vs	VTLP	graphs	it	is	not	possible	to	observe	a	clear	failure	(Figure	3-6),	nevertheless	the	JV	

curves	of	devices	compared	before	and	after	the	test	reveal	that	a	permanent	damage	of	solar	cells	

occurred	(Figure	3-7)	and	a	linear	behaviour	can	be	observed.	

The	Voc	bias	moved	the	charges	in	such	a	way	that	weakened	the	overall	robustness	to	electrostatic	

discharges	 confirming	 that	 the	 position	 of	 the	 charges	 into	 the	 active	 layer	 is	 crucial	 for	 the	

dissipation	of	the	striking	pulse,	as	long	as	the	metal	connections	are	big	enough	to	withstand	the	

current	flowing	through	them.		
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Figure	3-6.	The	TLP	graphs	of	Voc-biased	solar	cells	(a)	in	which	the	behaviour	is	similar	regardless	of	the	pulse	
polarity.	(b)	The	graph	of	the	behaviour	of	the	RTLP	in	both	positive	and	negative	TLP	cases	is	reported.		
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Figure	3-7:	the	JV	graphs	of	pixels	tested	before	and	after	the	TLP	test	carried	out	in	correspondence	of	an	
applied	VAC	bias	equal	to	Voc	.and	for	both	pulse	polarities.		

	

 Conclusions	

I	 investigated	 the	 response	 to	 a	 TLP	 test	 of	 P3HT:PCBM	 solar	 cells	 mimicking	 all	 the	 possible	

environmental	scenarios	these	devices	can	undergo	in	case	are	hit	by	electrostatic	discharges.	I	used	

negative	 and	 positive	 pulses	 applied	 when	 the	 cells	 were	 not	 illuminated	 and	 illuminated.	

Interestingly,	in	all	cases	analysed	in	which	positive	pulses	were	applied,	the	cells	tested	withstand	

currents	higher	 than	3	A	and	dissipate	an	 incoming	power	higher	 than	800	W	without	 incurring	

permanent	damages.	Furthermore,	I	also	noticed	that	the	photovoltaic	parameters	of	such	devices	

result	improved	with	a	final	η	increased	of	roughly	14%	respect	to	the	pristine	ones.	On	the	other	

hand,	the	same	devices	resulted	much	weaker	in	the	case	of	negative	applied	pulses,	which	means	

that	protections	are	required	and	must	be	designed	considering	the	minimum	ITR	found	to	be	0.13	A.	

Focusing	 more	 on	 the	 devices	 and	 describing	 the	 JV	 parameters	 changes	 in	 OPV	 equivalent	

electronic	circuit	terms,	the	positive	pulses	exert	an	electro-annealing	of	the	devices	that	reduces	

the	RS	that	in	turn	causes	an	improvement	of	the	FF	and	consequently	of	the	η.	The	RS	reduction	can	

be	explained	as	a	consequence	of	 the	 ions	 into	 the	device	 forced	by	 the	pulsed	applied	 field	 to	
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migrate	towards	the	electrodes	and	in	remaining	trapped	into	the	charge-carrier	traps.	The	Voc	is	

not	affected	by	the	positive	pulses,	hence	the	RSH	does	not	vary	during	the	test.	The	cells	behaviour	

in	 dark	 conditions	 feature	 a	 reduction	 of	 the	 dark	 current	 therefore	 corroborating	 the	 general	

improvement	 observed.	 However,	 the	 negative	 pulses	 dramatically	 reduce	 the	 RSH	 causing	 a	

reduction	 of	 the	 Voc	 and	 a	 loss	 of	 the	 functionality	 of	 the	 devices.	 Interestingly,	 PL	 spectra	

highlighted	 a	 correlation	 between	 the	 failure	 of	 the	 devices	 and	 the	 split	 of	 the	 two	 phases	

composing	the	active	layer.	Upon	positive	pulses,	the	two	phases	result	further	mixed	so	leading	

towards	a	quench	of	the	vibronic	0-0	peak	and	of	the	CT	peak	of	the	PCBM,	whilst	the	same	peaks	

are	enhanced	 in	the	negative	TLP	tests,	possibly	due	to	a	relative	reciprocal	 isolation	of	the	two	

species	that	no	longer	permits	an	energy	exchange	between	the	P3HT	chains	and	PCBM	molecules.		

Interestingly,	OPVs	can	act	as	ESD	protection	and	pulse	polarity	monitors	 if	placed	 in	parallel	 to	

other	devices	having	an	input	impedance	higher	than	the	RTLP	observed	in	OPVs,	which	considering	

all	cases	analysed	spans	between	10	Ω	and	214	Ω.	In	fact,	upon	applied	negative	pulses	OPVs	would	

result	 in	a	 failure,	whilst	 they	expectably	keep	on	working	upon	applied	positive	pulses.	On	 the	

contrary,	 if	OPVs	need	 to	be	ESD	shielded,	protections	must	avoid	 incoming	ESD	to	overcome	a	

pulsed	energy	of	0.32	µJ	and	ITLP	and	VTLP	to	overcome	0.13	A	and	29	V	respectively.			

Organic	semiconductors	have	been	captivating	great	attention	in	the	last	years	for	their	cheap	and	

easy	 manufacturing,	 their	 suitability	 for	 flexible	 devices.	 A	 further	 advantage	 respect	 to	 the	

inorganic	counterpart	is	pointed	out	in	this	study,	revealing	the	exceptional	robustness	they	feature	

towards	ESD	positive	pulses.	

3.2 TLP	test	on	P3HT	and	PBTTT	OFETs	

In	this	section,	I	report	on	the	effects	of	TLP	stress	on	the	IV	curves,	the	threshold	voltage	(VTH),	the	

mobility	and	the	on/off	ratio	of	P3HT	and	PBTTT	OFETs.	

The	TLP	characterisation	exploits	the	same	system	also	used	for	OPVs	and	OLEDs	(see	2.5).	In	this	

case	I	carried	out	four	different	analysis	modes,	obtained	by	changing	the	terminals	from	which	the	

TLP	 pulses	 were	 applied	 and	 their	 polarity:	 i)	 positive	 pulses	 between	 the	 drain	 and	 the	 gate	

terminals	(DGpos)	with	source	terminal	left	floating;	ii)	negative	pulses	between	the	drain	and	the	

gate	terminals	(DGneg)	with	the	source	terminal	 left	floating;	 iii)	positive	and	iv)	negative	pulses	

between	the	drain	and	the	source	terminals	(DS)	with	the	gate	contact	biased	according	different	

voltages.	A	test	 in	which	positive	pulses	between	the	source	and	the	gate	are	applied	(SGpos)	 is	
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equivalent	to	the	DGpos	whilst	a	test	 in	which	negative	pulses	between	the	source	and	the	gate	

(SGneg)	are	applied	is	equivalent	to	the	DGneg,	therefore	for	such	reasons	the	SGpos	and	the	SGneg	

tests	were	not	carried	out.	DS	tests,	instead,	were	further	subdivided	in	other	tests	depending	on	

the	bias	applied,	by	means	of	a	third	terminal,	to	the	gate	of	the	device	under	test	(DUT),	namely:	

positive	applied	pulses	with	gate	grounded	(DSpos);	negative	applied	pulses	with	gate	grounded	

(DSneg);	positive	applied	pulses	with	a	gate	bias	of	10	V	(DSpos10Vgbias);	negative	applied	pulses	

with	a	gate	bias	of	10	V	(DSneg10Vgbias);	positive	applied	pulses	with	a	gate	bias	of	-20	V	(DSpos-

20Vgbias);	negative	applied	pulses	with	a	gate	bias	of	-20	V	(DSneg-20Vgbias).		

The	ILEAK	is	measured	for	an	applied	VDS	voltage	of	-20	V	and	VGS	=-40	V.	Such	TLP	setups	were	used	

for	both	P3HT	and	PBTT	OFETs.	According	this	conditions	the	current	flowing	between	the	drain	and	

the	source	of	a	P3HT	OFET	is	expected	to	be	between	-5	µA	(20	µm-channel	 length)	and	-50	µA	

(5	µm-channel	length)	as	shown	in	Figure	3-8,	whereas	between	-20	µA	(20	µm-channel	length)	and	

-200	µA	(5	µm-channel	length)	for	PBTTT	OFETs	(Figure	3-9).	Therefore,	I	set	as	failure	criterion	an	

ILEAK	>0.5	mA	which	would	mean	having	more	than	a	tenfold	increase	of	the	current	flowing	through	

the	drain	 and	 the	 source	 in	 P3HT	OFETs	 and	more	 than	 the	double	 in	 PBTTT	OFETs,	 conditions	

consistent	uniquely	to	a	failure	causing	short	circuits	or	low-impedance	induced	paths	to	current.	I	

also	measured	the	ILEAK	in	a	different	spot,	namely	for	VDS=VGS=-40	V	but	all	the	results	here	reported	

are	referred	to	the	previous	one	specified	and	no	significant	differences	were	observed	between	

the	results	obtained	using	this	second	spot.	The	devices	here	studied	and	discussed	were	fabricated	

according	the	procedure	highlighted	in	section	2.3,	whereas	their	characterisation	was	obtained	by	

using	the	setup	described	in	2.3.1.	The	Raman	spectra	collected	from	these	devices,	instead,	were	

obtained	according	the	methodology	pointed	out	in	2.6.2.		

In	the	first	part	of	this	section	I	report	about	the	electric	features	(VTH,	µ,	on/off)	of	pristine	P3HT	

and	PBTTT	OFETs,	where	for	pristine	is	intended	characterised	straight	after	ending	their	fabrication	

procedure.	 In	 the	 second	part	of	 this	 section	 the	 results	obtained	on	P3HT	OFETs	are	 reported,	

namely:	 the	 TLP	 results	 I	 obtained	per	 each	of	 the	 study-case	 analysed;	 a	 comparison	between	

pristine	 and	 TLP-treated	 device	 electric	 features	 whenever	 the	 functionality	 of	 the	 latter	 was	

maintained;	 the	 results	 of	 Raman	 spectroscopy	 analysis	 carried	out	 on	pristine	 and	 TLP	 treated	

devices.	Whereas,	 in	the	third	part	those	regarding	PBTTT	OFETs	are	reported	and	structured	as	

done	for	P3HT.	Each	of	these	two	parts	are	concluded	with	a	discussion	about	the	results	observed.	

Final	considerations	about	both	P3HT	and	PBTTT	OFETs	are	then	reported	in	the	last	part	of	this	

section.		
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 OFETs	pristine	electrical	parameters		

 P3HT-OFETs	pristine	samples	electrical	parameters		

I	observed	hysteresis	affecting	the	majority	of	the	devices,	which	is	a	phenomenon	in	OFETs	due	to	

multiple	factors	such	as	the	trapping	of	the	charges	at	the	semiconductor-dielectric	interface,	the	

slow	reaction	of	the	polymer	charge	carriers	to	the	applied	electric	field[99].	These	phenomena	are	

common	to	both	P3HT	and	PBTTT.	The	maximum	amplitude	of	the	drain-source	current	 (IDSMAX),	

measured	for	an	applied	VDS	of	-80	V	and	VGS	of	-80	V	in	the	transfer	curve,	is	inversely	proportional	

on	the	channel	length	(Equation	1.9	and	1.10).	The	20	µm-channel	length	transistors	feature	an	IDMAX	

of	-42.13±11	µA,	whilst	the	10	µm	-131.07±35	µA	and	the	5	µm	-508.94±150	µA.	In	all	cases	for	an	

applied	VGS	of	0	V	the	transistors	are	in	off-state	mode,	with	a	measured	IDS	always	lower	than	1	µA.	

In	Figure	3-8	output	and	transfer	characteristics	of	the	20	µm,	the	10	µm	and	the	5	µm	channel	

length	transistor	are	reported.	The	charge	carrier	mobility	in	the	saturation	region	of	these	devices	

is	9.6±1.5	x10-3	cm2/Vs,	whereas	the	threshold	voltage	is	-17.1±5.6	V	and	the	on/off	ratio	is	0.9±1.3	

x104	(IDS	measured	for	an	applied	VGS	of	-80	V	and	VDS	of	-80	V	divided	by	the	IDS	measured	for	an	

applied	VGS	 of	 0	V	 and	VDS	 of	 -80	V).	 The	electrical	 characteristics	 of	 these	P3HT-transistors	 are	

consistent	with	 previous	 literature[92],	 in	 particular	 Seidler	 et	 al.[68]	 observed	 a	 charge	 carrier	

mobility	of	~10x10-3	cm2/Vs	for	P3HT	OFETs.	

	

 PBTTT-OFETs	pristine	electrical	parameters	

Pristine	PBTTT	OFETs	were	showing	an	on/off	ratio	of	0.6x104	(measured	for	an	applied	VDS	of	-80	V	

and	by	dividing	the	IDS	measured	in	correspondence	of	the	VGS	equal	to	-80	V	and	to	0	V)	whereas	

the	mobility	was	found	equal	to	6.9±2.7	x10-2	cm2/Vs.	The	VTH	was	found	equal	to	-9.25±2.4	V.	As	

regards	the	IDSMAX	registered	for	an	applied	VDS	of	-80	V	and	VGS	of	-80	V,	its	value	was	found	equal	

to	-0.88±0.13	mA,	-2.28±0.46	mA	and	-8.92±1	mA	respectively	in	20	µm,	10	µm	and	5	µm	channel	

length	transistors.	In	all	cases	for	an	applied	VGS	of	0	V	the	transistors	are	in	off-state	mode,	with	a	

measured	 subthreshold	 current	 IDS	 lower	 than	 40	 µA.	 These	 value	 are	 consistent	with	 features	

reported	 in	 literature[96]	 and	 were	 calculated	 per	 each	 channel	 length	 considering	 12	 devices	

spread	over	three	different	substrates.	In	Figure	3-9	the	transfer	and	output	characteristics	of	the	

20	µm,	 of	 the	 10	µm	and	of	 the	 5	µm	 channel	 length	PBTTT	OFET	prior	 the	 TLP	 treatment	 are	

reported.		
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Figure	3-8:	The	Output	characteristics	and	the	transfer	characteristics	of	the	20	µm,	of	the	10	µm	and	of	the	5	µm	
channel	length	P3HT	OFETs.		
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Figure	3-9.	The	Output	characteristics	and	the	transfer	characteristics	of	the	20	µm,	of	the	10	µm	and	of	the	5	µm	
channel	length	PBTTT	OFETs.	
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 TLP	results	on	P3HT	OFETs	

I	prepared	P3HT	OFETs	 to	characterise	 the	 response	 to	ESD	phenomena	of	 such	devices.	 In	 this	

section,	I	report	on	the	results	obtained	for	the	TLP	treated	P3HT	OFETs.		

 P3HT	Positive	Drain-Gate	TLP-test	(DGpos)	

The	DGpos	tests	were	carried	out	on	all	the	transistors	of	the	chip.	After	each	applied	pulse,	the	

status	of	 the	 transistors	was	evaluated	by	measuring	 the	 ILEAK	 for	an	applied	VDS	of	 -8	V	and	an	

applied	VGS	of	-40	V.	The	value	of	VDS	and	of	VGS	were	chosen	according	to	reported	works	in	which	

P3HT	transistors	were	applied	in	electronic	circuits[94],	[164].	As	failure	criterion,	I	arbitrarily	chose	

the	increase	of	the	ILEAK	over	1	µA	since,	in	normal	conditions,	the	current	flowing	between	the	gate	

and	the	drain	is	as	low	as	10-12	for	the	OFETs	in	this	thesis	analysed.	I	observed	the	failure	of	the	

device	in	all	the	cases	analysed.	The	destruction	of	these	devices	stems	from	the	breakdown	of	the	

silicon	oxide,	thus	resulting	in	a	dramatic	increase	of	the	current	flowing	between	the	drain	and	the	

gate.	All	devices	show	a	break-point	around	an	applied	voltage	across	the	terminals	(VTR)	of	315	V	

and	a	current	flowing	through	the	terminals	(ITR)	of	0.09	A	(Figure	3-10a,	representative	for	all	cases),	

regardless	of	the	channel	length	of	the	transistor	tested.	The	failure	appears	to	be	progressive,	since	

both	 ITLP	 and	 the	 ILEAK	 increase	 according	 to	 the	module	 of	 the	 applied	 voltage,	 with	 the	 latter	

reaching	the	compliance	current	(1	µA).	The	dielectric	breakdown	of	the	silicon	oxide	that	I	observed	

is	 approximately	13.6	MV/cm	 (obtained	 considering	 the	 thickness	of	 the	gate,	230	µm,	and	 the	

voltage	 across	 the	 same	 causing	 the	breakdown,	 315	V),	 slightly	 higher	 than	 values	 reported	 in	

literature	 for	 silicon	 oxide,	 where	 a	 breakdown	 is	 normally	 observed	 between	 2	 MV/cm	 and	

10	MV/cm[165].	 I	 used	 different	 voltage-steps	 for	 the	 applied	 VTLP	 (10	 V,	 20	 V	 and	 50	 V)	 but	 I	

observed	the	same	response	in	all	cases	analysed	therefore	indicating	that	cumulative	stress	effects	

do	not	influence	the	dielectric	breakdown	of	these	devices.		

The	 failure	 of	 the	 devices	 is	 confirmed	 by	 a	 direct	 current	 (DC)	 test	 in	 which	 the	 IDS	 has	 been	

measured	prior	and	after	the	TLP	applying	a	VGS	of	-40	V	and	sweeping	the	VDS	between	-10	V	and	

+10	V	(Figure	3-10b).	After	the	test	IDS	overcomes	the	compliance	current	(1	mA),	confirming	the	

presence	of	a	permanent	damage[115],	[116].	The	current	is	now	flowing	directly	through	the	silicon	

oxide,	 expectably	 broken	 in	 correspondence	 of	 the	 area	 immediately	 below	 the	 drain	 contact,	

therefore	 short-circuiting	 the	 drain	with	 the	 n	 doped	 gate	 contact.	 In	 fact,	 the	 source	was	 not	

involved	during	the	tests.		
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Figure	3-10:	The	results	of	a	DGpos	TLP	test	on	a	10-µm	channel	length	transistor	(a).	The	failure	occurs	for	an	
applied	voltage	across	the	terminals	of	315	V,	corresponding	to	a	current	flowing	through	these	of	0.09	A.	

The	IDS	measured	in	a	10-µm	channel	length	transistor	before	and	after	the	TLP	test	for	an	applied	VGS	of	-40	V	
and	a	VDS	sweeping	between	-10	V	and	+10	V	(b).	The	IDS	current	reaches	the	compliance	current	after	the	TLP,	

confirming	the	damage	of	the	silicon	oxide.	

	

 P3HT	Negative	drain-gate	TLP	test	(DGneg)	

The	DGneg	tests	were	carried	out	on	all	of	the	transistors	of	a	chip.	I	used	the	same	failure	criterion	

used	for	the	DGpos	tests,	measuring	the	ILEAK	in	the	same	conditions.	It	is	interesting	to	note	that	

this	time	none	of	the	transistors	showed	a	clear	failure	during	the	TLP	tests	since	the	current	flowing	

through	the	terminals	was	always	lower	than	30	nA,	even	though	the	ITLP	showed	a	sudden	increase	

at	0.2	A	corresponding	to	a	VTLP	of	approximately	168	V.	The	final	ITLP	was	of	almost	4	A	in	all	the	

analysed	 cases	 (Figure	 3-11a).	 The	DC	 test,	measured	 in	 the	 same	 conditions	mentioned	 in	 the	

DGpos	test,	did	not	show	a	clear	change	in	the	IDS	(Figure	3-11b).	Hence,	I	measured	the	IV	curves	

of	such	transistors	and	from	a	comparison	between	the	ones	prior	to	the	TLP	test	I	observed	a	clear	

degradation	of	the	devices.	In	Figure	3-12	the	output	and	the	transfer	characteristics	prior	and	after	

the	TLP	test	of	the	same	transistor,	a	10	µm	channel	length	one,	are	reported.	The	silicon	used	in	

the	bottom	contact	of	the	substrates	is	an	n-doped	one;	upon	a	negative	stimulation	from	the	TLP	

terminals	the	charges	moving	against	the	silicon	are	the	positive	ones,	namely	holes,	but	these	are	

too	few	to	cause	a	complete	break	of	the	oxide	therefore	resulting	in	a	dramatic	increase	of	the	

current	through	the	silicon	oxide.	Nevertheless,	a	permanent	damage	occurs	anyway.	In	the	case	of	

the	DGpos,	 the	 charges	moving	 against	 the	 oxide	 are	 electrons,	 abundant	 enough	 to	 break	 the	

silicon	 oxide	 completely.	 Similarly	 to	 the	 DGpos	 test,	 the	 channel	 length	 does	 not	 affect	 the	

response	 of	 devices.	 In	 both	DGpos	 and	DGneg	 tests,	 the	 charges	 of	 the	 P3HT	 are	 not	 directly	
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involved	in	the	damaging	of	the	silicon	oxide	since	their	reactivity	is	by	far	lower	than	the	ones	of	

the	n-doped	silicon	of	the	contacts.		

	

Figure	3-11:	The	TLP	results	of	a	10-µm	channel	length	transistor	carried	out	in	DGneg	mode	(a).	The	post	TLP	
DC	test	of	a	20-µm	(b),	the	behaviour	of	the	IDS	seemingly	does	not	change	after	the	TLP	test.	Representative	for	

all	cases.	
	

	

Figure	3-12:	The	output	characteristics	of	a	10-µm	channel	length	transistor	before	(a)	and	after	(b)	the	TLP	test	
and	the	transfer	characteristics	of	the	same	transistor	before	(c)	and	after	(d)	the	TLP	test.	

-50 0 50 100 150 200
0

2

4

I TL
P (A

)

VTLP (V)

 DGneg

0.0A 5.0nA10.0nA
0A

1A

2A

3A

ILEAK @ Vg = -40V, Vds= -8 V

I TL
P 

Ileak

0
50
100
150
200
250
300
350

 Ptlp

P TL
P 

(W
)Trigger Point

-10 -8 -6 -4 -2 0 2 4 6 8 10
-15nA

-10nA

-5nA

0A

5nA

10nA

15nA
Ids vs Vds @ Vgs = -40 V

I d
s 

Vds (V)

 20 µm after TLP
 20 µm pristine

-80 -60 -40 -20 0

-80µA

-60µA

-40µA

-20µA

0A

I ds
 

Vds (V)

 Vgs =    0 V
 Vgs = -20 V
 Vgs = -40 V
 Vgs = -60 V
 Vgs = -80 V

-80 -60 -40 -20 0 20
-2µA

-2µA

-1µA

-800nA

-400nA

0A

I ds
 

Vds (V)

 Vgs =    0 V
 Vgs = -20 V
 Vgs = -40 V
 Vgs = -60 V
 Vgs = -80 V

-100 -80 -60 -40 -20 0 20
-150µA

-120µA

-90µA

-60µA

-30µA

0A

I ds
 

Vgs (V)

 Vds= -20 V
 Vds= -80 V

-100 -80 -60 -40 -20 0 20
-6µA

-5µA

-4µA

-3µA

-2µA

-1µA

0A

I ds

Vgs (V)

 Vds= -20 V
 Vds= -80 V

b	

	

a	

	

b	

	

a	

	

d	

	

c	

	



	 97	

 P3HT	Drain-Source	TLP	test	

In	 the	 following	 sections	 the	DSpos,	DSneg,	DSpos10Vgbias,	DSneg10Vgbias,	DSpos-20Vgbias	 and	

DSneg-20Vgbias	tests	are	respectively	reported.	Each	section	is	so	structured:	a	summary-table	of	

all	parameters	extracted	 from	TLP	 tests	 (ITR,	VTR,	PTR,	ETR,	RTLP);	a	 summary-table	of	 the	electrical	

OFETs	parameters	(on/off	ratio,	mobility,	VTH)	prior	and,	where	possible	according	to	the	caused	

degree	of	device	degradation,	subsequent	the	TLP	tests;	a	description	of	the	ITLP	vs	VTLP	graphs,	of	

the	ITLP	vs	ILEAK,	of	the	DC	and	IV	curves	prior	and	after	the	exposure	to	the	TLP	stress;	a	top-view	

pictures	of	the	TLP	treated	devices.		

The	graphs	reported	in	each	section	are	referred	to	one	of	the	devices	tested	according	to	the	TLP	

modality	described	in	the	section.	Although	such	device	is	in	turn	characterised	by	one	of	the	three	

possible	 channel	 lengths,	 which	 is	 a	 factor	 introducing	 sensible	 differences	 between	 the	 TLP	

parameters	obtained	from	devices	treated	in	the	same	conditions,	the	graphs	reported	are	to	be	

intended	as	representative	of	all	the	devices	related	to	the	section	and	any	difference	due	to	the	

channel	length,	or	other	factors,	are	highlighted	in	the	text.	All	the	tests	involving	the	drain	and	the	

source	of	the	transistors	were	carried	out	by	choosing	as	TLP-failure	criterion	an	IFAIL	of	0.5	mA,	as	

explained	in	section	3.2.	The	ILEAK	is	measured	in	correspondence	of	an	applied	VDS	of	-20	V	and	an	

applied	VGS	of	-40	V[164].	The	current	pulse	duration	is	set	to	100	ns	whilst	the	rising	time	and	the	

descending	time	to	5	ns,	however,	 the	true	duration	can	vary	at	each	replica,	and	thus,	 the	TLP	

system	gives	back	a	measure	of	the	mean	value	of	the	duration	of	the	applied	pulses	that	must	be	

taken	in	account	for	a	correct	calculation	of	the	ETLP.	The	pulse	amplitude	increasing-step	was	set	to	

10	V.	 Each	 test	was	 conventionally	decided	 to	be	 stopped	within	5	pulses	 after	 the	arising	of	 a	

snapback,	 hence	 the	 number	 of	 pulses	 applied,	 and	 consequently	 of	 the	maximum	 pre-charge	

voltage	used,	is	depending	on	each	device	response.	Before	and	after	each	TLP	test,	a	DC	test	was	

performed	 to	 evaluate	 the	 functionality	 of	 devices.	 The	DC	 test	 is	 performed	 by	 applying	 a	 VDS	

voltage	sweeping	between	0	V	and	-40	V	and	a	VGS	voltage	kept	at	-40	V	throughout	the	DC	test.	

None	of	the	device	contacts	were	left	floating	during	the	tests.	The	statistics	obtained	regarding	the	

TLP	parameters	are	obtained	out	of	4	devices	with	the	same	channel	length	and	tested	in	the	same	

TLP	conditions.	 In	regard	to	the	electrical	parameters	of	the	OFETs	(mobility,	on/off	ratio,	 IDSMAX,	

VTH),	 where	 possible	 depending	 on	 the	 resulting	 degree	 of	 damaging	 after	 the	 TLP	 stress,	 a	

comparison	of	each	device	features	with	its	own	pristine	ones	in	terms	of	percentage	variations	is	

reported.	
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In	section	3.2.2.4	a	Raman	spectroscopy	investigation	of	all	P3HT	TLP-tested	devices	 is	reported,	

whereas	in	section	3.2.2.5	a	discussion	of	obtained	results	obtained	about	TLP	tests	involving	the	

drain	and	the	source	of	the	P3HT	OFETs	and	those	regarding	the	Raman	spectra	is	reported.			

3.2.2.3.1 Positive	Drain-Source-no	Gate	bias	(DSpos)	

The	DSpos	test	irremediably	damaged	all	the	transistors	tested,	particularly	altering	the	off-state	of	

these	devices	and	forcing	them	to	lose	a	proper	transistor	behaviour.	None	of	them	failed	the	ILEAK	

test,	which	resulted	always	lower	than	200	µA,	and	thus	lower	than	the	IFAIL	value	(0.5	mA).	None	of	

the	devices	suffered	a	short	circuit	due	to	the	test.		

In	the	ITLP	vs	VTLP	graphs	(Figure	3-13),	a	snapback,	namely	a	sudden	increase	of	the	ITLP	for	a	certain	

critical	 value	 of	 applied	 VTLP	 followed	 by	 a	 region	 featuring	 a	 negative	 differential	 resistance	

behaviour[14],	was	observed.	Such	behaviour	 is	 the	 first	evidence	of	 the	arising	of	a	permanent	

damage	into	the	device.	The	critical	VTLP	from	which	the	snapback	region	starts,	the	trigger	voltage	

VTR,	decreases	according	to	the	channel	length	of	the	transistors.	The	VTR,	the	ITR,	the	PTR	and	the	ETR	

statistical	values	(from	now	on	referred	as	TLP	parameters)	obtained	per	each	channel	length	are	

reported	in	Table	2.	The	ETR	was	obtained	considering	that	the	mean	TLP	pulse	duration	pointed	out	

by	the	TLP	system	is	85.65	ns.	The	RTLP	was	found	progressively	reducing	with	the	channel	length	

and	spanning	between	a	maximum	value	of	4	kΩ	(20	µm-channel	length)	to	a	minimum	of	1.3	kΩ	

(5	µm-channel	length),	too	high	to	use	these	OFETs	as	protections.	The	scaling	of	the	channel	length	

results	in	a	higher	current	flowing	through	the	drain	and	the	source,	thus	for	shorter	channels	the	

maximum	current	over	which	the	snapback	starts	is	reached	for	lower	values	of	VTLP	(Figure	3-14).	

The	 ILEAK,	 instead,	was	 found	 to	decrease	during	 the	 tests,	 indicating	a	degradation	of	 the	metal	

contacts	 and	 of	 the	 interdigitated	 pattern	 of	 the	 transistors,	 as	 confirmed	 in	 Figure	 3-15.	 The	

occurrence	 of	 a	 permanent	 damage	 is	 pointed	 out	 in	 the	 DC	 test	 (Figure	 3-17),	 carried	 out	

immediately	after	the	TLP	test,	and	corroborated	by	the	IV	curves	of	the	TLP	tested	devices,	where	

a	dramatic	reduction	of	the	maximum	current	flowing	into	the	devices	as	well	as	a	change	in	the	

shape	with	a	consequent	loss	of	their	proper	functionality	is	evident	(Figure	3-16).	An	analysis	of	the	

post-TLP	electrical	features	was	not	carried	out	since	all	the	transistors	tested	did	not	keep	a	proper	

functionality.		
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Table	2:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	
	tested	with	positive	drain-source	pulses	(DSpos)	with	the	gate	kept	grounded.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.22±0.05	 349±16	 76.78±21.8	 6.58±1.82	 2.9±1.14	

10	µm	 0.14±0.01	 284±8	 39.76±4.04	 3.38±0.32	 2.1±0.95	

5	µm	 0.17±0.02	 272±3	 46.24±6.01	 3.87±0.51	 1.9±0.79	

	

	

	

Figure	3-13:	the	TLP	results	of	a	5-µm	channel	length	transistor	carried	out	in	DSpos	mode.	On	the	right	
ordinate,	the	ITLP	values	whilst	on	the	left	one	the	PTLP	are	reported.	In	the	inset,	the	ILEAK	graph	is	shown.			
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Figure	3-14:	The	effect	of	the	channel	length	on	the	trigger	voltage	in	DSpos	mode	tested	devices.	It	is	possible	to	
see	how	the	trigger	point	is	progressively	scaling	according	to	the	channel	length.		

	

	

												 	

Figure	3-15:	The	damages	due	to	the	TLP	stress	on	a	drain	contact	(a)	and	on	the	interdigitated	structure	(b)	of	a	
transistor,	tested	in	DSpos	mode	TLP.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	

Renishaw	InVia	Microscope,	50x	zoom.	
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Figure	3-16:	In	figure	a	and	c	the	pre-TLP	characteristics	are	reported,	whilst	in	figures	b	and	d	those	registered	
after	the	TLP	are	shown.	

	

Figure	3-17:	The	DC	test	of	a	5	µm-channel	length.	The	device	is	damaged.	
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Table	3:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	
	tested	with	negative	drain-source	pulses	(DSneg)	with	the	gate	kept	grounded.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.046±0.002	 228±10.8	 10.68±1.1	 0.91±0.001	 4.65±0.12	

10	µm	 0.06±0.02	 240±10.2	 14.34±5.63	 1.23±0.5	 4.67±0.11	

5	µm	 0.048±0.02	 217±23.7	 10.61±5.62	 0.91±0.5	 5.12±0.17	

	

short	circuits	arise	because	of	the	test.	However,	the	resulting	pulsed	energy	measured	was	always	

lower	 than	2	µJ,	a	value	 lower	 than	 those	observed	 in	 the	DSpos,	and	 therefore	exposing	 these	

devices	to	a	moderate	ESD	stress.	The	reason	is	due	to	the	interruption	of	the	charge	flow	between	

the	TLP	probes	and	the	device	caused	by	a	localised	destruction	of	the	drain	and	the	source	contacts,	

interesting	 solely	 the	 area	 immediately	 under	 the	 TLP	 probe.	 The	 DC	 test	 and	 the	 IV	 curves	

confirmed	 that	 the	devices	were	damaged	only	 partially	 and	 locally,	 rather	 than	experiencing	 a	

systemic	 failure,	 confirming	 a	maintained	 functionality.	 However,	 OFETs	 shows	 lower	 values	 of	

charge	mobility	and	on/off	ratio	and	different	VTH	after	the	DSneg	test.	The	negative	pulses,	pushing	

these	devices	to	work	in	quasi-reverse	conditions,	caused	a	closure	of	the	channel	and	the	arising	

of	a	negative	barrier	that	naturally	repelled	the	pulsed	negative	charges.	Hence,	the	pulsed	charges	

mostly	are	discharged	locally	over	the	contact	area	between	the	probe	and	the	pad	via	a	heating	

process.	

The	TLP	parameters	are	reported	in	table	3.	The	mean	pulse	duration	highlighted	by	the	TLP	system	

was	of	91.08	ns.	The	RTLP	was	found	oscillating	around	a	value	between	4.6	kΩ	and	5	kΩ	not	following	

a	 particular	 trend.	 These	 values	 are	 too	 high	 for	 the	 employment	 of	 P3HT	OFETs	 as	 protection	

themselves.	The	TLP	graphs	pointed	out	(Figure	3-18)	the	occurring	of	several	snapbacks	followed	

by	a	recovery.	Furthermore,	looking	at	all	channel-lengths	ITLP	vs	VTLP	graphs	(Figure	3-19)	there	is	

no	such	a	thing	as	a	dependence	of	the	trigger	values	from	the	channel	lengths.	Moreover,	the	ILEAK	

shape	 is	 also	 showing	 a	 fluctuation	 of	 the	 impendence	 across	 the	 TLP	 probes	 causing	 sudden	

reductions	of	the	registered	current,	followed	by	recovery	of	the	same,	and	an	overall	poor	linear	

behaviour	(Figure	3-18	Inset).	These	results	suggest	a	 local	rupture	of	the	drain	and	source	pads	

arising	during	the	tests	and	not	depending	from	the	device	geometrical	features	and	only	partially	
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interesting	the	rest	of	the	device	(the	interdigitated	pattern	and	the	polymer).	Such	explanation	is	

supported	in	Figure	3-20	where	the	curves	of	the	DC	test	of	the	device,	prior	and	after	the	DSneg,	

show	a	similar	response,	underlying	no	functionality	loss.	The	IV	curves	of	the	devices	(Figure	3-21)	

measured	after	 the	DSneg	 test	 show	 that	OFETs	are	 still	working.	 The	 features	of	DSneg-tested	

OFETs	 are	 reported	 in	 Table	 4.	 The	 parameters	 are	 comparable,	 interestingly	 the	 mobility	 is	

increased	by	30	%	roughly,	whilst	the	mean	value	of	the	VTH	is	decreased	by	~	10	%	and	the	one	of	

the	on/off	ratio	is	decreased	by	~	30	%.	However,	considering	also	the	confidence	interval,	such	

variations	are	indicating	that	the	functionality	of	such	OFETs	is	mostly	unchanged,	confirming	that	

the	ESD	stress	did	not	cause	fatal	damages,	albeit,	from	the	IV	curves,	as	confirmed	by	the	on/off	

ratio	parameter,	a	decrease	of	the	IDSMAX	is	evident	and	it	is	probably	due	to	a	slight	reduction	of	the	

conductivity	of	the	OFETs	metal	lines.	From	an	analysis	of	the	picture	of	the	surface	of	these	devices,	

no	extended	damages	were	found,	hence	confirming	that	the	pulsed	energy	was	mostly	discharging	

over	reduced	areas	of	the	pads	(Figure	3-22),	whereas	the	remaining	part	only	partially	caused	an	

increase	of	the	metal	lines	resistance.		

	

Figure	3-18:	The	TLP	results	obtained	on	a	20	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses	
modality.		
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Figure	3-19:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably,	a	first	important	snapback	
happens	around	the	same	value	of	VTLP,	i.e.	~225	V,	regardless	of	the	channel	length	featured	by	the	tested	

transistors.	

	
Figure	3-20:	The	DC	behaviour	of	the	devices	before	and	after	the	negative	drain-source	TLP	test	for	an	applied	

VGS	equal	to	0	V.	

	

	

	

0 50 100 150 200 250
0.0
0.1
0.2
0.3
0.4

0.5
0.6

I TL
P (

A
)

VTLP (V)

 20 µm
 10 µm
 5 µm

-50 -40 -30 -20 -10 0 10
-18µA

-15µA

-12µA

-9µA

-6µA

-3µA

0A Ids vs Vds @ Vgs = -40 V

I d
s 

Vds (V)

  Before TLP test
  After TLP test



	 105	

Table	4:The	electrical	features	of	the	devices	before	and	after	the	DSneg	test.	The	parameters	are	comparable	
indicating	that	the	functionality	of	the	devices	is	maintained.		

DUT	 Mobility		

(x10-3	cm2/Vs)	
VTH	(V)	 On/Off	(x104)	

Pristine	 6.9±0.01	 -17.4±5.2	 0.9±0.16	

Post	DSneg	test	 6.5±0.03	 -15.8±5.9	 0.63±0.09	

	

	

Figure	3-21:	The	IV	curves	of	a	10	µm	channel	length	OFET	prior	and	after	the	DSneg	test.	It	is	possible	to	notice	
how	the	general	functionality	is	maintained.	

	

	

Figure	3-22:	A	picture	of	a	negative	DS	TLP	treated	transistor,	precisely	a	5	µm-channel	length	one,	showing	no	
extended	damages	on	the	substrate.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	

Renishaw	InVia	Microscope,	5x	zoom.	
.	
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3.2.2.3.3 Positive	Drain-source-Vg	bias	10	V	(DSpos10Vgbias)	

The	DSpos10Vgbias	test	was	fatal	to	all	the	devices	in	this	way	tested,	which	suffered	of	a	complete	

loss	of	their	functionality,	despite	that	none	of	the	devices	failed	the	IFAIL	test.	In	fact,	ILEAK	was	found	

lower	than	110	µA,	hence	no	short	circuits	arise	because	of	the	test.	 In	this	case,	the	polymer	is	

forced	to	work	as	an	n-type	OFETs,	since	the	positive	bias	of	 the	gate	attracts	negative	charges.	

Upon	 an	 applied	 positive	 pulse,	 electron	 thin	 layer	 formed	 over	 the	 insulator-semiconductor	

interface	allows	positive	injected	pulsed	charges	to	flow	away.	However,	due	to	the	slow	electron	

mobility,	a	stagnation	of	the	pulsed	charges	takes	place,	and	therefore	overheating	of	the	metal	

lines	in	correspondence	of	the	connections	between	the	pads	and	the	interdigitated	pattern	of	the	

devices	occurs	leading	these	devices	to	a	total	failure.	In	fact,	the	device	working	as	n-type	device	

inefficiently	drains	the	heat	caused	by	the	pulses.	

The	ITLP	vs	VTLP	graphs	(Figure	3-23)	pointed	out	a	clear	snapback	event	in	all	devices	tested.	The	ILEAK	

was	found	to	be	increasing	linearly	during	the	TLP	test	up	to	the	point	in	which	the	ITLP	reaches	the	

ITRIG	value	and	onwards	the	ILEAK	is	remaining	around	the	same	value.	This	behaviour	stresses	out	an	

incipient	damage	taking	place	in	correspondence	of	the	trigger	values,	expectably	affecting	only	a	

portion	of	the	device.	The	TLP	parameters	measured	respectively	for	the	20	µm,	the	10	µm	and	the	

5	 µm	 channel	 transistors	 are	 reported	 in	 Table	 5.	 The	mean	pulse	 duration	 pointed	 out	 by	 the	

system	was	92	ns.	RTLP	was	found	in	the	between	of	2.9	kΩ	and	2.66	kΩ.	There	is	no	a	channel	length	

effect,	 this	 can	be	explained	 taking	 in	 consideration	 that	electron	 channel	 is	poorly	 formed	and	

electron	mobility	 is	 low,	therefore	the	geometrical	parameters	effect	(Figure	3-24)	on	the	OFETs	

functionality	is	negligible.	

	

Table	5:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	positive	drain-source	pulses	
applied	over	devices	gate-biased	with	a	10	V	voltage	(DSpos10Vgbias)	gate.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.11±0.015	 269.7±20	 29.3±6.4	 2.7±0.6	 2.66±0.02	

10	µm	 0.14±0.047	 289.7±4.5	 41±14.5	 3.78±1.3	 2.75±0.05	

5	µm	 0.14±0.012	 292.4±6.6	 41.84±4.4	 3.85±0.4	 2.86±0.02	
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Looking	at	the	picture	of	the	devices	(Figure	3-26)	we	can	find	minor	damages	on	the	internal	metal	

lines,	whilst	a	break	of	the	connection	between	the	pads	and	the	interdigitated	pattern	is	visible,	

meaning	 the	 pulsed	 charges	 are	 mostly	 stagnating	 over	 the	 pad-interdigitated	 fingers	 metal	

connection	due	to	the	resistance	pulsed	charges	encounter	because	of	the	slow	reaction	and	the	

low	electron	mobility	of	the	polymer.	The	loss	of	functionality	the	DC	test	points	out	(Figure	3-25)	is	

due	 to	 such	 metal	 connection	 failure.	 I	 did	 not	 report	 the	 IV	 curves	 of	 the	 TLP	 tested	 OFETs,	

according	the	DSpos10Vgbias,	since	none	of	them	maintained	a	reasonable	transistor	behaviour.		

	

Figure	3-23:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	positive	pulses-
10	V	bias	modality.		

	

Figure	3-24:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably	the	snapback	happens	around	
the	same	VTLP	value	regardless	of	the	channel	length	featured	by	the	tested	transistors.	
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Figure	3-25:	The	DC	behaviour	of	the	devices	before	and	after	the	negative	drain-source	TLP	test	for	an	applied	
VGS	equal	to	10	V.	The	change	of	the	behaviour	shows	that	the	test	fatally	compromised	the	devices	functionality.	

	

	 	

Figure	3-26:	The	metal	lines	of	a	5-µm	channel	length	P3HT	OFET	10	V	bias	DS	positive	TLP	treated.	Only	minor	
damages	can	be	seen	internally	the	device,	whilst	the	pad	suffered	a	total	failure.	Images	were	taken	by	means	of	

a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	50x	zoom.	

	

3.2.2.3.4 Negative	Drain-source-Vg	bias	10	V	(DSneg10Vgbias)	

Table	6:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	negative	drain-source	pulses	
applied	over	devices	gate-biased	with	a	10	V	voltage	(DSneg10Vgbias)	gate.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.05±0.004	 193.3±11.8	 9.7±1.4	 0.87±0.13	 4.1±0.44	

10	µm	 0.056±0.003	 227.6±11.4	 12.6±1.4	 1.14±0.12	 3.6±0.07	

5	µm	 0.048±0.011	 245.7±3.4	 12.1±3	 1.08±0.27	 4.3±0.78	
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The	DSneg10Vgbias	test	did	not	cause	a	fatal	damaging	of	tested	devices	(Figure	3-30).	The	negative	

injected	 pulsed	 charges	 cannot	 travel	 through	 the	 formed	 channel	 and,	 furthermore,	 are	 not	

favoured	to	travel	across	the	rest	of	the	polymer	either	since	holes	are	spread	over	the	upper	part	

of	 the	 polymer,	 far	 from	 the	 insulator-semiconductor	 interface.	 Hence,	 the	 charges	 are	mostly	

remaining	confined	locally	over	the	TLP	probe-pad	area	of	contact,	similarly	to	what	observed	in	the	

previous	case	of	DSneg	(Figure	3-28).	Such	explanation	justifies	the	several	snapbacks	present	into	

the	ITLP	vs	VTLP	graphs,	as	a	sign	of	a	fluctuating	charge	transfer	from	the	TLP	line	to	the	DUT.	The	

ILEAK	measured	was	always	lower	than	20	µA,	hence	none	of	the	failed	devices	overcomes	the	IFAIL	

value	(0.5	mA)	so	suffering	a	short	circuit	because	of	the	test.	The	ITLP	vs	VTLP	graphs	(Figure	3-27)	

pointed	out	multiple	snapbacks	event	in	all	devices	tested	according	this	TLP	modality,	confirming	

a	fluctuating	charge	transfer	from	the	TLP	probe	to	the	device.	Such	disruption	is	also	underlined	by	

the	 ILEAK	 that	 is	considerably	reduced	after	the	occurring	of	the	snapbacks,	so	revealing	a	 loss	of	

electrical	contact	of	the	probes	with	the	pads.	The	TLP	parameters	measured	respectively	for	the	

20	µm,	the	10	µm	and	the5	µm	are	reported	 in	Table	6.	The	mean	duration	of	applied	pulses	 is	

90.8	ns.	Considering	these	latter	values	if	compared	with	those	recorded	for	the	same	TLP	test	but	

with	an	opposite	polarity	of	 the	pulses	 (positive	pulses	and	10	Vg	bias)	we	can	observe	that	 the	

trigger	point	occurs	for	lower	values	of	ITP	and	VTLP	and	lower	values	of	pulsed	energy.	The	pulsed	

energy	was	lower	than	1.5	µJ,	not	enough	for	resulting	fatal	to	the	entire	device.	The	RTLP	was	found	

to	range	from	3.5	kΩ	to	4.4	kΩ.	There	is	no	a	clear	channel	length	effect.	Also,	the	pictures	of	the	

devices	taken	after	test	confirm	there	are	not	extended	damages	on	the	surface	of	the	OFETs	(Figure	

3-29).	The	DC	(Figure	3-30)	tests	and	the	IV	curves	(Figure	3-31)	show	OFETs	still	working	after	the	

DSneg10Vgbias	test.	The	electrical	features	of	these	devices	are	reported	in	Table	7.	The	mobility	

remains	approximately	the	same,	whilst	the	mean	value	of	the	VTH	decreases	by	~	10	%	and	the	

on/off	ratio	decreases	by	~	33	%.	The	latter	reduction	is	also	visible	from	the	IV	curves	post	TLP	test	

(Figure	3-31)	where	a	decrease	of	the	IDSMAX	 is	evident,	probably	due	to	a	slight	reduction	of	the	

conductivity	of	the	OFETs	metal	lines	or	to	charges	remaining	trapped	and	influencing	the	IDS.	
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Figure	3-27:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses	
10	V	bias	modality.	

	

	

Figure	3-28:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Several	snapbacks	take	place	and	there	
is	no	a	clear	channel	length	effect.	
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Table	7:	The	electrical	features	of	the	devices	before	and	after	the	DSneg10Vgbias	test.	The	parameters	are	very	
similar,	stressing	that	only	a	small	variation	of	the	OFETs	behaviour	occurred.	

DUT	 Mobility		

(x10-3	cm2/Vs)	
VTH	(V)	 On/Off	(x104)	

Pristine	 5.67±0.45	 -15.4±6.4	 0.9±2.5	

Post	DSneg10Vgbias	test	 5.67±0.44	 -13.8±6.2	 0.6±1.6	

	

	

Figure	3-29:	The	metal	lines	of	a	5-µm	channel	length	P3HT	OFET	10	V	bias	DS	negative	TLP	treated.	No	damages	
are	highlighted.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	

50x	zoom.	

	

Figure	3-30:	The	DC	behaviour	of	a	20-µm	channel	length	OFET	before	and	after	the	negative	drain-source	TLP	
test	for	an	applied	VGS	equal	to	10	V.		
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Figure	3-31:	The	IV	curves	of	a	20	µm	channel	length	OFET	prior	and	after	the	DSneg10Vgbias	test.	It	is	possible	
to	notice	how	the	general	functionality	is	maintained.	

	

3.2.2.3.5 Positive	Drain-source-Vg	bias	-20	(DSpos-20Vgbias)	

The	 DSPos-20Vgbias	 test	 caused	 a	 complete	 loss	 of	 the	 functionality	 in	 all	 tested	 devices.	 Such	

failures	are	due	to	a	damage	of	the	metal	lines	of	the	device.	In	this	configuration,	the	channel	of	

transistors	is	opened	so	allowing	the	pulsed	current	to	flow	through	the	device,	and	thus	to	directly	

discharge	over	 the	metal	 lines	of	 the	device	up	 to	 the	point	 at	which	 the	 latter	 are	 completely	

damaged.	The	ILEAK	measured	was	always	lower	than	110	µA,	hence	always	lower	than	the	failure	

leakage	current,	so	confirming	that	no	short-circuits	arise	because	of	the	test.	Furthermore,	the	ILEAK	

suddenly	 increases	after	 the	 trigger	point	 to	 reach	a	 constant	 value	afterwards.	 Such	behaviour	

stresses	the	fact	that	a	substantial	change	of	the	conductance	across	the	device	is	taking	place.	The	

shape	can	suggest	that	a	compliance	value	is	reached	and	that	the	systems	itself	is	retaining	the	ILEAK	

to	the	compliance	value,	but	this	is	not	the	case	since	the	compliance	current	for	the	ILEAK	was	set	

to	1	mA	and	neither	the	IFAIL,	set	to	0.5	mA,	was	reached.	The	ITLP	vs	VTLP	graphs	(Figure	3-32	and	

Figure	3-27)	pointed	out	a	clear	snapback	event	in	all	tested	devices	according	this	TLP	testing	mode,	

and	 therefore	 parasitic	 electrical	 paths	 arising	 and	 discharging	 the	 pulsed	 current.	 The	 TLP	

parameters	measured	respectively	for	the	20	µm,	the	10	µm	and	the	5	µm	are	reported	in	Table	8.	

The	mean	duration	of	the	pulses	is	89.2	ns.	The	RTLP	was	found	to	be	~	2.4	kΩ.	The	energy	directly	

discharged	over	the	metal	lines	of	the	devices	is	always	higher	than	2	µJ,	a	value	sufficient	to	provide	

a	spread	damage.	There	is	a	displacement	of	TLP	parameter	values	between	the	20	µ-channel	length	

OFETs	and	the	other	channel	lengths,	i.e.	the	10	µm	and	the	5	µm,	which	feature	instead	similar	
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values	(Figure	3-33),	except	for	the	RTLP	that	is	similar	in	all	tested	devices	regardless	of	the	channel	

length.	A	fatal	damaging	of	the	devices	is	confirmed	by	the	DC	test	(Figure	3-34)	and	by	the	pictures	

taken	after	the	test	(Figure	3-35),	pointing	out	spread	damages	throughout	the	device	structure.	I	

do	not	report	any	post	TLP	IV	curve	since	none	of	the	devices	kept	a	sufficient	degree	of	functionality	

to	allow	a	meaningful	analysis.		

	

Table	8:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	
	tested	with	positive	drain-source	pulses	applied	over	devices	gate-biased	with	a	-20	V	voltage		

(DSpos-20Vgbias)	gate.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.11±0.01	 261.7±2	 28.5±2	 2.54±0.2	 2.4±0.04	

10	µm	 0.11±0.02	 252.7±3	 28.6±5	 2.56±0.5	 2.4±0.12	

5	µm	 0.15±0.04	 253±3	 38.6±11	 3.44±1	 2.2±0.11	

	

	

Figure	3-32:	The	TLP	results	obtained	on	a	20	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses-
20	V	bias	modality.	
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Figure	3-33:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.		

	

Figure	3-34:	The	DC	behaviour	of	a	20-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	
test	for	an	applied	VGS	equal	to	-20	V.	
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Figure	3-35:	Pictures	of	a	damaged	transistor	after	the	DSpos	-20	V	bias	TLP.	Images	were	taken	by	means	of	a	
USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	20x	zoom.	

	

3.2.2.3.6 Negative	Drain-source-Vg	bias	-20V	(DSneg-20Vgbias)	

The	DSneg-20Vgbias	test	did	not	cause	a	complete	failure	of	the	devices,	similarly	to	other	cases	so	

far	analysed	 involving	negative	applied	pulses.	The	reason	 is	due	to	 the	pulses	being	discharged	

mostly	locally	over	the	contact	area	between	the	TLP	probe	and	the	transistor	pad,	up	to	the	point	

the	electrical	path	between	the	TLP	line	and	the	DUT	is	disrupted.	The	pulsed	energy	is	lower	than	

1.5	µJ	(pulse	mean	duration	of	92	ns)	in	all	devices	tested,	too	low	to	cause	fatal	damages	to	the	

devices.	 The	 ILEAK	measured	was	 always	 lower	 than	 44	 µA,	 hence	 always	 lower	 than	 the	 failure	

leakage	current	and	confirming	that	no	short	circuits	arise	due	to	the	test.	The	ILEAK	is	poorly	linear	

as	a	consequence	of	the	electrical	path	instability.	The	ITLP	vs	VTLP	graphs	(Figure	3-36)	pointed	out	

several	 snapbacks	 event	 in	 all	 devices	 tested	 according	 this	 TLP	 modality.	 These	 are	 due	 to	 a	

fluctuation	of	the	electrical	path	stability,	similarly	to	what	already	observed	in	the	case	of	DSneg	

and	DSneg10Vgbias,	and	thus	confirming	that	negative	pulses	are	prone	to	cause	local	damages	in	

correspondence	of	the	contact	area	between	the	TLP	probe	and	the	drain/source	pads,	rather	than	

more	spread	damages	over	the	rest	of	the	device.	The	TLP	parameters	measured	respectively	for	

the	20	µm,	the	10	µm	and	the	5	µm	are	reported	in	Table	9.	There	is	not	a	channel	length	effect	in	

the	 TLP	 response	 (Figure	 3-37),	 since	 pulsed	 current	 is	 discharged	 locally	 and	 the	 channel	 of	

transistors,	 the	 behaviour	 of	 which	 is	 depending	 on	 geometrical	 parameters,	 is	 therefore	 not	

involved	 directly.	 The	 RTLP	 ranges	 between	 3.3	 kΩ	 and	 3.9	 kΩ	 not	 following	 a	 particular	 trend.	

Pictures	of	the	tested	devices	corroborate	that	devices	external	structure	is	not	significantly	altered	

(Figure	3-40).	Furthermore,	the	DC	test	confirm	functionality	of	the	tested	devices	is	maintained,	
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analogously	to	what	observed	in	the	other	cases	in	which	the	applied	pulses	between	the	drain	and	

the	source	were	negative	(Figure	3-38).		

The	 IV	 curves,	 as	 the	DC	 test,	 show	 the	 functionality	 is	maintained	 after	 the	 test	 (Figure	 3-39).	

However,	a	degradation	of	 the	OFETs	electrical	 features	 is	observed,	 reasonably	due	 to	 charges	

remaining	trapped	within	the	device.	In	terms	of	electrical	parameters	(Table	10),	the	mobility	and	

the	threshold	voltage	are	substantially	the	same,	instead	there	is	a	reduction	by	~	37%	of	the	on/off	

ratio.		

	

Table	9:	The	TLP	parameters	obtained	from	the	analysis	of	P3HT	OFETs	tested	with	negative	drain-source	pulses	
applied	over	devices	gate-biased	with	a	-20	V	voltage	(DSneg-20Vgbias)	gate.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.062±0.008	 236±6.2	 14.7±2.4	 1.35±0.22	 3.7±0.04	

10	µm	 0.066±0.002	 241.7±13.6	 16.1±1.4	 1.48±0.13	 3.5±0.21	

5	µm	 0.062±0.002	 233.7±3.7	 14.5±0.8	 1.33±0.07	 3.8±0.08	

	

	

Table	10:	The	electrical	features	of	the	devices	before	and	after	the	DSneg-20Vgbias	test.		

DUT	 Mobility		

(x10-3	cm2/Vs)	
VTH	(V)	 On/Off	(x104)	

Pristine	 4.72±3.41	 -16.7±1.1	 0.8±1.4	

Post	DSneg-20Vgbias	test	 4.69±3.43	 -15.4±5.4	 0.5±1.5	
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Figure	3-36:	The	TLP	results	obtained	on	a	10	µm	channel	length	P3HT	OFET	in	drain-source	negative	pulses-
20	Vg	bias	mode.	

	

Figure	3-37:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	Notably	a	clear	snapback	happens	in	
spots	linearly	increasing	in	value	with	the	channel	length	of	transistors.			
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Figure	3-38	The	DC	behaviour	of	10-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	test	
for	an	applied	VGS	equal	to	-20	V.	

	

	

Figure	3-39:	The	IV	curves	of	a	10	µm	channel	length	OFET	prior	and	after	the	DSneg-20Vgbias	test.	The	devices	
maintain	their	functionality	but	IDS	currents	are	lower.		

	

	

Figure	3-40:	The	metal	lines	of	a	10-µm	channel	length	P3HT	OFET	-20	V	bias	DS	negative	TLP	treated.	No	
damages	are	highlighted.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	

Microscope,	50x	zoom.	
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3.2.2.3.7 Reduced	TLP-stress	DSpos	test		

I	repeated	the	DSpos	tests	on	the	transistors	of	another	chip	keeping	the	applied	pulses	well	below	

the	 trigger	 values	 found	 previously	 for	 the	 DSpos	 tests	 (3.2.2.3.1).	 This	 experiment	 aims	 at	

investigating	 the	effects	of	 the	pulses	directly	on	 the	polymer	and	 thus	on	 the	mobility,	 on	 the	

voltage	threshold	and	on	the	on/off	ratio	of	the	transistors.	I	applied	TLP	pulses	up	to	a	VTLP	of	112	V	

corresponding	to	an	ITLP	between	0.04	A	and	0.05	A	in	all	cases,	regardless	of	the	channel	length	of	

the	transistors.	The	mean	pulse	duration	is	88	ns	and	the	pulsed	energy	is	always	lower	than	0.5	µJ	

(Table	 11).	 In	 Figure	 3-9a,	 the	 characteristics	 of	 a	 pristine	 5	 µm	 channel	 length	 transistor	 are	

reported,	whilst	the	characteristics	of	the	same	transistor	measured	after	the	TLP-reduced	stress	

test	are	reported	in	Figure	3-9b.	The	pristine	values	of	the	mobility,	the	VTH	and	the	on/off	ratio	of	

the	 transistors	 were	 found	 equal	 to	 9.6	 ±	 1.5	 x10-3	 cm2/Vs,	 -17.1	 ±	 5.6	 V	 and	 9.6	 ±	 2.8x106	

respectively.	 The	 same	 transistor,	 once	 stressed	 via	 TLP	 events,	 features	 a	 mobility	 of		

6.3	 ±	 4.54x10-4	 cm2/Vs,	 a	VTH	 of	 -19.2	 ±	 3.3	V	 and	 an	on/off	 ratio	of	 9	 ±	 1.3	 x105.	 I	 observed	 a	

reduction	of	the	mobility	and	of	the	on/off	ratio	of	approximately	an	order	of	magnitude,	whereas	

the	VTH	modulus	increases	between	17	%	and	11	%.	All	transistors	tested	maintained	a	transistor-

like	behaviour.	

Notably,	 almost	 all	 devices	 showed	 an	 increase	 of	 the	 sub-threshold	 current	 (IST)	 and	 of	 the	

hysteresis	with	a	dramatic	reduction	of	the	IDSMAX	(reached	for	an	applied	VDS	of	-80V	and	of	VGS	of	-

80V).	The	reduction	of	the	mobility	is	the	first	cause	for	the	reduction	of	the	IDSMAX.	The	increases	of	

the	 IST	and	of	the	hysteresis	are	mostly	related	on	charges	trapped	within	the	substrate	and	the	

polymer	itself	suffering	minor	degradation.	Eventually,	I	studied	the	effect	of	a	thermal	annealing	

on	the	electrical	properties	of	the	TLP-stressed	devices.	I	annealed	the	TLP-tested	devices	at	90°C	

for	40	minutes	in	air.	The	IV	curves	measured	after	the	annealing	of	the	same	transistor,	already	

discussed	in	Figure	3-41a	and	b,	are	reported	in	Figure	3-9c.	I	observed	a	general	improvement	of	

the	IV-curves	shapes	with	a	slight	recover	of	the	IDSMAX	and	of	the	on/off	ratio	(~	7	%),	albeit	the	

values	of	these	two	parameters	remain	in	all	cases	approximately	tenfold	lower	than	pristine	values.	

The	IST	increased	after	the	annealing,	whereas	the	VTH	modulus	decreased	of	~	24	%	with	respect	to	

the	values	measured	after	the	TLP	stress,	probably	due	to	an	absorption	of	oxygen	that	is	known	to	

cause	 such	 effect[21].	 Also,	 the	 annealing	 did	 not	 result	 particularly	 beneficial	 for	 the	mobility,	

which	still	remains	an	order	of	magnitude	lower	than	pristine	values.		
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Table	11:	The	TLP	parameters	of	the	reduced	TLP-stress	DSpos	test.	

	 ITLP	(A)	 VTLP	(V)	 PTLP	(W)	 ETLP	(µJ)	 RTLP	(kΩ)	

20	µm	 0.044±0.001	 112±0.82	 4.9±0.07	 0.44±0.001	 2.54±0.04	

10	µm	 0.046±0.003	 112±0.81	 5.1±0.34	 0.45±0.003	 2.43±0.12	

5	µm	 0.045±0.001	 111.3±0.47	 5±0.11	 0.44±0.001	 2.47±0.03	

	

Table	12:	The	charge	mobility,	the	on/off	ratio	and	the	threshold	voltage	measured	in	the	P3HT	transistors	prior	
any	TLP	stress,	after	a	TLP	test	in	which	the	VTLP	was	maintained	lower	than	112	V	and	after	an	annealing	of	90°	

for	40	minutes.	These	values	have	been	obtained	from	all	the	16	transistors	present	on	a	substrate.		

DUT	
Mobility	

(x10-3	cm2/Vs)	
VTH	(V)	 On/Off	(x103)	

Pristine	 9.6	±	1.5	 -17.1	±	5.6	 9.6	±	2.8	

After	TLP	 0.63	±	0.4	 -19.2	±	3.3	 0.9	±	0.1	

Fresh	P3HT	over	

stressed	substrate	
3.1	±	1.4	 -12.71	±	3.8	 2.03	±	0.9	

	

	

The	value	of	the	charge	mobility,	the	on/off	ratio	and	of	the	VTH	of	the	transistors	measured	prior	

and	after	the	TLP-stress	(VTLP	up	to	112	V)	and	after	the	thermal	annealing	are	reported	in	Table	12,	

obtained	from	all	the	16	transistors	present	on	a	single	chip.	

A	further	test	was	carried	out	to	assess	the	TLP	stress	impact	on	these	devices.	I	washed	away	P3HT	

from	 the	 TLP	 stressed	 samples	 by	 means	 of	 a	 sonication	 bath	 in	 acetone	 and	 another	 one	 in	

chlorobenzene,	both	during	10	mins,	and	built	new	P3HT	OFETs	using	fresh	P3HT	over	the	partially	

stressed	 substrates	 (Figure	 3-41d).	 The	 electrical	 characteristics	 are	 reported	 in	 Table	 12.	 If	

compared	with	those	measured	out	of	the	pristine	devices,	a	general	loss	of	the	features	takes	place	
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and	I	can	assume	that	such	worsening	is	very	likely	due	to	the	substrate	that	was	evidently	damaged	

during	the	TLP	reduced-stress	test,	and	thus	showing	how	the	permanent	damaging	of	these	takes	

place	for	pulsed	energy	even	lower	than	0.5	µJ.	Such	observation	is	corroborated	by	the	fact	that	if	

substrates	 used	 to	 fabricate	 OFETs	 are	 washed	 and	 reused	 to	 fabricate	 other	 OFETs	 the	 latter	

perform	similarly.		
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Figure	3-41:	a)	The	output	and	transfer	characteristic	of	a	5-µm	channel	length	transistor	prior	the	TLP	test.	b)	
The	output	and	transfer	characteristic	of	a	5-µm	channel	length	transistor	after	a	TLP	test	in	which	the	VTLP	was	
maintained	lower	than	112	V.	c)	The	output	and	transfer	characteristic	of	a	5-µm	channel	length	after	a	TLP	test	
(VTLP	up	to	112	V)	and	a	thermal	annealing	at	90°	for	40	minutes.	d)	The	IV	curves	of	a	5-µm	channel	length	
transistor	(straight	line)	measured	before	any	TLP	test	and	of	a	5-µm	channel	length	transistor	(dashed	line)	

obtained	by	using	fresh	P3HT	over	a	previously	TLP	stressed	substrates.	

	

	

 Raman	spectra	of	the	TLP	tested	P3HT	OFETs	

	

	

	

Figure	3-42:	The	P3HT	molecular	structure	(left)	and	C	positions	within	the	thiophene	ring	(right).		
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Figure	3-43:	The	normalised	Raman	spectra,	within	the	range	600-1700	cm-1,	of	P3HT	OFETs.	Spectra	were	
collected	from	all	the	TLP-tested	devices	and	compared	to	those	collected	from	pristine	ones.	

	

The	Raman	spectra	were	collected	from	each	of	the	tested	devices	and	compared	with	reference	

spectra	taken	from	a	pristine	device,	namely	built	within	the	same	fabrication	session	of	the	other	

ones	and	according	to	the	same	procedure	and	by	using	the	very	same	materials,	by	focusing	the	

laser	beam	over	an	area	located	in	the	middle	of	two	metal	lines	of	the	interdigitated	pattern	of	a	

10	µm	channel	length.	The	spectra	are	normalised	with	respect	to	the	peak	at	1445	cm-1,	generated	

in	 P3HT	 spectra	 by	 the	 stretching	 of	 the	 in	 plane	 double	 bond	 C=C	 (Cα=Cβ	 stretching).	 A	

representative	spectrum	per	each	TLP	case	was	chosen	and	in	Figure	3-43	reported.	Such	graph	is	

then	split	in	two	other	graphs,	in	the	first	one	the	portion	1300	to	1550	cm-1	of	the	original	spectra	

is	analysed	(Figure	3-43	above)	whilst	the	portion	600	to	1300	cm-1	is	analysed	in	the	second	one	

(Figure	3-44	below).	The	vibrations	of	the	molecular	bonding	are	described	also	referring	to	the	α-	

and	β-	positions[166]	of	carbons	within	the	thiophene	rings	composing	the	polymer	(Figure	3-42).		
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Figure	3-44:	The	1300-1550	cm-1	(above)	and	the	600-1300	cm-1	(below)	portions	of	the	Raman	spectra	of	the	
TLP	tested	P3HT	OFETs		

	

The	portion	1300-1550	cm-1	is	characterised	by	the	symmetric	stretch	of	the	C=C	in-plane	ring	mode	

at	1445	cm-1	(Cα=Cβ	stretching),	by	the	C-C	intraring	stretch	mode	at	1381	cm-1	(Cβ-Cβ’	stretching)	

and	by	the	C=C	anti-symmetric	stretch	at	1515	cm-1	(Cα’=Cβ’	stretching)[10],	[137],	[166].	This	region	

of	the	P3HT	Raman	spectrum	is	known	to	be	sensitive	to	π-electron	delocalisation	and	structural	
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order	degradation.	From	Figure	3-44	it	is	possible	to	distinguish	these	three	peaks.	The	portion	600-

1300	cm-1	 is	characterised	by	a	C-C	 inter-ring	stretch	mode	(Cα-Cα’	stretching)	at	1208	cm-1,	by	a		

C-H	 bending	 (Cβ-H	 bending)	 at	 1090	 cm-1	 and	 at	 1182	 cm-1,	 by	 a	 C-Calkyl	 stretch	mode	 (Cβ’-Calkyl	

stretching)	at	997	cm-1,	a	C-S-C	(Cα-S-Cα’)	deformation	mode	at	724	cm-1and	at	683	cm-1.	These	peaks	

are	visible	in	Figure	3-44.		

From	the	analysis	of	the	portion	1300-1550	cm-1	it	is	possible	to	see	the	peak	at	1445	cm-1	appears	

significantly	broader	in	comparison	with	the	pristine	one	in	all	the	spectra	collected	from	the	TLP	

tested	devices.	Such	variations	can	be	ascribed	to	a	decrease	of	 the	molecular	order	and	of	 the	

conjugation	 length	 in	 poly(thiophene)	 rings	 as	 effect	 of	 the	 TLP	 tests,	 regardless	 of	 the	 pulse	

polarisation	or	the	gate	bias	applied.	The	peak	at	1381	cm-1	is	known	to	be	relatively	insensitive	to	

any	 molecular	 order	 variation[137].	 Interestingly,	 the	 peak	 at	 1515	 cm-1	 results	 enhanced	 and	

broader	in	the	spectra	collected	from	the	DSpos,	the	DSpos10Vgbias,	the	DSpos-20Vgbias	and	the	

DSneg,	whereas	is	unaltered	in	the	DSneg10Vgbias	and	the	DSneg-20Vgbias	tests.	Such	alterations	

can	be	ascribed	to	a	formation	of	non-coplanar	segments	in	the	chains[10]	and	such	explanation	is	

corroborated	by	the	enhancement	of	the	1210	cm-1	and	728	cm-1	peaks	that	can	be	observed	in	the	

portion	600-1300	cm-1.	These	three	peaks	enhancements	points	out	an	induced	torsional	disorder	

along	 the	 polymer	 backbone	 due	 to	 higher	 disorder	 degree	 that	 TLP	 caused.	 Although	 the	

DSneg10Vgbias	and	DSneg-20Vg	 spectra	were	not	 resulting	 significantly	altered	 in	 the	1515	cm-1	

peak,	they	are	in	the	1210	cm-1	and	728	cm-1	ones,	therefore	confirming	that	these	two	TLP	test	

modalities	 generate	 non-coplanar	 segments	 into	 polymer	 chains,	 as	 observed	 in	 the	 other	 TLP	

tested	devices.	The	peak	at	683	cm-1	also	results	enhanced	in	all	cases	and	it	is	reasonably	linked	

with	that	one	at	728	cm-1	since,	as	the	latter,	is	due	to	the	C-S-C	deformation	and	its	enhancement	

stresses	out	that	a	higher	level	of	induced	torsional	disorder	is	reached.	The	induced	torsional	stress	

on	P3HT	chains	justifies	the	enhancement	observed	in	the	997	cm-1	peaks,	due	to	a	higher	stretch	

of	the	C-Calkyl.	

An	enhancement	of	the	1182	cm-1	peak	is	also	observed	in	TLP	tested	spectra.	In	the	literature	such	

a	peak	is	particularly	pronounced	in	low-doped	or	de-doped	P3HT	samples[167].	Natural	de-doping	

of	P3HT	is	expected	to	take	place	with	time	due	to	the	instability	of	the	P3HT,	especially	because	of	

the	presence	of	 the	alkyl	groups	alongside	the	chains,	and	can	be	favoured	by	temperature	and	

humidity.	 However,	 reference	 spectra	 collected	 from	 samples	 fabricated	 within	 the	 same	

fabrication	session,	stored	in	analogous	conditions	and	analysed	with	the	Raman	spectroscope	at	

the	same	time	of	those	TLP-stressed	feature	a	lower	peak	in	this	point	of	the	Raman	spectra,	hence	



	 126	

the	 TLP	 test	 acts	 as	 catalyser	 for	 such	 de-doping	 process.	 Interestingly,	 this	 interpretation	 also	

justifies	the	formation	of	the	peak	at	870	cm-1	arisen	in	TLP	tested	devices	spectra,	absent	in	the	

reference	spectra.	Such	peak	is	reported	to	be	directly	linked	to	the	natural	stabilisation	of	dication	

species	[167],	[168]	with	time.	Such	process	normally	takes	place	in	P3HT	films	over	an	extended	

period	of	 time	and	 it	 is	 correlated	with	other	phenomena,	 such	as	 the	de-doping.	Therefore,	all	

considered,	TLP	tests	force	the	whole	de-doping	and	dication	stabilisation	processes	to	take	place	

in	a	relatively	short	period	of	time	acting	as	catalyser	to	these.	

 Discussion	over	the	Drain-Source	TLP	test	results	of	P3HT	OFETs	

The	TLP	test	carried	out	over	the	P3HT	OFETs	give	meaningful	insights	about	the	response	to	ESD	

phenomena	of	such	devices.	The	TLP	parameters	highlight	the	strong	dependence	of	the	devices	

response	on	the	pulse	polarity	used.	The	DSpos,	the	DSpos10Vgbias	and	the	DSpos-20Vgbias	resulted	

more	 damaging	 of	 the	 corresponding	 opposites	 in	 polarity,	 namely	 DSneg,	 DSneg10Vgbias	 and	

DSneg-20Vgbias.	The	ETR	measured	in	tests	involving	positive	pulses	was	found	ranging	between	8	µJ	

and	2	µJ.	Hence,	any	pulsed	energy	equal	to,	or	higher	than,	2	µJ	causes	an	overheating	of	the	metal	

lines	and	a	fatal	damaging	of	these.	The	ILEAK	behaviour	in	correspondence	of	the	trigger	point	was	

observed	to	be	mainly	of	two	kinds:	(i)	its	value	plummets	as	a	consequence	of	the	rupture	of	the	

pad-interdigitated	pattern	connection;	(ii)	its	value	snaps	towards	higher	values	and	tend	to	remain	

constant	afterwards,	stressing	out	that	the	damaging	is	mostly	interesting	the	interdigitated	pattern	

of	the	transistors.	Whilst	both	i	and	ii	failure	dynamics	were	observed	in	the	DSpos	tests,	i	was	the	

most	observed	in	DSpos10Vgbias	and	ii	the	most	observed	in	the	DSpos-20Vgbias.	None	of	the	device	

resulted	short-circuited	by	the	positive	pulses,	reasonably	due	to	the	metal	lines	not	physically	close	

enough	to	each	other	to	be	melted	upon	heat	exposure	and.	However,	such	metal	line	proximity	

reasonably	 favours	 metal	 lines	 to	 act	 as	 parasitic	 (not	 real)	 short-circuited	 capacitor	 in	

correspondence	of	the	frequency	domain	(GHz)	the	TLP	forces	the	devices	to	deal	with	during	a	

discharge.	This	explanation	justifies	the	snapback	behaviour	these	devices	point	out.	

The	tests	involving	pulses	with	negative	polarity	were	characterised	by	a	pulsed	energy	ranging	from	

0.4	µJ	to	1.8	µJ.	This	level	of	pulsed	energy	did	not	cause	visible	damages	to	the	transistor	metal	

lines,	only	 localised	damages	of	 the	area	between	the	TLP	probe	and	the	pad,	hence	an	area	of	

approximately	1	mm2.	 The	 ILEAK	 in	 these	 tends	 to	 follow	 linearly	 the	 ITLP	 up	 to	 the	 trigger	point,	

meaning	 that	 at	 each	 pulse,	 since	 the	 very	 first	 one	 applied,	 the	 TLP-pad	 contact	 decreases	 its	

conductance	and	the	ILEAK	encounters	a	progressively	increasing	resistance	across	the	DUT.	After	the	
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trigger	point,	the	ILEAK	loses	a	linear	behaviour	as	a	consequence	of	the	instability	of	the	electrical	

contact	between	the	TLP	probes	and	the	pads.	The	devices	tested	in	such	modality	do	not	lose	their	

functionality.	However,	the	TLP	test	resulted	detrimental	for	such	devices	that	feature	worsened	

electrical	parameters	(charge	mobility,	on/off	ratio,	threshold	voltage)	afterwards.	The	mobility	of	

these	devices	is	reduced	up	to	the	6%.	The	threshold	voltage	module	is	instead	lowered	in	all	cases	

of	a	percentage	spanning	between	the	14%	and	the	7%,	remaining	negative,	whilst	the	on/off	ratio	

is	lowered	of	a	percentage	ranging	between	the	37%	and	the	33%	percentage.	These	alterations	can	

be	ascribed	to	both	a	spoiling	of	the	semiconductor,	as	observed	in	the	Raman	spectra,	and	to	an	

increasing	 of	 trapped	 charges	 within	 the	 device.	 Although	 pictures	 of	 the	 devices	 undergone	

negative	 pulses	 do	 not	 show	 superficial	 damages,	 the	 test	 carried	 out	 to	 study	 the	 effect	 of	 a	

reduced	 level	of	TLP	 stress,	namely	by	using	a	pulsed	energy	 lower	 than	0.45	µJ	 (3.2.2.3.7)	and	

keeping	the	 ITLP	 lower	than	0.045	A,	which	 is	almost	the	same	value	of	the	registered	 ITRIG	in	the	

negative	pulsed	devices,	confirmed	that	substrates	are	partially	ruined	by	the	TLP	stress	reached	in	

the	negative	pulse	tests.	The	reduction	of	the	mobility	is	most	probably	a	consequence	of	a	higher	

degree	of	disorder	caused	in	the	polymer	chains	by	the	negative	pulses,	as	observed	from	the	Raman	

spectra	 (3.2.2.4).	The	spoiling	of	both	the	polymers	and	the	substrates	enhance	the	presence	of	

traps	 for	 charges	 so	 causing	 the	 on/off	 reduction	 and	 the	 threshold	 voltage	 shift	 observed[99].	

Charges	can	be	 trapped:	 (i)	at	 the	 interface	between	the	P3HT	and	the	substrate,	 so	generating	

“interface-trapped	charges”;	 (ii)	 internally	to	the	oxide	close	to	the	channel	so	generating	“fixed	

charges	in	oxide”;	(iii)	at	the	bulk	of	the	oxide,	so	generating	“trapped	charges	in	oxide”;	(iv)	small	

alkali	metal	such	as	H+	charges	or	dications	create	“mobile	trapped	charges	in	oxide”	by	diffusing	in	

it.	Traps	i	and	ii	are	normally	introduced	by	structural	defects	that,	as	seen,	are	induced	by	the	TLP	

stress.	These	traps	are	responsible	for	the	increase	of	the	subthreshold	voltage	and	the	concomitant	

lowering	of	the	on/off	ratio.	The	traps	iii	are	generally	formed	during	the	fabrication	process	and	

filled	during	the	device	operations,	however,	the	extreme	conditions	these	devices	are	forced	to	

deal	with	during	the	TLP	tests	justify	a	further	injection	of	charges	within	oxide-bulk	traps.	The	traps	

iv	are	expectably	filled	upon	the	dications	stabilisation[169]	process	stimulated	by	the	TLP	stress	as	

observed	in	the	Raman	spectra.	The	observed	shift	of	the	threshold	voltage	is	therefore	caused	by	

the	increased	number	of	charges	trapped	in	both	the	iii	and	iv	traps.		

The	discriminant	factor	causing	the	devices	to	react	as	described	so	far	 is	due	to	the	position	of	

charges	within	 the	polymer	 at	 the	moment	 of	 the	 pulse	 striking.	 The	position	of	 the	 charges	 is	

depending	 on	 the	 applied	 voltage	 on	 the	 gate.	When	 the	 gate	 is	 grounded	 charges	 within	 the	
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polymer	are	evenly	distributed,	the	depletion	region	is	expanded	over	a	larger	area	than	the	case	in	

which	there	is	an	applied	field.	Upon	pulsed	positive	charges	an	applied	horizontal	(between	the	

drain	and	the	source)	field	takes	place	between	drain	and	source[105].	The	same	happens	between	

the	 gate	 and	 the	 drain	 in	 which	 a	 vertical	 field	 instead	 takes	 place.	 To	 flow	 through	 the	

semiconductor,	 the	pulsed	horizontal	 field	must	overcome	the	vertical	one	and	this	explains	the	

channel	length	effect,	since	a	shorter	channel	requires	lower	values	of	pulsed	current	to	generate	a	

horizontal	 field	 able	 to	 overcome	 the	 vertical	 one.	 Furthermore,	 the	 need	 to	 move	 charges	

according	 to	 the	 pulsed	 field,	 limiting	 at	 each	 replica	 the	 stimulus	 for	 a	 period	 of	 time	 of	

approximately	100	ns,	determines	the	trigger	point	to	take	place	for	higher	values	of	ITLP	and	VTLP	in	

this	TLP	mode,	as	observed	in	the	DSpos	test.		

If	 the	 gate	 is	 biased	with	 a	 positive	 voltage,	 as	 shown	 in	 the	 DSpos10Vbias	 test,	 electrons	 are	

attracted	to	the	gate	and	holes	are	moved	towards	the	drain	and	the	source.	Upon	applied	pulsed	

current	with	positive	polarity,	the	electrons	at	the	insulator	interface	only	partially	discharge	such	

current,	hence	the	pulsed	energy	is	not	efficiently	dissipated	and	metal	lines	start	heating	up.	When	

the	device	reaches	the	trigger	point	a	release	of	energy,	principally	because	of	parasitic	phenomena	

taking	place	within	the	device,	occurs	causing	the	total	failure	of	the	device.	Although	the	channel	

length	affects	the	process	reducing	the	required	level	of	pulsed	current	to	trigger	such	breakdown,	

the	effect	is	not	so	evident	as	before	for	the	DSpos	test.	Upon	an	applied	voltage	of	-20	V	to	the	

gate,	the	channel	is	open	and	positive	pulsed	charges	are	free	to	pass	through	the	polymer.	The	so	

generated	current	 is	such	to	destroy	the	metal	 lines	of	the	transistors.	There	is	a	channel	 length	

effect	but	it	is	not	as	evident	as	it	was	in	the	DSpos	test.	The	reason	of	the	weaker	channel	length	

effect	in	the	DSpos10Vgbias	and	in	the	DSpos-20Vgbias	tests	with	respect	to	the	DSpos	test	lies	in	

the	presence	of	a	stable	applied	perpendicular	field	in	these	ones	stabilising	the	positions	of	the	

charge	carriers	into	the	polymer	between	a	TLP	replica	and	another,	differently	to	what	observed	

in	the	DSpos	test	in	which	the	stimulated	perpendicular	field	is	concomitant	to	the	striking	pulse	

only	and	between	a	replica	and	another	charges	are	free	to	move	to	a	more	even	distribution.					

Upon	negative	pulses,	 regardless	of	 the	applied	bias	 to	 the	gate,	 the	pulsed	charges	are	mostly	

locally	confined	and	dissipated	over	the	limited	portion	of	the	source	pad	area	delimited	by	the	TLP	

probe.	The	consequent	overheating	 causes	 the	 interruption	of	 the	electric	 contact	between	 the	

device	and	the	TLP	system.	The	position	of	the	trigger	point	is	lower	than	the	one	observed	in	the	

previous	cases.	Although	such	consequences	are	common	to	all	treated	cases	of	applied	negative	

pulses,	the	dynamics	leading	to	them	are	different.	In	the	DSneg	test,	since	P3HT	is	characterised	by	
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a	higher	hole	mobility	than	the	electron	one,	upon	applied	negative	pulses	the	horizontal	field	is	not	

able	to	overcome	the	vertical	one,	therefore	the	semiconductor	imposes	a	quasi-barrier	due	to	a	

slow	reaction	of	his	charge	carriers.	The	pulsed	current	is	therefore	resulting	mostly	confined	over	

the	drain	pad.	When	the	gate	is	biased	with	a	positive	voltage,	upon	applied	negative	pulses,	the	

polymer	does	not	 allow	a	net	 flow	of	 charges	 through	 and	 the	pulsed	 applied	 field	 is	 promptly	

annihilated	by	the	positive	charges	concentrated	around	the	drain	contact.	This	generates	a	local	

confinement	of	the	pulsed	charges.	In	the	case	of	an	applied	negative	gate-bias,	the	negative	pulsed	

charges	are	instead	affected	by	the	barrier	taking	place	because	of	the	electrons	concentrated	in	

correspondence	of	the	drain	and	the	source	contacts.	Such	barrier	forces	these	charges	to	mostly	

be	locally	dissipated.	The	trigger	points	found	in	correspondence	of	the	DSneg,	DSneg10Vgbias	and	

DSneg-20Vgbias	 are	 similar	 and	 are	 defined	 by	 the	metal	 pad	 itself	 that	 is	 able	 to	 withstand	 a	

maximum	value	of	roughly	1.5	µJ	over	a	localised	area	of	approximately	1	mm2.		

Interestingly,	RTLP	in	correspondence	of	positive	pulses	is	generally	lower	than	the	value	found	in	

correspondence	 of	 negative	 pulses.	 In	 fact,	 for	 the	 DSpos,	 the	 DSpos10Vgbias	 and	 the		

DSpos-20Vgbias	the	RTLP	is	always	lower	than	4	kΩ	and	the	highest	values	were	found	for	the	DSpos	

(~3.9	kΩ),	coherently	with	what	said	concerning	DSpos	being	the	case	requiring	the	highest	applied	

pulsed	field	to	push	the	device	towards	the	trigger	point.	However,	the	displacement	of	the	values	

for	RTLP	in	the	DSpos	case	is	greater	than	the	other	two	cases	(DSpos10Vgbias,	DSpos-20Vgbias),	in	

which	RTLP	values	are	short	ranged	(±hundreds	of	Ω)	around	~2.7	kΩ	in	the	DSpos10Vgbias	test	and	

around	~2.4	kΩ	in	the	DSpos-20Vgbias	and	lower	than	3	kΩ	in	both	cases.	For	negative	pulses,	the	

RTLP	was	found	to	range	between	5.3	kΩ	(DSneg)	and	3.3	kΩ	(DSpos-20Vgbias),	hence	higher	than	

the	ones	observed	for	positive	applied	pulses,	as	expected.	Such	values	of	RTLP	underline	that	P3HT	

cannot	be	used	as	ESD	protection.	On	the	contrary,	protections	must	be	designed	and	based	on	the	

TLP	parameters	this	analysis	pointed	out,	therefore	taking	in	account	that	permanent	damages	to	

the	devices	 take	place	starting	 from	a	pulsed	energy	of	0.7	µJ	and	 that	 the	 ITLP	and	 the	VTLP	are	

required	to	be	lower	than	0.037	A	and	181	V,	respectively.	A	proper	design	of	ESD	protections	is	

beyond	the	aims	of	this	thesis	

Raman	spectra	confirmed	 that	TLP	causes	a	damage	of	 the	P3HT	polymer	 in	 correspondence	of	

every	 TLP	 test	 causing	 a	 general	 worsening	 of	 the	 molecular	 organization	 degree	 due	 to	 the	

formation	of	non-coplanar	segments.	Furthermore,	an	acceleration	 in	the	formation	of	dications	

groups	and	subsequent	stabilization	of	the	same	is	also	observed.	Signs	of	an	early	de-doping	taking	

place	process	were	also	observed.		
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 TLP	results	on	PBTTT	OFETs		

I	prepared	PBTTT	based	OFETs	to	assess	the	response	to	ESD	phenomena	of	such	devices.	In	this	

section,	I	report	on	the	results	obtained	for	the	TLP	treated	PBTTT	OFETs.		

 PBTTT	Drain-Gate	TLP-tests	

The	 drain-gate	 tests	 in	 both	 polarities	 (DGpos	 and	 DGneg)	 are	 carried	 out	 keeping	 the	 source	

floating,	uniquely	involving	the	gate	oxide,	 i.e.	the	insulator	of	the	devices.	The	results	found	for	

P3HT	OFETs	are	valid	for	PBTTT	ones	as	well,	since	the	polymer	is	not	involved	and	the	insulator	of	

the	devices	are	identical	in	both	devices	(see	3.2.2.1	and	3.2.2.2).		

 PBTTT	Drain-Source	TLP	test	

I	carried	out	the	drain-source	tests	(DSpos	and	DSneg)	according	to	the	same	modalities	previously	

presented,	namely:	(i)drain-source	in	both	polarities	with	the	gate	grounded	(DSpos	and	DSneg);	(ii)	

drain-source	 in	 both	 polarities	 with	 an	 applied	 bias	 of	 10	 V	 on	 the	 gate	 (DSpos10Vgbias	 and	

DSneg10Vgbias);	(iii)	drain-source	in	both	polarities	with	an	applied	bias	of	-20	V	on	the	gate	(DSpos-

20Vgbias	and	DSneg-20Vgbias).	The	results	of	these	tests	are	the	object	of	this	section	and	they	will	

be	 reported	 following	 the	 same	 division-criteria	 as	 done	 for	 P3HT	 in	 the	 previous	 section.	 The	

experimental	metrics	used	to	obtain	both	the	TLP	parameters	and	the	electrical	parameter	are	the	

same	adopted	for	the	P3HT	and	in	3.2.2.3	described.		

3.2.3.2.1 Positive	Drain-source-no	gate	bias	(DSpos)	

The	DSpos	 test	 results	 fatally	damaging	 to	PBTTT	OFET	devices.	 The	maximum	 ILEAK	registered	 is	

97	µA,	by	far	lower	than	the	IFAIL	threshold	(0.5	mA)	and	its	shape	underlines	a	progressive	loss	of	

the	current	conductance	across	the	DUT,	mostly	due	to	a	damage	of	the	interdigitated	patterns.	The	

TLP	graphs	depict	one	or	more	clear	 snapbacks	 for	each	of	 the	device	 tested,	 confirming	 that	a	

permanent	damaging	 is	occurring	(Figure	3-45).	 ILEAK	was	found	coherent	with	the	ITLP	behaviour,	

suddenly	changing	in	correspondence	of	the	activation	of	the	snapbacks.	The	TLP	parameters	are	

reported	in	Table	13.	There	is	a	channel	length	influence	on	the	TLP	features	inasmuch	both	ITR	and	

VTR	follow	a	trend	channel-length	dependent,	namely	with	the	channel	length	decreasing	the	VTR	

decreases	and	the	ITR	increases	(Figure	3-46).	The	RTLP	is	found	ranging	between	2.2	kΩ	and	0.8	kΩ	

decreasing	as	the	channel	length	shortening.	A	shorter	channel	yields	higher	current	causing	a	faster	

rupture,	so	explaining	the	lower	RTLP,	which	is	connected	to	the	slope	of	the	ITLP	vs	VTLP	graph.		
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The	DC	graphs	(Figure	3-47)	confirmed	that	a	permanent	damage	of	the	devices	occurred,	featured	

by	 a	 complete	 loss	 of	 the	 current	 conductance.	 Figure	 3-48	 shows	 the	 metal	 lines	 of	 the	

interdigitated	 pattern	 damaged	 after	 the	 TLP	 tests.	 No	 post	 TLP	 electrical	 characterization	 is	

performed	since	no	working	devices	are	left.		

	

Table	13:	The	TLP	parameters	of	the	DSpos	tested	PBTTT	OFETs.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.157±0.006	 301±4.64	 47.2±2.51	 4.25±0.23	 2.16±0.05	

10	µm	 0.231±0.004	 295±1.63	 68.16±1.51	 6.13±0.13	 1.76±0.26	

5	µm	 0.29±0.025	 271±2.86	 78.76±7.73	 7.09±0.71	 0.92±0.12	

	

	

Figure	3-45:	The	TLP	results	obtained	on	a	5	µm	channel	length	PBTTT	OFET	in	drain-source	positive	pulses	
with	the	gate	grounded.	
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Figure	3-46:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested	in	the	DSpos	mode	for	the	PBTTT	
OFETs.	Notably	a	clear	snapback	happens	in	spots	linearly	increasing	in	value	with	the	channel	length	of	

transistors.	

	

	

Figure	3-47:	The	DC	behaviour	of	a	5-µm	channel	length	OFET	before	and	after	the	positive	drain-source	TLP	
test.	
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Figure	3-48:	The	metal	lines	of	a	5-µm	channel	length	PBTT	OFET	0	V	bias	DSPos	TLP	treated.	Damages	on	the	
metal	lines	occurs	because	of	the	TLP	test.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	

Renishaw	InVia	Microscope,	50x	zoom.	

	

3.2.3.2.2 Negative	Drain-Source-no	gate	bias	(DSNeg)	

The	DSNeg	did	not	cause	any	failure	to	tested	devices.	The	ILEAK	resulted	 lower	than	91	µA	 in	all	

treated	 devices,	 pointing	 out	 that	 these	 devices	 do	 not	 suffer	 of	 any	 arising	 short	 circuit.	

Furthermore,	the	ILEAK	increases	linearly	with	the	ITLP	up	to	the	first	trigger	point	(Figure	3-49),	due	

to	an	increase	of	the	DUT	conductance	probably	as	a	consequence	of	the	polymer	heating	up,	to	

change	immediately	afterwards	becoming	not	linear,	hence	as	a	sign	of	a	loss	of	the	charge	transfer	

between	the	TLP	system	and	the	DUT.	In	fact,	there	is	not	a	clear	snapback	behaviour,	rather	several	

sudden	changes	of	the	ITLP	values	after	a	first	evident	change	that	defines	the	trigger	values.	Similarly	

to	what	seen	in	P3HT	OFETs	tested	according	DSneg	mode,	such	behaviour	is	due	to	a	local	failure	

limited	to	the	point	of	contact	between	pads	and	TLP	probes.	Nevertheless,	 the	TLP	parameters	

were	measured	and	in	Table	14	reported.	Notably,	the	maximum	pulsed	energy	is	always	lower	than	

2	µJ,	as	observed	in	the	other	cases	 involving	negative	pulses	between	the	drain	and	the	source	

contacts.	 There	 is	 not	 a	 linear	 trend	 linked	 to	 the	 channel	 length	 (Figure	 3-50),	 with	 the		

5	µm-channel	length	OFETs	featuring	the	lowest	value	of	VTR	and	the	10	µm	ones	the	highest.	The	
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absence	of	a	trend	linked	with	the	geometrical	factors	of	the	channel	is	a	consequence	of	the	pulses	

not	involving	directly	the	channel	itself.	Looking	at	the	DC	curves	(Figure	3-51)	we	do	not	observe	

any	variation	of	the	device	behaviour,	and	pictures	of	the	devices	(Figure	3-53)	surface	do	not	point	

out	 any	damage	 to	 the	device	 structure.	 The	 IV	 curves	 and	 the	electrical	 parameters	measured	

before	and	after	the	TLP	tests	are	reported	in	Figure	3-52	and	in	Table	15	respectively.	The	IV	curves	

show	a	tenfold	reduction	of	the	on/off	ratio	and	notably	an	increase	of	the	VTH	up	to	approximately	

10	V.		

	

Table	14:	The	TLP	parameters	of	DSneg	tested	PBTTT	OFETs.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.04±0.005	 219±10.4	 8.67±1.5	 0.79±0.14	 5±0.15	

10	µm	 0.05±0.004	 254±4.1	 12.75±1.2	 1.16±0.11	 5.2±0.05	

5	µm	 0.03±0.01	 110±8.5	 2.97±1.4	 1.41±0.27	 5.8±0.15	

	

	

Table	15:	The	electrical	parameters	of	PBTTT	OFETs	prior	and	after	the	DSneg	test.	

DUT	 Mobility		

(x10-2	cm2/Vs)	
VTH	(V)	 On/Off	(x103)	

Pristine	 6.04±1.42	 -9.06±2.2	 5.3±0.6	

Post	DSneg	test	 2.69±3.4	 10.09±1.3	 0.4±0.05	
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Figure	3-49:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFET	in	drain-source	negative	pulses	
no	bias	modality.	

	

Figure	3-50:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	There	is	a	marked	difference	between	
the	5	µm-channel	length	and	the	other	cases,	in	which	instead	the	differences	are	feeble.	
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Figure	3-51:	The	DC	behaviour	of	20-µm	channel	length	OFET	before	and	after	the	negative	drain-source	TLP	
test.	The	device	keeps	his	functionality	but	the	shape	of	the	curve	is	slightly	altered.	

	

	

Figure	3-52:	the	IV	curves	of	a	20µm	channel	length	PBTTT	OFET	before	and	after	the	DSneg	test.	
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Figure	3-53:	The	top	view	of	a	20µm	channel	length	PBTTT	OFET	device.	No	major	damages	over	the	metal	lines	
are	visible.	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	50x	

zoom.	
	

3.2.3.2.3 Positive	Drain-source-Vg	bias	10	V	(DSpos10Vgbias)	

All	the	OFETs	tested	according	to	the	DSpos10Vgbias	test	suffered	a	failure.	The	ILEAK	was	found	lower	

than	194	µA	in	all	cases,	hence	no	short	circuits	arise	because	of	the	test.	The	TLP	parameters	were	

calculated	and	in	Table	16	reported.	The	pulse	mean	duration	is	92	ns.	There	is	a	channel	length	

linear	dependence	of	such	parameters	with	the	decreasing	of	the	channel	length	(Figure	3-55),	as	

expected,	being	the	channel	directly	interested	by	the	pulses.	The	ITLP	vs	VTLP	graphs	point	out	a	clear	

snapback	in	all	cases	(Figure	3-54),	therefore	indicating	a	spoiling	of	the	devices,	corroborated	by	

the	 ILEAK	 that	 is	progressively	reduced	during	the	TLP	test	before	the	trigger	point	and	no	 longer	

following	linearly	the	ITLP	afterwards.	The	joint	effect	of	the	clear	snapback	and	of	the	ILEAK	reduction	

are	 clearly	 due	 to	 a	 permanent	 damage	 of	 the	 devices.	 The	 DC	 test	 (Figure	 3-56)	 confirms	 a	

deterioration	of	the	devices.	Pictures	of	the	devices	(Figure	3-57)	reveal	that	the	metal	lines	were	

destroyed.	I	did	not	carry	out	any	post	TLP	electrical	analysis	since	no	working	devices	were	left.	
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Table	16:	The	TLP	parameters	of	DSpos10Vgbias	tested	devices.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.17±0.006	 297±1.6	 51.04±2.06	 4.65±0.19	 1.8±0.04	

10	µm	 0.22±0.012	 285±6.4	 65±4.81	 5.91±0.44	 1.7±0.02	

5	µm	 0.21±0.02	 210±10.5	 45.21±6.74	 4.11±0.61	 1.2±0.13	

	

	

	

Figure	3-54:	The	TLP	results	obtained	on	a	10	µm	channel	length	PBTTT	OFET	in	drain-source	positive	pulses	
10	V	gate-bias	modality.	
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Figure	3-55:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested.	A	trend	depending	on	the	channel	
lengths	can	be	observed.	

	

	

Figure	3-56:	The	DC	behaviour	of	10-µm	channel	length	OFET	before	and	after	the	positive	drain-source	10	V	
gate	bias	TLP	test.	
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Figure	3-57:	The	top	view	of	a	10	µm	PBTTT	device.	Heavy	damages	can	be	observed.	Images	were	taken	by	
means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	50x	zoom.	

	

	

3.2.3.2.4 Negative	Drain-source-Vg	bias	10	V	(DSneg10Vgbias)	

Interestingly,	 the	 DSNeg10V	 gate	 bias	 test	 caused	 a	 total	 failure	 in	 the	 10	 µm	 channel-length	

devices,	whilst	the	remaining	OFETs,	although	did	not	lose	their	electrical	capabilities	completely,	

resulted	heavily	weakened	and	no	longer	sufficiently	performing.	A	possible	explanation	for	such	

response	of	PBTTT	OFETs	to	the	DSneg10Vgbias	test	 lies	 in	the	devices	channel	partially	opened,	

since	these	are	forced	to	work	as	n-FETs	in	a	forward	configuration.	Differently	to	what	observed	in	

the	other	cases	involving	negative	discharges	between	the	drain	and	the	source,	a	partial	transfer	

of	the	charges	across	the	devices	takes	place	so	overheating	the	metal	lines.	The	ILEAK	in	the	10	µm	

channel-length	devices	reached	a	value	of	2	mA,	hence	they	exceeded	the	IFAIL	value	and	reached	

the	set	compliance	value.	Although	such	value	was	reached,	the	ILEAK	does	not	show	a	short	circuit	

behaviour	since	it	starts	decreasing	immediately	after.	Such	behaviour	is	due	to	the	failure	of	the	

pad-interdigitated	pattern	electric	contact.	In	the	other	cases,	the	ILEAK	was	lower	than	188	µA	and	

linearly	following	the	ITLP	up	to	the	trigger	point	to	decrease	afterwards.	The	TLP	parameters	are	

characterised	by	a	great	measurement	uncertainty	(Table	17),	hence	there	is	no	such	a	thing	as	a	

channel	length	effect	in	this	case	(Figure	3-59).	The	pulse	mean	duration	is	91	ns.	The	ITLP	vs	VTLP	

graphs	show	different	behaviours	between	the	10	µm	channel-length	devices	and	the	others.	The	

latter	feature	a	clear	snapback	followed	by	more	ones	with	the	ILEAK	tendentiously	following	linearly	

the	ITLP	up	to	the	trigger	point,	and	progressively	decreasing	afterwards,	suggesting	local	ruptures	
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taking	place	over	the	pads	so	compromising	the	electric	contact	between	the	TLP	probe	and	the	

OFET.	The	behaviour	of	totally	failed	devices	is	different	suggesting	a	more	complicated	interaction	

between	the	devices	and	the	discharges	(Figure	3-58).	The	DC	tests	show	a	degradation	of	the	device	

in	partially	damaged	OFETs	 (Figure	3-60),	whereas	 in	those	damaged	there	 is	a	complete	 loss	of	

every	response	from	the	device.	The	latter	behaviour	is	due	to	a	total	destruction	of	the	metal	lines.	

In	Figure	3-61,	the	metal	lines	of	the	10	µm	channel	length	are	shown.	These	feature	completely	

damaged	spots,	whilst	in	the	5	µm	ones	damages	are	also	evident	but	not	impeding	the	current	to	

flow	through.	However,	the	degradation	degree	is	such	to	render	post	TLP	electrical	characterisation	

futile.	

	

	

Table	17:	The	TLP	parameters	of	the	DSneg10Vgbias	tested	devices.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.25±0.21	 184±34	 46.41±54.1	 4.22±4.9	 4±0.2	

10	µm	 0.57±0.37	 154.7±18	 88±74.5	 8.01±6.8	 2.6±0.3	

5	µm	 0.19±0.19	 186±37	 35.13±50.4	 3.2±4.6	 3.8±0.3	

	

	



	 142	

	

	

Figure	3-58:	The	TLP	results	obtained	on	a	5	µm	channel	length	(above)	and	on	a	10	µm	channel	length	(below)	
PBTTT	OFET	in	drain-source	negative	pulses	10	V	gate	bias	modality.	
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Figure	3-59:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested,	revealing	how	there	is	no	a	trend	of	the	
features	with	the	change	of	the	channel	length.	

	

	 	

Figure	3-60:	The	DC	results	obtained	on	a	5	µm	channel	length	(a)	and	on	a	10	µm	channel	length	(b)	PBTTT	
OFETs	in	drain-source	negative	pulses	10	V	gate	bias	modality.	
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Figure	3-61:	The	top	view	of	a	10	µm	(a)	PBTTT	device	and	of	a	5	µm	device	(b).	Heavy	damages	with	a	loss	of	
electric	conduction	is	visible	in	the	left	image,	whilst	partial	damages	are	visible	on	the	right.	Images	were	taken	

by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	50x	zoom.	
	

	

3.2.3.2.5 Positive	Drain-source-Vg	bias	-20	(DSpos-20Vgbias)	

The	DSpos-20Vgbias	test	induces	a	total	failure	in	only	one	of	the	tested	devices	(a	10	µm-channel	

length).	However,	a	 significant	degradation	was	observed	 in	 the	 rest	of	 the	samples	 tested.	The	

response	to	the	pulsed	energy	of	the	PBTTT	is	hence	different	to	what	observed	in	the	case	of	P3HT	

OFETs	 tested	 in	 this	 same	 modality.	 In	 fact,	 the	 latter	 destroyed	 all	 the	 tested	 devices.	 An	

explanation	to	such	behaviour	lies	 in	the	PBTTT	higher	charge	mobility	than	the	one	featured	by	

P3HT,	therefore	resulting	into	a	higher	reactivity	with	respect	to	the	pulsed	charges	that	are	more	

efficiently	transported	and	dissipated	through	the	device	itself,	and	only	partially	dissipated	over	

the	device	metal	lines	via	ohmic	heating.	In	fact,	in	this	modality	the	FETs	channel	is	opened	and	the	

charges	are	allowed	to	flow	through.	The	pulse	mean	duration	is	90	ns.	The	ITLP	vs	VTLP	graphs	show	

a	clear	snapback	in	all	cases	analysed	(Figure	3-62).	In	the	device	that	did	not	suffer	a	total	failure	

the	ILEAK	is	always	lower	than	121	µA,	whereas	it	exceeds	the	IFAIL	value	in	the	destroyed	one	reaching	

a	value	of	approximately	1	mA.	In	all	cases	analysed,	the	ILEAK	increases	up	to	the	point	in	which	the	

ITLP	reaches	the	trigger	value	to	dramatically	decrease	afterwards,	so	releasing	the	pulsed	energy	via	

parasitic	electric	paths	forming	through	the	device.	Notably,	none	of	the	transistors	resulted	short-

circuited.	 The	 TLP	 parameters	 were	 calculated	 and	 in	 Table	 18	 are	 reported.	 There	 is	 a	 feeble	

channel	length	dependence	of	such	parameters	with	the	decreasing	of	the	channel	length	(Figure	

3-63).	 The	 DC	 tests	 (Figure	 3-64)	 confirmed	 the	 failure	 of	 one	 of	 the	 devices	 whilst	 a	 kept	

functionality	in	the	others.	Therefore,	the	devices	withstanding	the	TLP	test	eventually	resulted	only	

reduced	 in	 their	electrical	 features.	Pictures	 (Figure	3-66)	of	 the	devices	do	not	show	superficial	

damages,	except	in	the	broken	one	that	appears	burnt	in	some	spots	over	the	metal	lines.	The	IV	

curves	 and	 the	 electrical	 parameter	 of	 the	 PBTTT	 OFETs	 measured	 before	 and	 after	 the		

a	 																																																				b	
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DSpos-20Vgbias	 test	 in	 Figure	3-65	and	 in	Table	19	are	 respectively	 reported.	There	 is	 a	 tenfold	

reduction	of	the	on/off	ratio	affecting	the	tested	devices	whilst	the	VTH	and	the	mobility	are	reduced	

in	the	mean	value.	

	

Table	18:	The	TLP	parameters	of	the	DSpos-20Vgbias	tested	devices.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.16±0.01	 276±12	 45.92±5.16	 4.13±0.5	 1.9±0.06	

10	µm	 0.19±0.03	 259±10	 51.78±9.78	 4.66±0.8	 1.3±0.09	

5	µm	 0.24±0.14	 240±8	 57.57±5.45	 5.18±0.5	 0.8±0.06	

	

	

Table	19:	The	electrical	features	of	PBTTT	OFETs	before	and	after	the	DSpos-20Vgbias	test.	

DUT	 Mobility		

(x10-2	cm2/Vs)	
VTH	(V)	 On/Off	(x103)	

Pristine	 3.94±0.3	 -9.22±2.7	 2.4±0.2	

Post	DSpos-20Vgbias	test	 2.87±3.3	 -2.87±3.3	 0.18±0.2	
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Figure	3-62:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	positive	pulses			
with	-20	V	gate	bias.		

	

	

	

Figure	3-63:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested	revealing,	although	feeble,	a	trend	of	
the	features	with	the	change	of	the	channel	length.	
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Figure	3-64:	The	DC	results	obtained	on	a	10	µm	channel	length	(a)	and	on	a	PBTTT	OFETs	in	drain-source	
positive	pulses	with	-20	V	gate	bias.		
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Figure	3-65:	The	IV	curves	of	a	20	µm-channel	length	PBTTT	OFET	measured	before	and	after	being	tested	
according	to	the	DSpos-20Vgbias	mode.	

	

	.......	 	

Figure	3-66:	The	top	view	of	a	5	µm	PBTTT	device	tested	according	to	the	DSpos-20Vgbias	test	that	reported	only	
minor	damages	(a)	and	of	the	device	of	the	same	kind	tested	in	the	same	TLP	conditions	that	instead	reported	
major	damages	(b).	Images	were	taken	by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	

Microscope,	50x	zoom.	
	

	

3.2.3.2.6 Negative	Drain-source-Vg	bias	-20V	(DSneg-20Vgbias)		

The	DSneg-20Vgbias	 test	 did	 not	 cause	 the	 failure	 of	 the	 tested	 devices.	 An	 explanation	 to	 this	

behaviour	 lies	 into	the	pulsed	energy	not	finding	a	chance	to	flow	through	the	devices	since	the	

polarisation	of	the	device	is	opposite	to	the	pulsed	charges	and	therefore	creating	a	barrier	that	

stops	 charges	 locally	 so	 preventing	 a	 fatal	 heating	 of	 the	 internal	 interdigitated	 patterns.	 Such	

response	causes	the	local	rupture	of	the	TLP	probe-pad	electrical	contact,	similarly	to	what	observed	

in	the	DSneg	test	of	PBTTT	OFETs	and	the	tests	involving	negative	pulses	between	drain	and	source	

in	P3HT	OFETs.	The	flow	of	the	electric	charges	from	the	TLP	probe	to	the	device	under	test	results	

interrupted	because	of	such	failure.	The	ILEAK	was	found	always	lower	than	61	µA,	hence	none	of	the		
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Table	20:	The	TLP	parameters	of	the	DSneg-20Vgbias	tested	PBTTT	OFETs.	

	 ITR	(A)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

20	µm	 0.07±0.002	 256.6±4.7	 19.22±0.9	 1.77±0.08	 3.9±0.08	

10	µm	 0.064±0.003	 247±10.2	 15.86±1.5	 1.46±0.14	 3.9±0.14	

5	µm	 0.07±0.005	 254.3±3.1	 17.85±1.4	 1.64±0.13	 4±0.06	

	

devices	failed	the	ILEAK	test.	The	TLP	parameters	were	calculated	and	in	Table	20	reported,	the	pulse	

mean	duration	is	92	ns.	There	is	not	a	channel	 length	effect	 in	this	case	since	the	pulses	did	not	

involve	directly	the	channel	itself	(Figure	3-68).	The	ILEAK	remains	stuck	to	a	certain	value	straight	

after	the	ITRIG,	not	following	the	increasing	ITLP.	The	ITLP	vs	VTLP	graphs	show	a	first	clear	trigger	point	

followed	by	other	ones,	confirming	a	local	arising	discontinuity	in	the	electric	path	between	the	pad	

and	the	TLP	probe	(Figure	3-67).	This,	as	seen	before,	prevent	the	devices	to	incur	to	a	systemic	

failure,	as	confirmed	by	the	DC	graphs	(Figure	3-69)	and	the	pictures	of	the	tested	devices	(Figure	

3-71),	which	do	not	point	out	superficial	damages.	As	showed	in	the	IV	curves	measured	before	and	

after	the	test	in	Figure	3-70,	despite	the	devices	did	not	suffered	a	failure,	these	eventually	resulted	

strongly	weakened	by	the	test	so	that	I	did	not	carry	out	any	post	TLP	electrical	parameters	analysis.		

	

Figure	3-67:	The	TLP	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	negative	pulses		
-20	V	gate	bias	modality.	

0 40 80 120 160 200 240 280

0.0

0.2

0.4

0.6

0.8

I TL
P (

A
)

VTLP (V)

 DSpos

2.6µA 2.8µA 3.0µA 3.2µA
0.0A
0.2A
0.4A
0.6A
0.8A

ILEAK @ Vg = -40V, Vds= -20 V

 ILEAK

I TL
P 

Ileak

-20
0
20
40
60
80
100
120

 Ptlp

P TL
P 

(W
)

Trigger Point



	 150	

	

Figure	3-68:	The	TLP	ITLP	vs	VTLP	graphs	for	all	the	channel	lengths	tested,	revealing	there	is	not	a	trend	of	the	
features	with	the	change	of	the	channel	length.	

	

	

	

Figure	3-69:	The	DC	results	obtained	on	a	20	µm	channel	length	PBTTT	OFETs	in	drain-source	negative	pulses	-
20	V	gate	bias	modality.	
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Figure	3-70:	The	IV	curves	of	a	20	µm-channel	length	PBTTT	OFET	measured	before	and	after	the	DSneg-
20Vgbias	mode.	

	

	

Figure	3-71:	The	top	view	of	a	10	µm	PBTTT	device.	No	evident	damages	are	visible	in	the	image.	Images	were	
taken	by	means	of	a	USB	camera	embedded	within	the	Renishaw	InVia	Microscope,	50x	zoom.	

	

	

 Raman	spectra	of	the	TLP	tested	PBTTT	OFETs	

The	Raman	spectra	were	collected	from	each	of	the	tested	devices	and	compared	with	reference	

spectra	taken	from	a	pristine	device,	namely	built	within	the	same	fabrication	session	of	the	other	

ones	and	according	to	the	same	procedure	and	by	using	the	very	same	materials,	by	focusing	the	

laser	beam	over	an	area	located	in	the	middle	of	two	metal	lines	of	the	interdigitated	pattern	of	a	

5	µm	channel	length.	The	Raman	spectra	reported	were	obtained	by	normalising	each	spectrum	to	
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the	1391	cm-1	thiophene	C-C	stretch	mode	peak	(Cβ-Cβ	intra-ring	stretching)	generated	in	the	PBTTT	

spectra.			

A	representative	spectrum	per	each	TLP	case	was	chosen	and	in	Figure	3-73	reported.	Such	graph	is	

then	split	in	two	other	graphs,	in	the	first	one	the	portion	1250	to	1550	cm-1	of	the	original	spectra	

is	analysed	(Figure	3-74	above)	whilst	the	portion	600	to	1250	cm-1	is	analysed	in	the	second	one	

(Figure	 3-74	 below).	 The	 mechanical	 vibrations	 of	 the	 molecular	 bonding	 are	 described	 also	

referring	to	the	α-	and	β-	positions[10]	of	carbons	within	the	thiophene	and	the	thienothiophene	

rings	composing	the	polymer	(	Figure	3-72).		

	

	......................	 	

Figure	3-72:	PBTTT	molecular	structure	(left)	and	carbon	positions	within	the	thiophene	and	the	
thienothiophene	rings	(right).	

	

Figure	3-73:	The	normalised	Raman	spectra,	within	the	range	600-1650	cm-1,	of	the	PBTTT	OFETs.	Spectra	were	
collected	from	all	the	TLP-tested	devices	and	compared	to	those	collected	from	pristine	ones.	
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Figure	3-74:	The	1250-1550	cm-1	(a)	and	the	600-1250	cm-1	(b)	portions	of	the	Raman	spectra	of	the	TLP	tested	
PBTTT	OFETs.		

	

1250 1300 1350 1400 1450 1500 1550
0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
is

ed
 R

am
an

 In
te

ns
ity

Raman Shift (cm-1)

 DSpos 
 DSneg
 DSpos10Vgbias
 DSneg10Vgbias
 DSpos-20Vgbias
 DSneg-20Vgbias
 Reference

600 800 1000 1200
0.0

0.1

0.2

0.3

0.4

N
or

m
al

is
ed

 R
am

an
 In

te
ns

ity

Raman Shift (cm-1)

 DSpos 
 DSneg
 DSpos10Vgbias
 DSneg10Vgbias
 DSpos-20Vgbias
 DSneg-20Vgbias
 Reference

a	

	 																																																	

	

	

	

	

	

	

	

	

	

b	



	 154	

The	portion	1250-1550	cm-1	of	the	PBTTT	spectrum	is	characterised	by	the	thiophene	C-C	stretch	

mode	 (Cβ-Cβ	 intra-ring	 stretching)	 at	 1393	 cm-1,	 the	 thienothiophene	 C=C	 stretch	 mode		

(Cγ=Cγ	intra-ring	stretching)	at	1418	cm-1,	the	inter-ring	C-C	stretch	mode	(Cα-Cα	inter-ring	stretching)	

at	 1463	 cm-1	 and	 the	 thiophene	 C=C	 stretch	 mode	 (Cα=Cβ	 intra-ring	 stretching)	 at		

1493	cm-1[10],[169],	[170].	The	region	of	this	portion	within	1350	cm-1	and	1550	cm-1	is	also	referred	

as	the	C=C-C	ring	stretch	region[10].	Such	peaks	are	visible	in	Figure	3-74	(above).		

The	 analysis	 of	 the	 portion	 600-1250	 cm-1	 is	 characterised	 by	 the	 C-C	 inter-ring	 stretch	 mode	

(Cα-Cα	stretching)	at	1208	cm-1,	the	C-H	bending	plus	a	C-C	inter-ring	stretch	mode	at	1180	cm-1,	the	

C-H	 bending	 mode	 at	 1084	 cm-1	 and	 by	 the	 C-S-C	 ring	 deformation	 generating	 the	 peaks	 at		

745		cm-1,	689	cm-1	and	644	cm-1[65],	[170].	

The	analysis	of	the	1300-1550	cm-1	spectra	show	only	negligible	variations	of	the	peaks	within	such	

range	after	the	TLP	and	the	same	can	be	observed	for	the	region	600-1250	cm-1.	Therefore,	 the	

overall	molecular	organisation	is	maintained	regardless	of	the	applied	stress.	This	result	shows	a	

higher	resiliency	of	PBTTT	if	compared	with	P3HT	with	regard	to	ESD	phenomena.		

 Discussion	over	Drain	Source	TLP	tests	

The	DSpos	and	the	DSpos10Vgbias	resulted	the	most	damaging	tests	to	PBTTT	OFETs	whereas	the	

DSpos-20Vgbias	 tested	 devices	 maintained	 their	 functionality.	 Interestingly,	 the	 DSneg,	 the	

DSneg10Vgbias	 and	 the	 DSneg-20Vgbias	 did	 not	 cause	 a	 complete	 failure	 of	 the	 devices	 but	

significantly	altered	their	functionality	and	lowered	their	electrical	parameters.	In	fact,	the	OFETs	

tested	according	this	latter	suffered	a	reduction	of	the	mobility	of	almost	the	30	%,	a	reduction	in	

module	of	the	threshold	voltage	by	70	%	and	a	tenfold	reduction	of	the	on/off	ratio	(Table	15).		

In	the	DSpos	and	in	the	DSpos10Vgbias	the	ILEAK	follows	linearly	the	ITLP	up	to	the	trigger	point	and	it	

start	decreasing	afterwards.	This	behaviour	points	out	a	progressive	loss	of	electric	transport	over	

the	device	due	to	the	destruction	of	the	drain	pad-interdigitated	pattern	metal	connection.	In	the	

DSpos-20Vgbias,	instead,	the	ILEAK	value	instantaneously	is	reduced	after	the	trigger	point	as	a	result	

of	localised	damages	over	the	interdigitated	pattern.	In	these	three	cases,	the	ETR	ranges	between	

3.5	 µJ	 and	 7.8	 µJ	 pointing	 out	 that	 any	 positive	 pulse	 equal	 or	 higher	 in	 energy	 than	 3.5	 µJ	

permanently	damages	but	not	necessarily	causes	a	complete	failure	of	PBTTT	OFETs.		

The	DSneg	 and	DSneg-20Vgbias	 tests	 have	 similar	 outcomes	 in	 terms	 of	measured	 ETR	 and	 ILEAK	

behaviour,	 with	 the	 first	 one	 found	 ranging	 between	 0.65	 µJ	 and	 1.85	 µJ	 and	 the	 second	 one	

following	linearly	the	ITLP	up	to	the	trigger	point	and	keeping	in	increasing	afterwards	but	no	longer	



	 155	

linearly,	as	a	result	of	the	 incipient	 loss	of	the	electrical	contact	between	the	TLP-probe	and	the	

drain	pad.	These	tests	did	not	fatally	damage	the	devices	but	caused	an	important	grating	of	their	

electrical	features.	The	mobility	resulted	more	than	halved	and	the	on/off	ratio	suffered	a	tenfold	

reduction.	Interestingly,	the	VTH	increased	to	almost	20	V	in	the	DSneg	test	(Table	15).	Although	the	

devices	keep	their	functionality	their	usability	is	compromised	and	therefore	I	can	assume	that	a	

pulsed	energy	higher	than	0.65	µJ	is	not	tolerable	for	such	devices.		

The	DSneg10Vgbias	is	instead	fatal	to	PBTTT	OFETs.	The	ETR	values	registered	in	this	test	resulted	the	

highest	observed	for	the	PBTTT	OFETs,	reaching	values	of	almost	15	µJ.	The	ILEAK	linearly	follows	the	

ITLP	 up	 to	 the	 trigger	 point	 to	 start	 decreasing	 afterwards	 due	 to	 the	 failure	 of	 the	 drain	 pad-

interdigitated	pattern	metal	contact.		

The	alteration	of	the	electrical	features	of	TLP	tested	devices,	as	already	observed	in	P3HT	OFETs	

and	discussed	in	section	3.2.2.5,	are	consequences	of	an	enhancement	of	interface-trapped	charges,	

fixed	charges	in	oxide	and	of	trapped	charges	in	oxide.	PBTTT	itself	resulted	poorly	altered	by	the	

TLP	tests,	as	observed	in	the	Raman	spectra,	and	therefore	a	dication	formation	and	subsequent	

stabilisation	as	cause	of	trapped	charges	in	the	oxide	is	not	supported	by	experimental	results.	

To	understand	the	different	behaviours	so	far	observed	of	PBTTT	OFETs	it	is	crucial	to	analyse	the	

position	of	the	charges	within	the	polymer	at	the	moment	of	the	pulse	striking	and	also	whether	

the	PBTTT	is	acting	as	p	or	n	semiconductor.	In	the	DSpos	test	the	applied	pulsed	field	induces	a	

vertical	and	a	horizontal	field	at	each	replica.	The	horizontal	one	needs	to	overcome	the	vertical	

field	to	start	conducing	the	pulsed	current	throughout	the	device,	similarly	to	what	observed	in	the	

case	of	the	P3HT.	The	trigger	point	position	is	therefore	affected	by	the	channel	length,	resulting	

higher	for	longer	channel	lengths.	Furthermore,	as	observed	in	the	P3HT,	the	trigger	point	reaches	

the	highest	values	recorded	for	the	TLP	tests	on	PBTTT	OFETs.	The	DSneg	test	 is	affected	by	the	

slower	reactivity	of	the	polymer	to	negative	pulses,	since	the	electron	mobility	 is	 lower	than	the	

hole	one,	and	the	horizontal	field	does	not	manage	to	overcome	the	vertical	one.	Nevertheless,	the	

applied	field	causes	a	notable	enhancement	of	the	traps	within	the	device	moving	the	VTH	forward	

of	20	V	roughly.		

For	an	applied	bias	of	 -20	V	on	the	gate	the	holes	are	attracted	to	the	gate	whilst	electrons	are	

concentrated	 towards	 the	drain	and	 the	 source	contacts.	 In	 such	conditions,	 the	channel	of	 the	

device	 is	 open.	 Positive	 applied	 pulses	 are	 therefore	 free	 to	 move	 through	 the	 channel	 and	

interestingly	the	devices	are	only	partially	damaged	maintaining	a	good	functionality	afterwards.	
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The	polymer	is	hence	dissipating	the	incoming	energy	mostly	letting	the	pulsed	charges	to	flow	away	

and	only	partially	by	heating	the	metal	lines	and	itself.	Upon	applied	negative	pulses,	instead,	the	

pulsed	 charges	 are	 forced	 to	 move	 into	 a	 negative-charge-carriers	 depleted	 channel,	 and	 thus	

blocked	by	a	barrier.	The	pulsed	energy	is	hence	mostly	dissipated	via	heat	over	the	drain	pad	and	

the	polymer	itself.	As	shown	by	the	Raman	spectra,	PBTTT	is	not	significantly	affected	by	this	test	

and	reasonably	the	weakening	suffered	by	the	devices	and	observed	 into	the	post-TLP	IV	curves	

(Figure	3-70)	is	mostly	due	to	a	worsening	of	the	metal	lines	conductivity.		

For	an	applied	bias	of	10	V	to	the	gate,	the	electrons	are	attracted	to	the	latter	whilst	the	holes	are	

moved	towards	the	drain	and	the	gate	contacts.	Upon	applied	positive	charges	a	barrier	impedes	

the	charges	to	flow	through	up	to	the	point	the	applied	field	is	such	to	cause	a	breakdown	of	the	

junction	 and	 an	 impulsive	 flow	 of	 current	 that	 causes	 the	 destruction	 of	 the	metal	 lines.	 Such	

breakdown	is	caused	by	the	pulsed	field	when	overcomes	the	fixed	field	due	to	the	gate	bias.	The	

ILEAK	corroborates	such	thesis	because	of	its	sudden	change	straight	after	the	trigger	point,	similarly	

to	what	observed	in	the	analogous	case	involving	the	P3HT.	Upon	applied	negative	pulses	instead,	

the	OFETs	are	forced	to	work	as	n-type	FETs	in	forward	configuration	with	the	channel	opened.	This	

explains	 the	high	 values	 of	 ETR	 found	 in	 correspondence	of	 this	 case	due	 to	 the	pulsed	 charges	

flowing	through	the	device.	However,	the	PBTTT	as	n-type	transistor	is	not	as	efficient	as	p-type	and	

therefore	the	pulsed	charges	are	partially	dissipated	via	heating	so	resulting	fatal	to	the	metal	lines.	

Importantly,	the	mobility	and	consequently	the	polymer	ability	to	readily	react	to	pulsed	charges,	is	

important	to	insure	a	proper	dissipation	of	the	pulsed	energy	by	letting	this	to	be	flown	away	rather	

be	dissipated	by	heating	the	metal	lines,	whenever	the	channel	is	opened.	For	such	reasons,	PBTTT	

in	the	DSpos-20Vgbias	conditions	is	more	efficient	of	the	P3HT	in	the	same	conditions	since	the	latter	

slower	reactivity	causes	the	pulsed	energy	to	be	mostly	dissipated	via	heat.	This	finding,	together	

with	the	Raman	spectra	showing	no	significant	changes	into	the	PBTTT	polymer	after	the	TLP	tests,	

underline	an	excellent	resiliency	of	the	PBTTT	to	the	TLP	stress.		

The	 RTLP	 was	 found	 to	 be	 between	 0.74	 kΩ	 (DSpos10Vgbias)	 and	 2.2	 kΩ	 (DSpos)	whenever	 the	

applied	pulses	were	positive	between	the	drain	and	the	source,	with	the	higher	values	found	for	the	

DSpos	 test,	 similarly	 to	 P3HT	OFETs.	Upon	 negative	 applied	 pulses,	 instead,	 the	 RTLP	was	 found	

ranging	between	2.3	kΩ	(DSpos10Vgbias)	and	5.95	kΩ	(DSneg).	These	values	are	 too	high	to	use	

PBTTT	OFETs	as	ESD	protections.	For	the	design	of	ESD	protections	suitable	for	these	devices,	the	

allowed	maximum	value	of	pulse	amplitude	must	not	exceed	the	critical	value	of	0.65	µJ,	whereas,	

the	ITLP	and	the	VTLP	are	required	to	be	maintained	lower	than	0.04	A	and	102	V	respectively.					
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 Conclusions	

I	 characterised	 the	 response	 to	 TLP	 tests	 of	 P3HT	 and	 PBTTT	OFETs	 according	 six	 different	 TLP	

conditions	obtained	by	combining	three	different	applied	bias	to	the	gate	of	such	devices,	namely	

0	V,	10	V	and	-20	V,	and	by	applying	both	positive	and	negative	drain-source	pulses	per	each	of	

these	gate	biases.	Furthermore,	I	characterised	the	response	to	TLP	pulses	of	both	polarities	applied	

between	the	drain	and	 the	gate	of	 the	OFETs	 leaving	 the	source	unconnected.	The	electrostatic	

discharges	are	particularly	destructive	whenever	these	involve	the	silicon	oxide	of	the	devices.	The	

positive	pulses	between	drain	and	gate	pointed	out	a	clear	failure	of	the	devices,	with	a	massive	

increase	of	the	current	between	these	terminals.	Instead,	the	negative	ones	did	not	highlight	a	clear	

failure	of	the	devices,	although	the	measure	of	the	IV	curves	confirmed	permanent	damages	also	in	

this	case.	These	tests	point	out	the	necessity	to	adopt	ESD	protection	limiting	the	permitted	pulsed	

energy	applied	across	 the	drain	and	 the	gate	 to	values	 lower	 than	2.6	µJ,	 i.e.	 the	 lowest	 trigger	

energy	found.			

The	P3HT	OFETs	are	weak	to	the	drain-source	TLP	stress.	For	positive	applied	pulses,	the	TLP	stress	

between	the	drain	and	the	source	resulted	particularly	damaging	for	the	interdigitated	patterns	and	

the	metal	contacts	regardless	of	the	applied	gate	bias.	I	observed	a	snapback	region	in	the	ITLP-VTLP	

curves	of	P3HT	OFETs	with	the	trigger	point	scaling	according	to	the	channel	length	of	these	devices.	

The	negative	applied	pulses,	regardless	of	the	applied	bias	on	the	gate,	do	not	fatally	compromise	

the	functionality	of	the	devices.	However,	the	mobility	of	these	devices	is	reduced	up	to	the	6%,	the	

threshold	 voltage	module	 is	 lowered	between	 the	7%	and	 the	14%	 remaining	negative	 and	 the	

on/off	ratio	is	reduced	from	the	33%	to	37%.	These	alterations	are	due	to	both	an	increased	level	

of	charge	traps,	hence	affecting	the	substrates,	and	to	an	induced	reduction	of	the	molecular	order	

and	stability	of	the	P3HT	as	demonstrated	by	the	Raman	spectra	collected	from	all	the	TLP	tested	

P3HT	OFETs.	I	also	repeated	the	drain-source	TLP	test	with	the	gate	grounded	by	maintaining	the	

pulsed	energy	lower	than	the	minimum	value	observed	in	correspondence	of	the	negative	applied	

pulses	 (0.45	 µJ).	 I	 hence	 characterised	 the	 devices	 stressed	 in	 such	 way,	 finding	 out	 a	 tenfold	

lowering	 in	 the	 charge	 mobility	 and	 in	 the	 on/off	 ratio	 values	 of	 these	 devices	 along	 with	 a	

displacement	towards	positive	values	of	the	VTH.	I	also	assessed	the	effect	of	an	annealing	(90°	for	

40	minutes)	on	the	TLP-stressed	transistors	finding	that	this	treatment	is	not	particular	beneficial	to	

the	devices.	 Eventually,	 I	washed	away	 the	polymer	 layer	 from	 the	 stressed	TLP	 substrates	 and	

prepared	 devices	 using	 fresh	 P3HT	 over	 the	 stressed	 substrates.	 These	 devices	 resulted	 less	
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performing	of	the	pristine	ones,	regardless	of	the	new	P3HT	used.	This	test	confirms	that	substrates	

are	damaged	by	the	TLP	also	for	low	levels	of	pulsed	energy.	

PBTTT	OFETs	resulted	more	resilient	to	the	TLP	stress	and	more	efficiently	dissipating	the	pulsed	

energy.	The	tests	exploiting	positive	applied	pulses	resulted	fatally	damaging	if	combined	with	the	

gate	grounded	or	the	gate	biased	with	a	positive	voltage.	Interestingly,	only	minor	damages	were	

observed	for	positive	applied	pulses	over	devices	with	a	negative	bias	applied	to	the	gate.	In	fact,	

according	 to	 the	 latter	 case,	 the	device	 channel	 is	 opened	 and	 the	PBTTT	dissipates	 the	pulsed	

energy	mostly	by	letting	this	flowing	through	the	device	and	only	partially	by	heating	the	substrate	

metal	lines.	In	correspondence	of	the	negative	applied	pulses	and	the	gate	kept	grounded	or	biased	

with	 a	 positive	 voltage,	 the	 devices	 resulted	 heavy	 weakened	 and,	 despite	 maintaining	 their	

functionality,	poorly	performing	afterwards.	Instead,	in	the	case	of	the	gate	biased	with	a	positive	

voltage,	the	devices	experienced	a	junction	breakdown	and	a	total	failure.	Interestingly,	the	Raman	

spectra	did	not	show	alterations	to	the	TLP	stressed	PBTTT,	confirming	a	superior	resilience	of	such	

material	respect	to	the	P3HT.	

The	PBTTT	superior	tolerance	to	TLP	stress	stems	from	its	significantly	more	crystalline	structure.	

The	 linear	 conjugated	 co-monomer,	 thieno[3,2-b]thiophene,	 facilitates	 the	 adoption	of	 the	 low-

energy	 backbone	 conformation	 and	 hence	 provides	 more	 conformational	 back-bone	 stability.	

Furthermore,	 the	 low	 side-chain	 attachment	 density	 (half	 than	 in	 P3HT)	 permits	 interdigitation	

between	 the	 chains	 and	 the	 formation	 of	 stable	 and	 large	 three-dimensional	 crystalline	

domains[172]–[174].		

Both	P3HT	and	PBTTT	OFETs	feature	RTLP	values	close	or	higher	than	1	kΩ,	too	high	to	suggest	these	

devices	as	ESD	protections.	On	the	contrary,	ESD	protections	need	to	be	designed	for	these	devices,	

following	 common	 criteria	 for	 protections	between	drain	 and	 source:	maximum	ETLP	 of	 0.65	µJ;	

maximum	ITLP	of	0.037	A;	maximum	VTLP	of	102	V.	Protections	are	also	required	between	the	gate	

and	the	drain/source,	namely:	maximum	ETLP	of	3.4	µJ;	maximum	ITLP	of	0.2	A;	maximum	VTLP	of	

168	V.		
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3.3 TLP	test	on	F8BT	OLEDs	

I	carried	out	TLP	tests	in	three	different	bias	conditions	between	the	anode	and	the	cathode	of	F8BT	

OLEDs:	(i)	positive	and	negative	TLP	with	no	bias	between	the	anode	and	the	cathode	(ACpos	and	

ACneg	respectively),	(ii)	positive	and	negative	TLP	with	a	bias	of	8	V	between	the	anode	and	the	

cathode	(ACpos8Vbias	and	ACneg8Vbias	respectively),	(iii)	positive	and	negative	TLP	with	a	bias	of	

15	V	between	the	anode	and	the	cathode	(ACpos15Vbias	and	ACneg15Vbias	respectively).	Each	test	

was	repeated	on	three	different	pixels,	and	thus	the	average	values	and	the	corresponding	variance	

are	calculated	accordingly.	Each	graph	here	reported	is	representative	for	all	the	pixels	treated	in	

the	same	TLP-conditions.	Devices	are	built	and	tested	according	procedure	described	in	2.4	and	2.5.	

In	 the	 following	 three	 sections	 the	 TLP	 parameters	 of	 the	 TLP-tested	 OLEDs,	 the	 OLED	 photo-

electrical	properties	before	and	after	the	TLP	test	and	a	discussion	over	the	results	obtained	are	

respectively	reported.		

 OLED	Parameters	

In	 Table	 21	 are	 reported	 the	 Von,	 the	 maximum	 emission	 wavelength	 (λmax),	 the	 EQE	 and	 the	

maximum	 luminance	 (Max-L)	 of	 F8BT	 OLEDs	 before	 and	 after	 the	 ACpos	 TLP	 test.	 The	 values	

obtained	from	pristine	F8BT	OLEDs	are	comparable	with	reported	works[175],	[176].	An	increase	of	

approximately	0.5	V	in	the	Von	of	TLP-tested	devices	can	be	appreciated,	as	well	as	a	slight	red-shift	

of	the	λmax.	Importantly,	a	reduction	of	the	EQE	of	approximately	85	%	and	of	the	Max-L	of	roughly	

87	%	are	caused	by	the	ACpos	test,	therefore	permanent	damages	are	induced	by	this	test	despite	

tested	OLEDs	maintained	their	functionality.	The	red-shift	of	the	EL	spectra	with	respect	to	the	one	

collected	from	a	pristine	device	 is	confirmed	 in	Figure	3-75.	Furthermore,	broadening	of	spectra	

collected	 from	 TLP	 tested	 devices	 can	 be	 seen.	 The	 spectra	 of	 the	 pixel	 tested	 according	 the	

ACpos15Vbias	test	also	present	an	alteration	of	the	shape,	probably	due	to	contaminations	of	the	

active	layer	induced	by	diffusion	of	material	from	other	layers	of	the	devices	due	to	the	TLP	creating	

cracks	within	the	active	layer.	From	graphs	in	Figure	3-76	we	can	see	the	JVL	curves	of	ACpos	tested	

devices.	The	LV	graphs	clearly	show	the	shift	causing	the	observed	increase	of	the	Von	of	the	devices,	

whereas	the	JV	curve	confirms	that	the	current	flowing	within	the	device,	for	an	applied	voltage	

lower	than	the	Von,	is	much	higher	than	the	one	that	can	be	observed	in	the	pristine	curves.	In	Figure	

3-77a,	the	EQE	curves	of	ACpos	tested	devices	can	be	seen.	An	important	loss	of	such	figure	of	merit	

is	shown	in	this	graph.	Eventually,	in	Figure	3-77b,	the	JVL	curves	of	the	pixel	that	maintained	its		
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Table	21:	The	photoelectrical	parameters	of	F8BT	TLP	tested	OLEDs.	

	 Von	(V)	 λmax	(nm)	 EQE	(%)	 Max-L	(Cd/m2)	

Pristine	 3.63±0.34	 551±2	 0.786±0.013	 3492±507	

After	ACpos	 4.01±0.17	 554±5	 0.113±0.028	 439±98	

	

functionality	after	the	ACpos15Vbias	test	are	shown.	Although	the	device	can	be	switched	on,	the	

Von	is	shifted	of	almost	4	V	ahead	by	comparison	with	the	Von	of	pristine	devices	and	the	shape	of	

the	LV	curve	is	considerably	altered.	The	JV	curve	also	shows	a	higher	current	in	comparison	to	the	

current	measured	in	pristine	devices.	For	instance,	for	an	applied	voltage	of	2	V	the	current	density	

of	pristine	devices	is	around	10-5	mA/cm2	against	a	value	of	almost	100	mA/cm2	in	the	ACpos15Vbias	

tested	device.		

Interestingly,	 during	 the	 ACpos	 tests,	 OLEDs	were	 switched	 on	 by	 the	 applied	 pulses	 and	 their	

luminance	 increased	 with	 the	 pulse	 amplitude.	 The	 explanation	 lies	 in	 the	 pulsed	 charges	

recombination	taking	place	within	few	nanoseconds,	whilst	the	pulses	elapse	for	~100	ns,	and	in	

the	 generated	 pulsed	 field	 progressively	 involving	 a	 higher	 number	 of	 charges	 as	 its	 amplitude	

increases.		
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Figure	3-75:	The	EL	spectra	collected	from	the	F8BT	OLEDs	tested	according	the	ACpos	and	ACpos15Vbias	TLP	
tests.	Red-shift	and	broadening	characterise	spectra	collected	from	TLP	tested	devices.	

	

	

Figure	3-76:	JVL	graphs	of	ACpos	tested	devices.	
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Figure	3-77:	The	EQE	graphs	of	ACpos	tested	OLEDs	(a)	and	the	JVL	graph	of	a	pixel	after	the	ACpos15V	test	(b).	
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 TLP	test	results	

The	TLP	failure	criterion	relies	on	the	ILEAK	overcoming	an	IFAIL	of	10	mA	(compliance	current	was	set	

to	35	mA),	measured	for	an	applied	Vac	of	4	V,	in	the	case	of	the	TLP	test	carried	out	with	no	Vac	bias	

applied,	or	8	V	in	all	other	TLP	tests.	The	DC	test	were	obtained	by	applying	a	Vac	spanning	between	

0	V	and	15	V	(compliance	current	was	set	to	10	mA	to	avoid	over	heating	of	the	device	during	the	

test).	The	ACpos	TLP	test	did	not	cause	the	failure	of	the	devices.	All	the	other	tests	induce	major	

damages	of	the	OLEDs,	which	could	not	be	switched	on	after	the	tests.	An	exception	was	observed	

in	one	of	the	device	tested	according	the	ACpos15Vbias	test,	which	can	be	switched	on	after	the	

TLP	test,	though	major	damages	occurred	as	explained	later.	The	TLP	parameters	obtained	from	all	

the	TLP	tests	are	reported	in	Table	22.	The	TLP	graph	of	the	ACpos	and	ACneg	tests	are	depicted	in	

Figure	3-78.	In	the	ACpos	TLP	graph,	the	linearity	of	the	ITLP	vs	VTLP	curve	is	maintained	throughout	

the	test,	which	resulted	limited	by	the	TLP	maximum	pre-charge	voltage	(2000	V)	allowed	by	the	

system.	The	ILEAK	decreases	with	the	ITLP	increasing,	up	to	a	point	in	which	it	remains	approximately	

the	same.	Such	decrease	can	be	ascribed	to	both	an	increase	of	the	polymer	conductivity,	induced	

by	heat,	and	to	parasitic	electric	path	arising	during	the	test.	Although	the	ACneg	TLP	curves	show	

a	certain	degree	of	linear	dependency	between	the	ITLP	and	the	VTLP,	fluctuations	due	to	punctual	

release	of	 energy,	 similar	 to	 trigger	 points,	 can	be	observed.	 These	 cannot	be	 classified	 as	 true	

trigger	points	since	are	not	followed	by	snapback	regions.	Also	in	the	ACneg	test	the	system	reached	

its	maximum	pre-charge	voltage.	However,	in	this	case,	the	test	causes	permanent	damages	to	the	

devices,	therefore	I	chose	the	last	measured	value	of	the	ITLP	and	VTLP	as	ITR	and	VTR,	respectively.	
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Table	22:	The	TLP	parameters	obtained	in	correspondence	of	the	three	TLP	tests	carried	out	on	F8BT	OLEDs.	

	 VTR	(V)	 ITR	(A)	 ETR	(µJ)	 RTLP	(Ω)	

ACpos	 x	 x	 x	 98±3	

ACneg	 238±64	 1.1±0.7	 24.8±18	 216±100	

ACpos8Vbias	 80±14	 2.1±0.5	 16.1±6	 34.3±2	

ACneg8Vbias	 52±2	 1.1±0.1	 5.1±0.1	 46.5±2	

ACpos15Vbias	 120±3	 3.5±0.1	 38.5±2.2	 36.9±6	

ACneg15Vbias	 60±2	 1.15±0.1	 6.1±0.4	 43.5±1	

	

	

Figure	3-78:	The	TLP	graphs	of	the	ACpos	and	ACneg	tests	carried	out	on	F8BT	OLEDs.	
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In	 Figure	 3-79	 are	 reported	 the	 TLP	 graphs	 of	 the	 ACpos8Vbias	 and	 ACneg8Vbias	 tests.	 The	

	ITLP	vs	 ILEAK	graphs	reveal	that	 in	both	cases	the	 ILEAK	test	was	not	passed,	with	the	 ILEAK	reaching	

values	 as	 great	 as	 17	mA,	 by	 far	 higher	 than	 the	 set	 IFAIL.	 The	 ILEAK	 also	 suggests	 that	 the	 DUT	

conductivity	is	altered	and	increased	because	of	the	test,	and	thus	new	low-resistive	paths	arise	into	

the	device.	Nevertheless,	the	failure	does	not	trigger	a	short	circuit	into	the	devices.	As	seen	in	the	

ACneg	tests,	no	proper	trigger	points	can	be	observed	in	the	ITLP	vs	VTLP	graphs.	Therefore,	for	both	

the	ACpos8Vbias	and	ACneg8Vbias	tests,	I	chose	the	last	measured	values	from	such	graphs	as	the	

trigger	values.	In	these	two	TLP	modalities,	the	test	was	stopped	within	5	steps	from	the	sudden	

increase	of	the	ILEAK,	taken	as	a	sign	of	a	permanent	damage	taking	place	in	the	devices.	Therefore,	

the	system	did	not	reach	the	maximum	pre-charge	voltage	value	this	time.		

	

	

Figure	3-79:	the	TLP	graphs	of	the	ACpos8Vbias	and	ACneg8Vbias	tests	obtained	from	F8BT	OLEDs.	
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In	 Figure	 3-80	 are	 reported	 the	 TLP	 graphs	 of	 the	 ACpos15Vbias	 and	 ACneg15Vbias	 tests.	

Interestingly,	one	of	the	pixel	tested	according	the	Acpos15Vbias	test	resulted	still	able	to	switch	on	

and	 emit	 light,	 although	 its	 photoelectrical	 features	 are	 worsened.	 The	 other	 devices	 tested	

according	 this	 mode	 cannot	 be	 switched	 on	 anymore.	 The	 latter	 are	 characterised	 by	 an	 ILEAK	

overcoming	the	IFAIL,	as	a	sign	of	permanent	new	low-resistive	electric	paths	arisen	within	the	device	

active	layer,	and	taking	place	regardless	of	pulses	polarity.	However,	in	the	ACpos15Vbias	the	failure	

occurs	for	a	value	of	the	pre-charge	voltage	very	close	to	the	maximum	value	allowed	by	the	system,	

and	 in	 one	 case	 (the	 pixel	 switching	 on	 afterwards),	 no	 failure	 takes	 place.	 Instead,	 in	 the	

ACneg15Vbias	 the	 ILEAK	 overcomes	 the	 IFAIL	 for	 much	 lower	 values	 of	 pulsed	 energy.	 The	

ACpos15Vbias	 tests	 do	 not	 show	 proper	 trigger	 points,	 hence	 the	 last	 recorded	 values	 in	 the	

	ITLP	vs	VTLP	were	taken	as	trigger	values.	On	the	contrary,	the	ACneg15Vbias	curves	show	a	trigger	

point	followed	by	a	short	snapback	region.	No	short	circuits	were	observed	because	of	the	TLP	tests.	

	

	

Figure	3-80:	the	TLP	graphs	of	the	ACpos15Vbias	and	ACneg15Vbias	tests	obtained	from	F8BT	OLEDs.	
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The	RTLP	is	lower	than	100	Ω	in	all	the	cases,	except	for	the	ACneg	in	which	values	as	high	as	316	Ω	

are	 reached.	Reasonably,	 the	 tests	 in	which	positive	pulses	are	deployed	 the	 resistance	appears	

slightly	lower	than	the	respective	negative	counterpart.	However,	such	differences	result	subtle	in	

comparison	to	other	polymer	so	far	discussed	(P3HT,	PBTTT)	due	to	F8BT	having	comparable	value	

of	charge	mobility	for	both	holes	and	electrons.	

DC	tests	were	carried	out	after	each	TLP	test	having	the	Vac	spanning	from	0	to	15	V	(Figure	3-81).	

The	outcomes	of	these	tests	are	similar	regardless	of	the	Vac	or	polarity	used,	i.e.	the	current	the	

device	allows	to	pass	is	much	higher	than	the	one	allowed	to	flow	before	the	TLP	test,	underlining	

that	the	TLP	tests	favour	the	formation	of	 low-resistance	paths	that	discourage	the	formation	of	

excitons	within	the	device.	In	fact,	the	stress	the	devices	undergo	during	the	TLP	stress	creates	path	

of	low	impedance	between	the	electrodes	due	to	migration	of	Ca	particles	from	the	cathode	and/or	

PEDOT:PSS	from	the	anode	into	the	active	layer,	favoured	by	both	the	high	temperature	and	the	

pulsed	electric	field.	In	the	ACpos	and	the	ACneg	tests,	the	increase	of	the	DC	current	is	less	marked,	

and	devices	maintain	a	semiconductor-like	behaviour,	instead	in	the	other	cases	the	behaviour	is	

more	metallic-like,	meaning	the	applied	bias	further	stimulates	the	arise	of	low-resistive	paths	so	

reducing	the	likelihood	for	injected	charges	to	successfully	recombine,	and	therefore	making	the	

active	layer	more	and	more	metallic	by	lowering	both	γ	and	ηPL	(Equation	1.8).	

	

Figure	3-81:	The	DC	curves	measured	after	every	TLP	tests	carried	out	on	F8BT	OLEDs.	
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 Discussion	of	the	results	of	F8BT	after	TLP	tests	

The	ACpos	test	is	the	least	damaging	for	F8BT	OLEDs,	which	kept	acceptable	features	afterwards.	

The	reason	lies	in	the	efficiency	of	F8BT	to	discharge	the	pulsed	current	limiting	the	overheating	of	

the	device,	and	thus	avoiding	a	molecular	order	alteration	of	the	active	layer.	However,	the	TLP	tests	

cause	an	 increase	of	 localised	 states	within	 the	polymer,	because	of	 charges	 remaining	 trapped	

within	the	polymer,	which	are	responsible	for	the	red-shift	observed	in	the	EL	spectra	(Figure	3-75)	

and	for	the	increase	of	the	current	density[177],	[178].	The	HOMO-LUMO	gap	results	lowered	upon	

an	induced	increasing	of	 localised	states,	therefore	TLP	tests	act	as	electric	doping	to	F8BT[179].	

Looking	at	equation	1.8,	I	expect	the	reduction	of	the	EQE	(Table	21)	mostly	due	to	γ	and	ηPL	factors,	

since	F8BT	molecular	alterations	also	change	the	PL	efficiency,	and	thus,	the	number	of	excitons	

forming	 within	 the	 device.	 In	 fact,	 low-resistive	 localised	 domains	 arise	 within	 the	 polymer,	

reasonably	due	to	the	increase	of	trapped	charges	because	of	the	diffusion	within	the	polymer	of	

Ca	and	PEDOT:PSS	molecules	 from	electrodes,	 favoured	upon	formation	of	small	cracks	 into	the	

active	 layer	 heated	 up	 by	 the	 pulsed	 energy.	 Such	 low-resistive	 paths	 reduce	 the	 likelihood	 for	

injected	charges	to	successfully	recombine,	and	therefore	make	the	active	 layer	more	and	more	

metallic	by	lowering	both	γ	and	ηPL.	This	interpretation	and	the	presence	of	such	phenomena	are	

corroborated	 by	 Figure	 3-81	 that	 shows	 how	 devices	 are	 changing	 their	 behaviour	 from	

semiconducting	 to	metallic	 after	 the	 TLP	 tests,	 especially	 in	 tests	 involving	 a	Vac	 bias.	However,	

further	 tests	 such	 as	 PL	 efficiency,	 time-correlated	 single-photon	 counting	 (TCSPC),	 and	 x-ray	

photoelectron	spectroscopy	(XPS),	not	carried	out	within	the	activities	reported	in	this	thesis,	are	

required	to	shed	light	on	this	aspect.		

With	no	applied	bias	between	the	anode	and	the	cathode,	as	in	ACpos	and	ACneg	tests,	charges	are	

evenly	spread	throughout	the	polymer	along	the	direction	between	the	two	electrodes.	Upon	an	

applied	pulse,	the	pulsed	electric	field	moves	the	charge	carriers	according	the	pulse	polarity.	F8BT,	

featuring	both	a	good	electron	and	hole	mobility,	causes	the	ITLP	vs	VTLP	graphs	to	appear	reasonably	

linear	regardless	of	the	polarity	used	for	the	ACpos	and	ACneg	TLP	test.	However,	the	lower	electron	

mobility	 featured	 by	 this	 material	 causes	 the	 negative	 pulses	 to	 result	 more	 damaging,	 as	

corroborated	by	 the	 lower	values	of	 trigger	energy	and	by	 the	higher	values	of	RTLP	observed	 in	

correspondence	 of	 ACneg	 tests	 (Table	 21),	 with	 respect	 to	 the	 positive	 counterpart,	 and	 thus,	

confirming	that	a	higher	degree	of	energy	dissipation	and	heating	unfolds	in	the	ACneg	tests.		

When	the	devices	are	biased	with	a	positive	Vac	bias	and	interested	by	positive	pulses,	the	pulsed	

charges	are	partially	 involved	in	the	recombination	process,	therefore	releasing	their	energy	and	
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contributing	in	the	total	emission	of	light	from	the	OLEDs.	Thence,	pulsed	charges	only	partially	are	

dissipated	via	heat,	so	triggering	polymer	chains	reconfiguration	and	small	cracks	formation.	With	

the	applied	Vac	bias	increasing,	the	number	of	pulsed	charges	involved	into	recombination	and	light	

emission	increases,	therefore	the	mean	trigger	energy	results	58%	higher	in	the	ACpos15Vbias	in	

comparison	 with	 the	 one	 observed	 in	 ACpos8Vbias	 tests.	 Upon	 applied	 negative	 pulses	 over	

positively	biased	devices,	the	pulsed	charges	generate	a	field	that	is	opposite	to	the	one	moving	the	

charges	within	the	polymer,	hence	the	recombination	process	is	perturbed.	The	pulsed	charges	are	

mostly	remaining	confined	close	to	the	electrodes	of	the	devices,	therefore	cannot	be	efficiently	

dissipated	and	the	polymer	is	heated	up.	The	response	to	the	negative	pulses	is	similar	for	both	Vac	

bias	values	used.		

Interestingly,	F8BT	OLEDs	feature	low	values	of	RTLP	in	all	tests,	remaining	always	lower	than	316	Ω	

and	 lower	 than	 50	Ω	 in	 4	 out	 of	 6	 carried	 out	 tests.	 Therefore,	 these	 devices	 could	 act	 as	 ESD	

protection	 as	well.	 In	 case	 ESD	protections	 need	 to	 be	 designed	 for	 these	 devices,	 ETR	must	 be	

maintained	 as	 low	 as	 5.6	 µJ,	 whereas	 the	 ITLP	 and	 the	 VTLP	 cannot	 overcome	 1	 A	 and	 50	 V,	

respectively.	Nevertheless,	these	values	are	very	high	and	point	out	an	excellent	robustness	to	ESD	

stress	featured	by	F8BT	OLEDs.				

 Conclusions	

I	tested	F8BT	OLEDs	in	three	different	operating	conditions,	i.e.	when	no	bias	is	applied	between	

the	 anode	 and	 the	 cathode	 and	 when	 the	 OLEDs	 are	 on	 according	 a	 bias	 of	 8	 V	 and	 of	 15	 V.	

Interestingly,	no	trigger	points	at	all	were	observed	in	the	case	of	positive	pulses	applied	over	no-

biased	 devices,	 which	 could	 be	 switched	 on	 after	 the	 TLP	 tests.	 However,	 we	 found	 TLP	 tests	

increasing	the	Von	of	almost	0.5	V	and	altering	the	JV	curves	of	these	OLEDs,	i.e.	increasing	the	overall	

current	flowing	through	the	devices,	reasonably	due	to	the	formation	of	low-resistive	path	induced	

by	diffusion	of	Ca	and	PEDOT:PSS	molecules	within	the	active	layer,	upon	formation	of	small	cracks	

within	the	bulk	of	the	latter.	So	diffused	molecules	generate	trapped	charges	that	lower	the	HOMO-

LUMO	gap	of	devices	causing	the	red-shift	of	the	EL	curves	as	well.	One	of	the	pixel	biased	with	15	V	

between	anode	and	cathode	and	tested	with	positive	pulses	could	also	be	switched	on	after	the	

test.	 However,	 its	 photoelectric	 features	 resulted	 particularly	 worsened,	 as	 its	 Von	 that	 from	 a	

pristine	value	of	3.6	V	eventually	resulted	as	high	as	7.23	V.	All	the	other	tests	caused	the	failure	of	

the	devices,	which	turned	over	a	resistive	behaviour	afterwards.	Therefore,	TLP	tests	enhance	the	

conductivity	 of	 the	 active	 layer	 of	 devices	 forcing	 them	 to	 lose	 a	 junction-behaviour	 and	 such	
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procedure	is	more	remarkable	in	devices	biased	and	tested	with	negative	pulses.	Nonetheless,	the	

TLP	parameters	 found	 for	F8BT	OLEDs	reveal	an	excellent	 robustness	 to	ESD	events	 featured	by	

these	devices	These,	due	to	low	value	of	RTLP,	can	also	be	used	as	ESD	protections.	

3.4 	Chapter	Conclusions		

In	this	chapter,	I	characterised	the	response	to	TLP	stress	of	three	different	organic	devices,	namely	

OPVs,	OLEDs	and	OFETs.		

I	tested	P3HT:PCBM	OPVs	according	positive	and	negative	pulses.	OPVs	tested	by	means	of	positive	

pulses	withstand	currents	higher	than	3	A,	dissipating	an	incoming	power	higher	than	800	W	without	

incurring	 into	 permanent	 damages.	 Furthermore,	 the	 photovoltaic	 parameters	 of	 such	 devices	

result	improved	with	a	final	η	increased	of	roughly	14%	respect	to	the	pristine	ones.	On	the	other	

hand,	the	same	devices	resulted	much	weaker	in	the	case	of	negative	applied	pulses.	Interestingly,	

OPVs	 can	 act	 as	 ESD	 protections,	 seen	 the	 values	 of	 RTLP	 spanning	 between	 10	 Ω	 and	 214	 Ω.	

Otherwise,	OPVs	protections	must	avoid	incoming	ESD	to	overcome	a	pulsed	energy	of	0.32	µJ,	an	

ITLP	of	0.13	A	and	a	VTLP	of	29	V.			

I	 characterised	 the	 response	 to	 TLP	 tests	 of	 P3HT	 and	 PBTTT	OFETs	 according	 six	 different	 TLP	

conditions	obtained	by	combining	three	different	applied	bias	to	the	gate	of	such	devices,	namely	

0	V,	10	V	and	-20	V,	and	by	applying	both	positive	and	negative	drain-source	pulses	per	each	of	

these	gate	biases.	Furthermore,	I	characterised	the	response	to	TLP	pulses	of	both	polarities	applied	

between	the	drain	and	 the	gate	of	 the	OFETs	 leaving	 the	source	unconnected.	The	electrostatic	

discharges	 are	 particularly	 destructive	whenever	 these	 involve	 the	 silicon	 oxide	 of	 the	 devices,	

pointing	 out	 the	 necessity	 to	 adopt	 ESD	 protections.	 Tests	 involving	 the	 drain	 and	 the	 source	

resulted	particularly	damaging	for	the	interdigitated	patterns	and	the	metal	contacts,	regardless	of	

the	applied	gate	bias.	A	snapback	region	in	the	ITLP-VTLP	curves	of	both	P3HT	and	PBTTT	OFETs	were	

observed.	The	negative	applied	pulses,	 regardless	of	 the	applied	bias	on	the	gate,	do	not	 fatally	

compromise	the	functionality	of	the	devices.	However,	the	mobility,	the	threshold	and	the	on/off	

ratio	of	these	devices	result	particularly	affected	and	worsened.	These	alterations	are	due	to	the	

synergistic	effect	of	an	 increased	level	of	charge	traps,	hence	affecting	the	substrates,	and	of	an	

induced	reduction	of	the	molecular	order	and	stability	of	the	semiconducting	polymer.	However,	

Raman	spectra	collected	from	all	the	TLP	tested	OFETs	show	a	higher	resiliency	of	PBTTT	OFETs	with	

respect	to	the	TLP	stress	thanks	to	its	significantly	more	crystalline	structure.	Both	P3HT	and	PBTTT	

OFETs	 feature	 RTLP	 values	 close	 or	 higher	 than	 1	 kΩ,	 too	 high	 to	 suggest	 these	 devices	 as	 ESD	
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protections.	On	the	contrary,	ESD	protections	need	to	be	designed	for	these	devices,	following	these	

criteria	for	the	drain	and	source:	maximum	ETLP	of	0.65	µJ;	maximum	ITLP	of	0.037	A;	maximum	VTLP	

of	102	V.	Protections	are	also	required	between	the	gate	and	the	drain/source,	namely:	maximum	

ETLP	of	3.4	µJ;	maximum	ITLP	of	0.2	A;	maximum	VTLP	of	168	V.		

I	tested	F8BT	OLEDs	in	three	different	operating	conditions,	i.e.	when	no	bias	is	applied	between	

the	anode	and	the	cathode	and	when	the	OLEDs	are	switched	on	according	a	Vac	bias	of	8	V	and	of	

15	V.	F8BT	OLEDs	tested	with	positive	pulses	and	with	no	applied	bias	maintained	their	functionality.	

However,	I	found	TLP	tests	increasing	the	Von	of	almost	0.5	V	and	altering	the	JV	curves	of	these	

OLEDs.	Furthermore,	the	red-shift	of	the	EL	curves	takes	place.	One	of	the	pixel	biased	with	15	V	

between	anode	and	cathode,	and	tested	with	positive	pulses,	could	be	switched	on	after	the	test.	

However,	its	photoelectric	features	resulted	particularly	worsened.	All	the	other	tests	caused	the	

failure	 of	 the	 devices,	which	 turned	 over	 a	 resistive	 behaviour	 afterwards.	 Therefore,	 TLP	 tests	

enhance	the	conductivity	of	the	active	layer	of	devices	forcing	them	to	lose	a	junction-behaviour.	

Such	procedure	is	more	evident	in	devices	biased	and	tested	with	negative	pulses.	Nonetheless,	the	

TLP	parameters	found	for	F8BT	OLEDs	reveal	an	excellent	robustness	to	ESD	events	of	these	devices	

that,	due	to	low	value	of	RTLP,	can	also	be	used	as	ESD	protections.	
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4. Neutron	Aging	of	OPVs	and	OFETs	

The	mechanical	(strength-to-weight	ratio,	lightweight,	flexibility)	and	electrical	properties	organic	

semiconductors	 are	 known	 for[5],	 [180],	 combined	 with	 cheap	 and	 large-area	 manufacturing	

possibilities,	 have	 turned	 such	 materials	 compelling	 for	 spacecraft	 and	 aircraft	 applications.	

Polymers	have	been	extensively	employed	in	avionics	as	passive	structural	components[181],	[182].	

For	instance,	the	necessity	to	exploit	flexible	materials	for	satellites	was	firstly	explored	in	1967	by	

Crabb	et	al.	by	using	thinned	Si	wafers[183].	However,	 in	such	scenarios,	 the	robustness	against	

exposure	to	neutrons	irradiation	is	one	of	the	determining	criteria	for	the	choice	of	the	materials	

eventually	used	to	build	spaceships,	aeroplanes	or	even	mini-satellites	or	weather-balloons[184],	

[185].	it	is	estimated	that	equipment	on	the	International	Space	Station	(ISS)	receive	an	annual	dose	

of	~2.8x1011	neutrons/cm2	(secondary	neutrons	generated	by	the	interaction	of	cosmic	rays	with	

the	Station	vs.	3.85x105	neutrons/cm2	at	ground	level),	with	energies	from	10-1	to	1011	eV[43],	[139].	

In	such	context,	also	ESD	phenomena	can	take	place	affecting	the	equipment	used	in	spaceships	

and	aeroplanes[186].	In	fact,	ESD	charging	and	discharging	phenomena	may	lead	to	interferences	

with	communication	and	navigation	systems.	Furthermore,	ESD	also	generates	electric	 field	and	

voltages	transients	that	could	result	fatal	to	electronic	components	and	systems.	ESD	protections	

are	normally	used	to	prevent	such	occurrences.	However,	neutrons	 irradiation	affects	equally	all	

circuits	and	components	on	board,	including	ESD	protections.	Therefore,	the	characterisation	of	the	

response	 to	 both	 ESD	 and	neutrons	 irradiation	of	 electronic	 circuits	 and	materials	 used	 in	 such	

environments	 becomes	 very	 important.	 Interestingly,	 few	 studied	 so	 far	 have	 been	 published	

regarding	conjugated	polymer-based	devices	exposed	to	neutrons	irradiation	and	all	of	them	were	

obtained	within	the	joint	research	carried	out	by	Dr.	Paternò,	Dr.	Garcia-Sakai	and	Prof.	Cacialli[10],	

[22],	 [43],	 [119].	 In	 fact,	Paternò	et	al.	 reported	 for	 the	 first	 time	about	 the	effects	of	neutrons	

irradiation	on	P3HT	and	PBTTT	OFETs[10].	In	such	work,	the	degradation	of	electrical	parameters	of	

these	devices	were	investigated	and	reported,	along	with	X-rays	and	Raman	analysis.	No	studies	at	

all,	at	the	best	of	my	knowledge,	were	reported	about	the	combination	of	both	ESD	and	neutrons	

irradiation	on	semiconducting	polymer-based	devices.			

In	the	first	section	of	this	chapter,	I	report	on	the	results	I	obtained	by	carrying	out	DSpos	TLP	tests	

(see	3.2.2.3.1)	over	P3HT	OFETs	that	were	previously	exposed	to	three	different	neutron	doses,	or	

neutron	hardening	periods,	namely	4	hrs,	12	hrs	and	24	hrs.	TLP	parameters	are	reported	along	with	
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Raman	Spectra	collected	from	samples	exposed	to	neutrons	irradiation	and	the	samples	exposed	to	

neutrons	irradiation	and	TLP	stress.	In	the	second	section,	I	report	about	the	results	I	obtained	by	

monitoring	the	photovoltaic	features	degradation	of	P3HT:PCBM	BHJ	solar	cells	neutron	irradiated	

in	operando	conditions.	The	devices	discussed	in	these	two	chapter-portions	were	fabricated	and	

characterised	according	the	procedure	described	in	sections	2.2	and	2.3,	whereas	the	TLP	tests	were	

performed	as	described	in	section	2.5.	Raman	spectra	of	P3HT	OFETs	were	obtained	by	following	

the	methodology	described	in	section	2.6.2.	The	neutrons	irradiation	exposure	of	both	P3HT	OFETs	

and	P3HT:PCBM	OPVs	were	obtained	 in	 the	VESUVIO	beamline	within	 the	RAL	 laboratories.	The	

neutrons	energy	spectrum	featured	by	this	beamline	is	described	in	section	2.7.	

At	the	best	of	my	knowledge,	the	work	regarding	the	combined	effects	of	TLP	stress	and	neutrons	

irradiation	 on	 P3HT	 OFETs	 is	 the	 first	 one	 reported.	 Analogously,	 the	 in-operando	 neutrons	

hardening	tests	of	OPVs	here	described	are	the	first	one	of	this	kind	reported.	

4.1 ESD	effects	over	P3HT	neutron	aged	OFETs	

I	carried	out	DSpos	TLP	tests	over	P3HT	OFETs	that	were	previously	neutrons	hardened	according	

three	different	aging	periods,	namely	4	hrs	(T1),	12	hrs	(T2),	and	24	hrs	(T3).	In	the	first	part	of	this	

section	I	report	on	the	IV	curves	of	P3HT	OFETs	prior	the	TLP	treatment,	whereas	in	the	second	part	

I	report	on	the	TLP	parameters	I	obtained	from	these	devices.	In	the	third	portion,	I	report	on	Raman	

analysis	I	carried	out	on	neutrons	aged	P3HT	OFETs	before	and	after	the	TLP	treatment.	The	results	

reported	for	each	of	the	three	cases	treated	(DSpos	on	P3HT	OFETs	neutrons	aged	according	T1,	T2,	

T3)	were	obtained	out	of	three	devices	tested	under	the	same	conditions.		

According	 the	 energy	 spectrum	 of	 neutrons	 generated	within	 the	 VESUVIO	 beamline	 (2.7),	 the	

quantity	of	neutrons	characterised	by	an	energy	of	10	MeV	 irradiating	a	 sample	 in	6	minutes	 is	

equivalent	to	the	same	number	of	neutrons	with	same	energy	irradiating	on	equipment	on	ISS	in	

1	year.	Therefore,	a	T1	dose	is	equivalent	to	an	exposure	of	40	years	over	ISS,	whereas	T2	and	T3	

are	equivalent	to	120	years	and	240	years,	respectively.			

 OFET	parameters	

I	 characterised	 neutrons	 hardened	 P3HT	 OFETs	 and	 obtained	 the	 IV	 curves	 and	 the	 electrical	

parameters	of	these	before	carrying	on	the	DSpos	test	thereof.	The	neutrons	aging	process	greatly	

reduces	the	performances	of	these	devices,	especially	in	those	aged	according	T2	and	T3	doses.	The	

IV	curves	of	the	devices	after	each	of	the	dose	they	were	exposed,	measured	in	correspondence	of	
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VGS=-80	V	and	VDS	spanning	from	0	V	to	-80	V	as	regards	the	output	characteristics,	and	for	VDS=-

80	V	and	VGS	spanning	between	10	V	and	-80	V	as	regards	the	transfer	characteristics,	are	reported	

in	Figure	4-1.	The	charge	mobility,	the	threshold	voltage	and	the	on/off	ratio	of	these	devices	are	

reported	in	Table	23.	From	both	the	curves	and	the	parameters	reported,	we	can	understand	that	

pristine	devices	undergone	T1	are	interested	by	a	great	loss	of	their	figures,	in	particular	the	on/off	

is	reduced	of	more	than	times,	the	mobility	suffers	of	a	tenfold	reduction,	whereas	the	VTH	mean	

value	is	moved	towards	the	0	of	almost	6	V.	Passing	from	T1	to	T2,	the	figures	are	further	reduced,	

in	 particular	 the	 mobility	 mean	 value	 is	 reduced	 of	 a	 another	 80%,	 the	 curves	 shape	 are	

characterised	by	lower	values	of	current,	the	VTH	mean	value	closes	to	the	0	of	another	4	V	and	the	

on/off	 is	 reduced	of	a	 further	18	%.	From	T2	to	T3	the	figures	suffer	another	remarkable	values	

displacement,	only	the	mobility	is	practically	remaining	the	same.	In	fact,	the	VTH	was	found	moved	

ahead	of	another	5	V,	reaching	a	value	of	-2.1	V,	whereas	the	on/off	is	equal	to	21.7	now,	an	order	

of	magnitude	lower	than	the	one	found	for	T2.	Importantly,	the	values	were	measured	out	of	only	

one	of	the	three	samples	that	were	treated	according	T3,	inasmuch	the	other	two	failed	in	showing	

any	transistor	behaviour.	The	curves	in	Figure	4-1	show	a	further	reduction	of	currents.		

	

Table	23:	The	electrical	parameters	obtained	out	of	the	P3HT	OFETs	neutrons	hardened	according	three	
different	aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	OFETs	aged	according	T3	resulted	

particularly	damaged	and	parameters	were	inferred	only	from	one	sample.	

DUT	
Mobility		

(x10-3	cm2/Vs)	
VTH	(V)	 On/Off	(x104)	

Pristine	 6.9±0.01	 -17.4±5.2	 0.9±0.16	

T1	 0.72±0.01	 -11.8±2.3	 0.022±0.003	

T2	 0.124±0.01	 -7.2±1.3	 0.018±0.002	

T3	 0.11	 -2.1	 0.0021	
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Figure	4-1:	The	transfer	characteristics	measured	for	an	applied	VDS	of	–80V	(a)	and	the	output	characteristics	
measured	for	an	applied	VGS	of	-80V	(b)	of	10	µm	channel-length	neutron-hardened	P3HT	OFETs	according	three	

different	aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	
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 TLP	results	

The	failure	criterion	chosen	is	the	same	used	for	the	DSpos	test	carried	out	on	P3HT	OFETs	analysed	

in	section	3.2.2,	namely	IFAIL	=	0.5	mA.	The	ILEAK	was	measured	in	correspondence	of	an	applied	VDS	

of	-20	V	and	an	applied	VGS	of	-40	V.	DSpos	test	exploits	positive	pulses	between	the	drain	and	the	

source	 of	 the	 device,	while	 the	 gate	 contact	 is	 grounded.	 Failure	 occurred	 in	 all	 devices	 tested	

according	the	DSpos	test.	In	Table	24	are	reported	the	TLP	parameters	obtained	out	of	each	DSpos-

tested	devices.	T1	treated	devices,	as	shown	in	Figure	4-2,	are	characterised	by	a	snapback	region	

and	the	TLP	parameters	obtained	can	be	compared	to	those	obtained	out	of	P3HT	OFETs	that	were	

not	previously	neutron	aged,	as	described	in	3.2.2.3.1.	However,	OFETs	treated	according	T2	and	T3	

do	not	feature	a	snapback	region	(Figure	4-3),	therefore	I	assumed	as	trigger	point	for	these	devices	

the	first	reduction	in	the	ITLP	vs	VTLP	curve	equal	or	higher	than	-20%.		

	

Table	24:	The	TLP	parameters	obtained	out	of	P3HT	OFETs	tested	according	the	DSpos	mode	that	were	
previously	neutrons	hardened	according	three	different	aging	periods,	i.e.	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	

(T3).		

Dose	
C.	L.	

(µm)	
ITR	(mA)	 VTR	(V)	 PTR	(W)	 ETR	(µJ)	 RTLP	(kΩ)	

T1	

20	µm	 254.4±16	 368±4	 93.8±7.2	 8.05±0.62	 5±1.4	

10	µm	 71.6±43	 363±5	 26±16.4	 2.2±0.14	 4.5±0.4	

5	µm	 70.2±37	 317±5	 22.3±1.5	 1.9±0.13	 4.7±0.2	

T2	

20	µm	 5.67±1	 68.9±18	 0.4±0.2	 0.033±0.02	 10.3±2	

10	µm	 5.1±3	 108.2±21	 0.55±0.5	 0.047±0.04	 21.6±2.2	

5	µm	 6.5±2	 103.4±17	 0.67±0.4	 0.058±0.03	 15.7±2.4	

T3	

20	µm	 3.1±1	 76.4±15	 0.24±0.2	 0.023±0.01	 21±3.1	

10	µm	 5.4±2	 77.3±13	 0.42±0.2	 0.036±0.02	 14.5±4.2	

5	µm	 5.1±2	 107.4±13	 0.54±0.2	 0.046±0.02	 21.3±5	
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TLP	parameters	reveal	how	T2	and	T3	dramatically	reduce	P3HT	OFETs	robustness	to	TLP	stress.	In	

fact,	 the	minimum	ETR	value	 found	for	T1	treated	OFETs	 is	3.1	µJ,	whereas	 in	T2	and	T3	treated	

devices	 such	parameter	plummets	 to	0.13	µJ	 and	0.11	µJ,	 respectively.	Also,	 RTLP	 is	 importantly	

different	between	T1	and	T2-T3	treated	P3HT	OFETs,	as	in	the	first	case	its	value	ranges	between	

1.1	kΩ	and	4.4	kΩ,	whilst	in	the	second	and	the	third	cases	the	range	is	between	8	kΩ	and	26	kΩ.	

Such	high	values	of	resistance	induce	the	pulses	to	discharge	their	energy	almost	entirely	via	heat.		

The	ILEAK	curves	of	T2	and	T3	treated	devices	do	not	show	any	linear	behaviour,	this	underlines	that	

since	the	first	applied	pulse	the	devices	start	suffering	permanent	damages,	despite	the	trigger	point	

displaying	usually	around	the	6th-7th	applied	pulse.	Furthermore,	ILEAK	remains	very	low	in	all	cases	

analysed,	 i.e.	 under	10	µA,	 therefore	P3HT	 is	 greatly	 altered	by	neutrons	 irradiation	T2	and	T3,	

resulting	very	restive	to	the	ILEAK	stimulation.	

	

	
Figure	4-2:	The	TLP	curves	of	a	10	µm	channel	length	P3HT	OFET	neutron	aged	according	a	period	of	4	hrs.	
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Figure	4-3:	The	TLP	curves	of	10	µm	channel	length	P3HT	OFETs	neutron	aged	according	a	period	of	12	hrs(a)	
and	24	hrs	(b).	No	snapback	region	is	present	and	the	ILEAK	has	a	random	behaviour.		
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 Raman	Investigations		

The	Raman	spectra	were	collected	from	each	of	the	tested	devices	and	compared	with	reference	

spectra	 taken	 from	 a	 pristine	 device.	 Spectra	 are	 normalised	 respect	 to	 the	 peak	 at	 1445	 cm-1,	

generated	 in	P3HT	spectra	by	the	stretching	of	the	 in	plane	double	bond	C=C	(Cα=Cβ	stretching).	

Representative	 spectra	 per	 each	 dose	 used,	 taken	 before	 and	 after	 the	DSpos	 treatment,	were	

chosen	and	reported	in	Figure	4-4.	Such	graph	is	then	split	in	two	other	graphs,	in	the	first	one	the	

portion	1250	to	1550	cm-1	of	the	original	spectra	is	analysed	(Figure	4-5a),	whilst	the	portion	600	to	

1300	cm-1	is	analysed	in	the	second	one	(Figure	4-5b).	The	mechanical	vibrations	of	the	molecular	

bonding	are	described	referring	to	the	α-	and	β-	positions	[166]	of	carbons	within	the	thiopene	rings	

composing	the	polymer,	as	done	in	section	3.2.2.4	(Figure	3-42).		

	

	

Figure	4-4:	The	normalised	Raman	spectra,	within	the	range	600-1700	cm-1,	of	P3HT	OFETs	that	have	undergone	
neutrons	aging	according	three	different	doses	(T1=4	hrs,	T2=12	hrs,	T3=24	hrs)	and	DSpos	TLP	stress	test.		
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Figure	4-5:	The	normalised	Raman	spectra,	within	the	range	600-1250	cm-1	(a),	and	1250-1700	cm-1	(b)	of	P3HT	
OFETs	that	have	undergone	neutrons	aging	according	three	different	doses	(T1=4	hrs,	T2=12	hrs,	T3=24	hrs)	

and	DSpos	TLP	stress	test.		
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The	portion	1250-1700	cm-1	is	characterised	by	the	symmetric	stretch	of	the	C=C	in-plane	ring	mode	

at	1445	cm-1	(Cα=Cβ	stretching),	by	the	C-C	intraring	stretch	mode	at	1381	cm-1	(Cβ-Cβ’	stretching)	

and	by	the	C=C	anti-symmetric	stretch	at	1515	cm-1	(Cα’=Cβ’	stretching)	[10],	[137],	[166].	This	region	

of	 the	 P3HT	 Raman	 spectrum	 is	 sensitive	 to	 π-electron	 delocalisation	 and	 structural	 order	

degradation.	In	Figure	4-4a,	these	three	peaks	are	clearly	depicted.	The	portion	600-1300	cm-1	is	

characterised	by	a	C-C	inter-ring	stretch	mode	(Cα-Cα’	stretching)	at	1208	cm-1,	by	a	C-H	bending	(Cβ-

H	 bending)	 at	 1090	 cm-1	 and	 at	 1182	 cm-1,	 by	 a	 C-Calkyl	 stretch	 mode	 (Cβ’-Calkyl	 stretching)	 at		

997	 cm-1,	 a	 C-S-C	 (Cα-S-Cα’)	 deformation	mode	 at	 724	 cm-1and	 at	 683	 cm-1.	 These	peaks	 can	be	

appreciated	in	Figure	4-5b.		

Analysing	the	portion	1250-1700	cm-1	first,	a	remarkable	broadening	of	1445	cm1	peak	is	reported	

in	 all	 the	 spectra	 represented.	 The	portion	of	 the	 spectra	 between	 the	peaks	 at	 1445	 cm-1	 and	

1381	cm-1	is	characterised	by	a	low-energy	wing	of	the	C=C	symmetric	stretching	localised	at	the	

1430	 cm-1.	 This	 phenomenon	 is	 reported	 in	 literature	 as	 consequent	 to	 the	 transition	 from	 an	

ordered	to	a	disordered	molecular	organisation,	usually	due	to	the	oxidation	of	the	P3HT	chains,	

and	 resulting	 in	 a	 quinoid	 form	 of	 the	 P3HT[10],	 [137].	 Oxidation	 can	 affect	 these	 devices	

independently	of	neutrons	 irradiation.	However,	Raman	 spectra	 collected	 from	pristine	devices,	

built	during	the	same	fabrication	session	of	 the	tested-ones,	stored	the	same	 interval	of	 time	 in	

analogous	conditions	of	the	tested-ones	and	analysed	at	the	Raman	spectroscope	within	the	same	

session	 of	 the	 others,	 do	 not	 show	 such	 low-energy	 wing,	 therefore	 I	 assume	 that	 neutrons	

irradiation	forced	polymer	chains	to	a	quinoid	form,	worsening	their	molecular	organisation.	Such	

oxidation	of	the	polymer	happens	regardless	of	the	TLP	tests.	The	1381	cm-1	spectra	appear	broader	

and	enhanced	in	comparison	with	the	spectrum	of	the	pristine	sample.	Such	variation	is	expectably	

due	to	a	general	 increase	of	 the	disorder	of	P3HT	polymer	chains	 induced	by	a	reduction	of	 the	

conjugation	length	of	the	poly(thiophene)	films,	a	factor	also	causing	the	broadening	observed	in	

the	other	peaks	of	this	portion	of	the	spectra.	The	1515	cm-1	peaks	strong	enhancement	is	most	

probably	due	to	the	formation	of	no-coplanar	segments	of	the	chains	inducing	a	torsional	disorder	

to	 polymer	 chains.	 The	 formation	 of	 these	 no-coplanar	 segments	 is	 also	 responsible	 for	 the	

enhancement	 that	can	be	observed	 in	 the	1210	cm-1	and	728	cm-1	peaks.	Looking	at	 rest	of	 the	

portion	600-1250	cm-1,	the	peaks	at	683	cm-1	appear	enhanced	because	of	the	C-S-C	deformation,	

also	responsible	for	the	enhancement	of	the	728	cm-1	peaks.	The	induced	torsional	stress	on	P3HT	

chains	justifies	the	enhancement	observed	in	the	997	cm-1	peaks,	due	to	the	stretch	of	the	C-Calkyl.	

Such	 peaks	 are	 particularly	 broader	 for	 samples	 DSpos	 stressed	 that	 were	 previously	 treated	
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according	 T3	 dose,	 therefore	 pointing	 out	 a	 strong	 C-S-C	 deformation	 in	 such	 samples.	 The	

enhancement	of	the	peaks	at	1182	cm-1	and	at	870	cm-1	are	both	connected	to	a	weakening	of	P3HT	

stability,	 consequently	 to	 a	 strong	 alteration	 of	 the	 polymer	 order,	 also	 meaning	 a	 de-doping	

process	taking	place	within	the	polymer	and	formation	of	dication	species.	These	two	peaks	are	

markedly	broader	and	greater	in	the	DSpos	stressed	OFETs	previously	treated	according	the	T3	dose.	

Except	for	the	peak	at	997	cm-1,	differences	between	spectra	taken	from	devices	treated	according	

the	same	neutrons	irradiation	dose	and	the	spectra	taken	from	the	same	devices	after	the	DSpos	

TLP	treatment	are	negligible.	Interestingly,	the	spectra	show	a	trend	that	locates	T3	treated	OFETs	

spectra	as	the	most	broadened	and	enlarged,	followed	by	the	spectra	collected	from	the	T2	and	T1	

treated	devices.			

 Discussion		

The	 degradation	 of	 the	 electric	 parameters	 with	 respect	 to	 the	 sole	 neutrons	 irradiation	 can	

reasonably	be	ascribed	to	the	formation	of	neutron-induced	defective	species	in	the	channel[187].	

Paternò	et	al.	[10]	observed	that	these	defective	species	can	be	removed	by	annealing	the	samples.	

The	formation	of	no-coplanar	segments,	and	hence	of	polaronic	species,	as	a	matter	of	facts,	is	a	

doping	process	to	the	P3HT.	However,	 the	reduction	of	the	mobility	and	of	other	OFETs	figures,	

more	 and	more	 evident	 with	 the	 increase	 of	 neutrons	 irradiation	 dose,	 shows	 that	 the	 overall	

degradation	that	polymer	chains	suffer	because	of	neutrons	overcomes	by	far	the	benefits	due	to	

the	formation	of	localised	states	because	of	induced	defects.	Furthermore,	as	seen	in	the	Raman	

spectra,	 P3HT	 molecular	 stability	 is	 dramatically	 decreased	 and	 de-doping	 and	 consequent	

formation	 of	 dication	 species	 take	 place,	 rendering	 neutron-induced	 doping	 de	 facto	

irrelevant[188].	 Neutron-induced	 damages	 mostly	 consist	 in	 ionisation	 by	 nuclear	

reactions/collisions	or	 in	recoil,	resonances	or	cleavage	events.	 Ionisation	events	originates	from	

direct	 neutron-nucleus	 collisions	 and	 involve	 fast	 neutrons	 (>	 0.1	MeV).	 Recoil,	 resonances	 and	

cleavage	 stem	 from	 the	 interaction	 of	 epithermal	 neutrons	 with	 the	 sample	 nuclei.	 Cleavage	

phenomena	occur	upon	collisions	transferring	an	energy	large	enough	to	break	the	C-C	or	the	C-H	

bonds	(~4	eV).	Considering	the	higher	fluence	of	epithermal	neutrons	generated	within	VESUVIO	

beamline	(2×1015	neutrons	cm−2)	than	the	fluence	of	 fast	neutrons	(>	0.1	MeV)	(7.8	×	108	cm−2),	

recoil,	 resonances	 and	 cleavage	 are	 more	 likely	 to	 happen	 than	 ionisation.	 Interaction	 with	

epithermal	neutrons	can	take	place	via	either	scattering	or	absorption.	In	fact,	conjugated	polymers,	
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and	organic	matter	in	general,	are	significantly	rich	in	hydrogen	atoms,	therefore	neutron	scattering	

intensively	interests	such	materials[189].			

The	results	obtained	from	DSpos	tests	of	neutrons	hardened	OFETs	are	clearly	affected	by	the	dose	

of	neutrons	irradiation	they	were	exposed	to	before	the	DSpos	treatment.	A	great	displacement	of	

both	TLP	parameters	and	electrical	parameters	values	occurs	between	samples	treated	according	

T1	and	samples	treated	according	T2,	but	between	T2	and	T3	the	degradation	looks	like	reaching	a	

sort	 of	 plateau	 phase	 in	 which	 its	 progression	 is	 slowed	 down.	 TLP	 parameters	 obtained	 from	

devices	 neutrons	 aged	 according	 T1,	 are	 similar	 with	 those	 observed	 for	 P3HT	 OFETs	 tested	

according	the	DSpos	test	described	in	section	3.2.2.3.1.	However,	comparing	these	two	cases,	the	

degradation	of	P3HT	molecular	order	 shown	by	Raman	spectra	 causes	a	 lowering	of	 the	charge	

mobility,	and	thus,	a	lowering	of	the	ITLP	values	necessary	to	reach	the	trigger	point	as	well	as	an	

increase	of	RTLP	values.	Therefore,	a	slight	loss	of	the	TLP	figures	is	caused	by	the	neutrons	irradiation	

in	these	devices,	if	compared	with	P3HT	OFETs	uniquely	TLP	stressed.	The	presence	of	the	snapback	

underlines	that	parasitic	paths	arise	within	the	device	and	partially	release	the	pulsed	energy	after	

the	trigger	point.	Passing	from	T1	to	T2,	such	TLP	figures	are	dramatically	decreased,	underlining	

how	neutrons	irradiation	has	significantly	reduced	these	devices	resilience	to	TLP	stress.	Values	are	

similar	between	T2	and	T3.	Such	loss	is	mostly	due	to	the	heavy	distortions	P3HT	undergoes	after	

being	irradiated	according	T2	and	T3,	as	shown	in	Raman	spectra.	Notably,	the	RTLP	values	observed	

in	these	devices	are	the	highest	observed	so	far	in	P3HT	OFETs	treated	with	TLP	pulses,	reaching	

values	as	high	as	26	kΩ.	Such	increase	can	be	ascribed	to	the	lowering	of	the	charge	mobility	T2	and	

T3	cause	 in	P3HT.	The	heavy	reduction	of	 the	on/off	 ratio,	 reaching	a	 factor	of	10	 in	T3	treated	

devices	(around	104	in	pristine	devices),	is	mostly	due	to	the	lower	value	of	IDSMAX	reached	by	these	

devices,	rather	than	an	increase	of	the	subthreshold	current	that	was	found	ranging	between	0.5	µA	

and	0.1	µA	regardless	of	 the	neutrons	dose	devices	were	exposed	to.	Thus,	neutrons	 irradiation	

mostly	affects	the	P3HT	film	of	the	devices.		

 Conclusions		

I	exposed	P3HT	OFETs	to	three	different	doses	(aging	periods)	of	neutrons	irradiation,	namely	4	hrs	

(T1),	 12	 hrs	 (T2)	 and	 24	 hrs	 (T3),	 by	 taking	 advantage	 of	 VESUVIO	 beamline	 within	 the	 pulsed	

neutron	 source	 ISIS,	RAL	 labs	 in	 the	Oxfordshire.	 Such	doses,	 according	 the	energy	 spectrum	of	

neutrons	generated	in	the	VESUVIO	beamline,	are	equivalent	to	the	exposure	equipment	undergo	

on	 ISS	 for	40,	120	and	240	years,	 respectively.	 I	 subsequently	 treated	 these	devices	by	applying	
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positive	pulses	between	the	drain	and	the	source,	keeping	the	gate	grounded	(DSpos).	T1	dose	was	

found	to	decrease	electrical	parameters	of	transistors,	especially	the	mobility,	which	suffers	of	a	

tenfold	reduction.	Furthermore,	T1	dose	also	lowers	the	resiliency	to	TLP	stress	of	P3HT	OFETs.	Both	

TLP	parameters	and	electrical	parameters	were	found	to	dramatically	decrease	passing	from	T1	to	

T2,	whilst	only	a	small	further	reduction	takes	place	between	T2	and	T3.	An	explanation	stems	from	

Raman	spectra	that	show	how	P3HT	suffers	of	a	progressive	structural	order	reduction	with	the	

increase	of	 the	dose.	 In	 particular,	 a	 strong	C-S-C	 distortion	 is	 pointed	out	 in	 T3	 treated	doses.	

Furthermore,	given	 the	nature	of	 the	 fluence	generated	within	 the	VESUVIO	beamline,	which	 is	

mostly	characterised	by	epithermal	neutrons,	collisions,	resonances	and	cleavage	are	caused	by	the	

scattering	of	such	neutrons	with	highly	hydrogenated	active	layer	of	OFETs.		

Devices	 treated	according	T1	were	showing	an	acceptable	 level	of	 resiliency	 to	TLP	stress.	Their	

electrical	 features,	 as	 shown	 in	 other	 studies[10],	 can	 be	 recovered	 by	 means	 of	 a	 thermal	

annealing.	Therefore,	these	devices,	provided	of	ESD	protections	designed	as	specified	in	3.2.2.5,	

can	 be	 used	 for	 spacecraft	 and	 aerospace	 purposes	 for	 several	 years	 without	 dramatically	

compromising	their	functionality.			

4.2 The	aging	effect	on	P3HT:PCBM	solar	cells	

In	this	section,	we	report	on	the	result	we	obtained	by	monitoring	the	effects	of	neutrons	irradiation	

on	P3HT:PCBM	BHJ	solar	cells	neutrons	hardened	for	a	period	of	8	hrs.	Throughout	the	neutrons	

hardening	period,	 solar	 cells	were	exposed	 to	a	 lamp	 (tungsten	halogen	LS-1-CAL	Ocean	Optics)	

providing	a	 light	 intensity	of	0.8	Sun	(800	W/m2).	Every	15	minutes,	 JV	curves	and	photovoltaics	

parameters	of	 exposed	 cells	were	measured.	 In	 this	way,	 a	 continuous	monitoring	of	 neutrons-

induced	 degradation	 of	 OPVs	 in-operando	 conditions	 was	 obtained.	 Solar	 cells	 were	 fabricated	

according	the	procedure	described	in	2.2	and	characterised	as	described	in	2.2.1.	The	results	here	

reported	were	obtained	out	of	three	samples.	The	graphs	displayed	are	representative	of	all	devices.		

According	 the	 energy	 spectrum	 of	 neutrons	 generated	within	 the	 VESUVIO	 beamline	 (2.7),	 the	

quantity	of	neutrons	characterised	by	an	energy	of	10	MeV	 irradiating	a	 sample	 in	6	minutes	 is	

equivalent	to	the	same	number	of	neutrons	with	same	energy	irradiating	ISS	in	1	year.	Therefore,	

an	exposure	of	8	hrs	is	equivalent	to	an	exposure	of	80	years	on	ISS.		

At	the	best	of	my	knowledge,	no	works	are	reported	about	neutrons	hardening	of	organic	solar	cells	

in	operando	conditions.		
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 Neutron	aging	in	operando	conditions	

In	Table	25	are	reported	the	photovoltaics	parameters,	i.e.	the	short-circuit	current	density	(JSC),	the	

open-circuit	 voltage	 (Voc),	 the	 fill	 factor	 (FF)	 and	 the	power	 conversion	 efficiency	 (η),	measured	

before	and	after	exposure	to	neutrons	 irradiations	for	a	period	of	8	hrs.	 JV	curves	of	one	of	the	

sample	measured	before	and	after	 the	neutrons	 irradiation	are	reported	 in	Figure	4-6.	Both	the	

parameters	 reported	 in	 Table	 25	 and	 the	 curves	 reported	 in	 Figure	 4-6	were	measured	 at	UCL,	

therefore	by	using	an	impinging	light	of	1	Sun	(1000	W/m2).	On	the	contrary,	curves	displayed	in	

Figure	4-7	and	Figure	4-8	were	measured	during	the	neutrons	soaking	by	means	of	a	0.8	Sun	source	

light.			

	

Table	25:	Photovoltaics	parameters	of	P3HT:PCBM	OPVs	before	and	after	the	exposure	to	neutrons	irradiation	
for	8	hrs.	

	 Jsc	(mA/cm2)	 Voc	(V)	 FF	 η	(%)	

Sample	1-pre	n.h.	 8.4	 0.57	 0.49	 2.37	

Sample	1-post	n.h.	 7.87	 0.54	 0.44	 1.86	

Sample	2-pre	n.h.	 8.65	 0.59	 0.51	 2.57	

Sample	2-pre	n.h.	 8.11	 0.54	 0.45	 2.01	

Sample	3-pre	n.h.	 8.35	 0.58	 0.49	 2.51	

Sample	3-pre	n.h.	 7.5	 0.54	 0.44	 1.94	

Mean	variation	(%)		

pre-after	n.h.	
-6.67%	 -7.03%	 -10%	 -22.13%	
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Figure	4-6:	JV	curves	of	a	P3HT:PCBM	sample	before	and	after	8	hrs	of	neutron	hardening	(n.h.)	exposure.		

	

	

Figure	4-7:	JV	curves	of	neutrons	irradiated	P3HT:PCBM	OPVs	measured	during	the	neutrons	soaking	by	means	
of	a	0.8	Sun	light	source.	Curves	reported	in	the	graph	were	measured	after	each	hour	of	exposure.		
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Neutrons	irradiation	causes	a	reduction,	on	average,	by	6.67%,	by	7.03%,	by	10%	and	by	22.13%	of	

the	pristine	JSC,	Voc,	FF	and	η	respectively	(Table	25).	The	current	dark	is	increased	by	almost	two	

orders	of	magnitude	after	the	exposure	to	neutrons,	as	seen	in	the	inset	of	Figure	4-6.	Looking	at	

the	graphs	related	to	 the	 in-operando	conditions,	we	see	 from	Figure	4-7	 that	curves	measured	

from	the	same	sample	after	each	hour	of	exposure	are	progressively	reaching	lower	values	of	JSC	

and	Voc.	The	decrease	of	these	two	parameters	is	shown	in	Figure	4-8a,	and	consequently,	also	the	

FF	and	the	η	are	reduced,	as	shown	in	Figure	4-8b,	since	the	last	two	directly	depend	from	the	first	

two	according	the	equations	1.3	and	1.4.	However,	FF	and	η	also	depend	from	the	JPmax	and	the	

VPmax,	but	these	are	also	reduced	since	the	area	of	each	curve	measured	after	each	hour	of	exposure	

is	progressively	lowered.	Interestingly,	the	parameters	reduction	rate	is	not	linearly	dependent	with	

the	time	of	exposure.	The	largest	variation	takes	place	within	the	first	hour	of	exposure	as	JSC,	Voc,	

FF	and	η	suffer	of	a	reduction	by	1.6%,	2.6%,	1.76%	and	5.98%,	respectively.	In	the	second	hour,	the	

decrease	 rate	 slows	 down	 and	 only	 a	 further	 reduction	 by	 0.6%,	 1.3%,	 1.05%	 and	 2.8%	 affect	

respectively	the	JSC,	the	Voc,	the	FF	and	the	η.	As	hours	pass,	the	decrease	rate	is	progressively	lower.	

In	the	last	hour,	the	reduction	rate	interesting	the	JSC,	the	Voc,	the	FF	and	the	η	is	of	0.2%,	0.43%,	

0.34%	and	0.9%,	respectively.	Therefore,	irradiated	neutrons	progressively	exhaust	sample	nuclei	

response.		
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Figure	4-8:	the	progressive	loss	of	OPVs	figures	during	the	neutron	soaking.	Above	(a)	are	reported	the	short-
circuit	current	(Jsc)	and	the	open-circuit	voltage	(Voc),	whereas	below	(b)	are	reported	the	fill	factor	(FF)	and	the	

power	conversion	efficiency	(η).	These	values	were	measured	every	15	minutes	during	the	soaking	time.		
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 Discussion	

According	to	the	equivalent	circuit	model	for	a	solar	cell[79],	[80]	(Figure	1-12),	the	decrease	of	FF	

can	be	explained	as	consequent	to	an	increase	of	the	Rs,	therefore	the	resistive	paths	that	charges	

encounter	at	the	electrodes	are	 increased	by	the	neutrons	 irradiation.	 In	fact,	electrodes	can	be	

significantly	altered	because	of	fast	neutrons	(>0.1	MeV)	causing	cleavage	or	recoil.	The	decrease	

of	 the	 Voc	 is	 linked	 with	 the	 RSH,	 which	 represents	 the	 resistance	 across	 the	 active	 layer.	 Such	

resistance	 is	 lowered	during	 the	neutrons	 irradiation	 causing	 the	produced	photo-current	 to	be	

internally	dispersed,	most	probably	because	of	a	joint	effect	of	neutron-induced	doping	of	the	active	

layer	and	ionisation	of	nuclei,	causing	the	enhancement	of	charges	traps	within	the	same.	These	

phenomena	also	explain	the	increase	of	the	dark	current.	The	latter	is	described	by	the	current	ID,	

which	takes	in	account	the	recombination	of	charges	within	the	device.	In	dark	conditions,	for	an	IL	

equal	to	0,	ID	is	favoured	by	a	low	RSH	and	a	high	RS.	The	combination	of	all	these	factors	lead	to	the	

decrease	of	the	η.		

As	observed	in	the	previous	section,	the	neutrons	fluence	is	characterised	by	a	higher	fluence	of	

epithermal	neutrons	generated	within	VESUVIO	beamline	(2×1015	neutrons	cm−2)	than	fast	neutrons	

(>	0.1	MeV)	(7.8	×	108	cm−2).	This	enhances	the	likelihood	of	recoil,	resonances	and	cleavage	rather	

than	ionisation.	Cleavage	phenomena	occur	upon	collisions	transferring	an	energy	large	enough	to	

break	the	C-C	or	the	C-H	bonds	(~4	eV).		

The	photovoltaics	reduction	rate	reducing	during	the	exposure	can	be	explained	as	a	progressive	

increase	of	the	energy	required	to	force	the	lattice	to	accumulate	further	defects,	as	time	exposure	

increases[190],	[191].			

 Conclusions		

I	 exposed	 to	 neutrons	 irradiation	 P3HT:PCBM	 samples	 according	 a	 period	of	 8	 hrs.	During	 such	

period	of	exposure,	samples	receive	the	same	quantity	of	neutrons	they	would	receive	in	80	years	

on	ISS.	Samples	were	exposed	to	neutrons	irradiation	while	left	in	operando	conditions,	i.e.	samples	

were	exposed	 to	an	 impinging	 light	equivalent	 to	0.8	Sun	and	 their	photovoltaics	 features	were	

constantly	monitored	throughout	the	neutrons	irradiation.	Curves	measured	during	the	exposure	

reveal	a	progressive	reduction	of	all	photovoltaics	parameters.	Interestingly,	such	degradation	is	not	

linearly	 dependent	 with	 the	 time	 of	 exposure,	 on	 the	 contrary	 the	 highest	 reduction	 of	 the	

photovoltaic	 performance	 parameters	 is	 concentrated	 within	 the	 first	 hour	 of	 exposure.	 For	

instance,	the	η	is	reduced	of	almost	the	6%	within	the	first	hour	but	only	by	0.9%	between	the	7th	
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and	 the	 8th	 hour.	 The	 reason	 that	 explains	 such	 phenomenon	 lies	 in	 the	 lattice	 progressively	

requiring	a	higher	energy	to	allow	further	neutrons-induced	defects.	In	total,	the	mean	reduction	

by	 JSC,	Voc,	 FF	and	η	 is	equal	 to	 the	6.67%,	by	7.03%,	by	10%	and	by	22.13%,	 respectively.	 Such	

alterations	can	be	ascribed	to	a	joint	effect	of	the	decrease	of	the	resistance	across	the	device	active	

layers	 and	 to	 the	 increase	of	 recombination	of	 charges	 taking	place	within	 the	polymer	 in	 dark	

condition.	These	phenomena	are	due	to	neutron-induced	doping	and	enhancement	of	charge	traps	

because	of	ionisation.	Furthermore,	an	increase	of	the	resistance	of	electrodes	due	to	cleavage	or	

recoil	is	also	taking	place.	Nevertheless,	considering	the	neutron	ageing	these	devices	undergo	and	

the	relatively	low	loss	of	performance	found	afterwards,	P3HT:PCBM	OPVs	are	unexpectedly	robust	

to	neutrons	irradiation.	This	finding	paves	the	route	towards	a	massive	employment	of	organic	solar	

cells	 for	 spacecraft	 applications,	 considering	 also	 all	 the	 other	 well-known	 properties	 organic	

semiconductor	are	characterised	of,	such	as	lightweight,	easy	and	cheap	manufacturing,	flexibility	

and	large-area	scalability.			

		

4.3 Chapter	Conclusions		

In	 this	 chapter,	 I	 reported	 on	 the	 results	 I	 obtained	 from	 two	 experiment	 involving	 neutron	

irradiations.	 To	 carry	 out	 these	 experiments,	 I	 took	 advantage	 of	 VESUVIO	beamline	within	 the	

pulsed	neutron	 source	 ISIS,	 RAL	 labs	 in	 the	Oxfordshire.	 The	energy	 spectrum	of	 the	 generated	

neutron	within	 this	 source	 is	 characterised	 by	 a	 higher	 fluence	 of	 epithermal	 neutrons	 (2×1015	

neutrons	cm−2)	 than	 fast	neutrons	 (>	0.1	MeV)	 (7.8	×	108	 cm−2).	This	enhances	 the	 likelihood	of	

recoil,	resonances	and	cleavage	rather	than	ionisation	in	samples	treated	accordingly.	Furthermore,	

the	 quantity	 of	 neutrons	 characterised	 by	 an	 energy	 of	 10	MeV	 reaching	 a	 sample	 within	 this	

beamline	in	6	minutes	is	equivalent	to	the	quantity	of	neutrons	of	the	same	kind	reaching	ISS	in	

1	year.		

In	the	first	experiment,	I	exposed	P3HT	OFETs	to	three	different	doses	(aging	period)	of	neutrons	

irradiation,	namely	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	T1	dose	was	found	to	decrease	electrical	

parameters	 of	 transistors,	 especially	 the	mobility	 that	 suffers	 a	 tenfold	 reduction,	 and	 to	 lower	

resiliency	to	TLP	stress	of	P3HT	OFETs.	Both	TLP	parameters	and	electrical	parameters	were	found	

to	dramatically	decrease	passing	from	T1	to	T2,	whilst	a	further	reduction	takes	place	between	T2	

and	 T3.	 Raman	 spectra	 show	 P3HT	 suffers	 of	 a	 progressive	 structural	 order	 reduction	with	 the	

increase	of	 the	dose.	 In	 particular,	 a	 strong	C-S-C	 distortion	 is	 pointed	out	 in	 T3	 treated	doses.	
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Devices	 treated	according	T1	were	showing	an	acceptable	 level	of	 resiliency	 to	TLP	stress.	Their	

electrical	features	can	be	recovered	by	means	of	a	thermal	annealing.	Provided	of	ESD	protections,	

designed	as	specified	in	3.2.2.5,	these	devices	can	be	used	for	spacecraft	and	aerospace	purposes	

for	several	years	without	compromising	their	functionality.	

In	the	second	experiment,	I	exposed	to	neutrons	irradiation	P3HT:PCBM	samples	according	a	period	

of	8	hrs.	Samples	were	exposed	to	neutron	irradiation	while	left	in	operando	conditions,	i.e.	samples	

were	exposed	 to	an	 impinging	 light	equivalent	 to	0.8	Sun	and	 their	photovoltaics	 features	were	

constantly	monitored	throughout	the	neutrons	irradiation.	Curves	measured	during	the	exposure	

reveal	a	progressive	reduction	of	all	photovoltaics	performance	parameters.	Such	degradation	is	not	

linearly	dependent	with	the	time	of	exposure	since	the	lattice	progressively	requires	a	higher	energy	

to	allow	further	neutrons-induced	defects.	In	total,	JSC,	Voc,	FF	and	η	are	reduced	by	6.67%,	by	7.03%,	

by	10%	and	by	22.13%,	respectively.	Such	alterations	can	be	ascribed	to	a	joint	effect	of	the	decrease	

of	the	resistance	across	the	device	active	layers	and	to	the	increase	of	recombination	of	charges	

taking	place	within	the	polymer	in	dark	condition.	These	phenomena	are	due	to	neutron-induced	

doping	and	enhancement	of	charge	traps	because	of	 ionisation.	Furthermore,	an	increase	of	the	

resistance	of	electrodes	due	to	cleavage	or	recoil	also	takes	place.	Seen	the	neutron	aging	these	

devices	undergo	and	the	relatively	low	loss	of	figures,	P3HT:PCBM	OPVs	are	extraordinary	robust	to	

neutrons	 irradiation.	 A	 massive	 employment	 of	 organic	 solar	 cells	 for	 spacecraft	 applications,	

considering	also	all	the	other	well-known	properties	organic	semiconductors	are	characterised	of,	

such	 as	 lightweight,	 easy	 and	 cheap	 manufacturing,	 flexibility	 and	 large-area	 scalability,	 is	

reasonably	to	occur	within	next	few	years.				
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5. Summary	and	Conclusions	

In	this	thesis,	I	aimed	at	providing	some	insight	on	the	characterisation	of	the	response	of	organic	

devices	 to	 the	 environmental	 stress	 that	 affect	 equipment	 used	 in	 application	 fields	 such	 as	

medicine,	robotics,	avionics,	i.e.	to	electrostatic	discharge	and	neutrons	irradiation.	In	particular,	I	

chose	P3HT	and	PBTTT	OFETs,	F8BT	OLEDs	and	P3HT:PCBM	OPVs	and	I	furnished	new	perspectives	

for	the	employment	of	these	devices	on	a	large	scale.	ESD	phenomena	were	obtained	by	means	of	

a	TLP	system	provided	by	the	ATIS	group	at	Fraunhofer	research	institution	for	microsystems	and	

solid	 state	 technologies	 (EMFT),	 whereas	 neutrons	 irradiation	 was	 obtained	 by	 means	 of	 the	

VESUVIO	beamline	within	the	ISIS	muon	and	neutron	pulsed	source.	The	results	regarding	the	TLP	

characterisation	were	obtained	thanks	to	a	collaboration	carried	out	with	Dr.	H.	Gieser	and	Dr.	Lim	

from	the	ATIS	group,	with	whom	I	published	part	of	the	results	in	this	thesis	reported.	The	results	

regarding	the	neutrons	irradiation	were	obtained	thanks	to	a	collaboration	with	Dr.	Paternò	and	Dr.	

Garcia	Sakai.	In	this	chapter,	I	summarise	the	findings	illustrated	in	this	thesis	work	and	I	give	few	

insights	into	future	work.	

In	chapter	3,	I	characterised	the	response	to	TLP	stress	of	three	different	organic	devices,	namely	

OPVs,	OLEDs	and	OFETs.	I	tested	P3HT:PCBM	OPVs	according	positive	and	negative	pulses.	OPVs	

tested	by	means	 of	 positive	 pulses	withstand	 currents	 higher	 than	 3	A,	 dissipating	 an	 incoming	

power	 higher	 than	 800	 W	 without	 incurring	 into	 permanent	 damages.	 Furthermore,	 the	

photovoltaic	parameters	of	such	devices	result	improved	with	a	final	η	increased	of	roughly	14%	

respect	to	the	pristine	ones.	On	the	other	hand,	the	same	devices	resulted	much	weaker	in	the	case	

of	negative	applied	pulses.	OPVs	can	act	as	ESD	protections	due	 to	 the	 low	values	of	RTLP	 these	

devices	 feature.	Protections	 for	P3HT:PCBM	OPV	need	 to	avoid	 that	pulsed	energy,	 ITLP	and	VTLP	

higher	than	0.32	µJ,	0.13	A	and	29	V,	respectively,	reach	the	device.		

In	this	same	chapter,	I	characterised	the	response	to	TLP	tests	of	P3HT	and	PBTTT	OFETs	according	

six	different	TLP	conditions	obtained	by	combining	three	different	applied	bias	to	the	gate	of	such	

devices,	namely	0	V,	10	V	and	-20	V,	and	by	applying	both	positive	and	negative	drain-source	pulses	

per	 each	 of	 these	 gate	 biases.	 Furthermore,	 I	 characterised	 the	 response	 to	 TLP	 pulses	 applied	

between	the	drain	and	the	gate	of	the	OFETs	leaving	the	source	unconnected	and	by	using	both	

positive	 and	 negative	 pulses.	 The	 electrostatic	 discharges	 are	 particularly	 destructive	whenever	
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these	involve	the	silicon	oxide	of	the	devices,	pointing	out	the	necessity	to	adopt	ESD	protections.	

Tests	involving	the	drain	and	the	source	resulted	particularly	damaging	for	the	interdigitated	metal	

contacts	regardless	of	the	applied	gate	bias.	A	snapback	region	in	the	ITLP-VTLP	curves	of	both	P3HT	

and	PBTTT	OFETs	were	observed.	The	negative	applied	pulses,	regardless	of	the	applied	bias	on	the	

gate,	do	not	completely	compromise	the	functionality	of	the	devices.	However,	the	mobility,	the	

threshold	and	the	on/off	ratio	of	these	devices	result	particularly	affected.	Raman	spectra	collected	

from	all	the	TLP	tested	OFETs	show	a	higher	resiliency	of	PBTTT	OFETs	to	the	TLP	stress	presumably	

thanks	to	its	significantly	more	crystalline	structure.	Both	P3HT	and	PBTTT	OFETs	feature	RTLP	values	

close	 or	 higher	 than	 1	 kΩ,	 too	 high	 to	 suggest	 these	 devices	 as	 ESD	 protections.	 Instead,	 ESD	

protections	need	to	be	designed	for	these	devices.	Protections	between	drain	and	source	require	

to	comply	with	these	criteria:	maximum	allowed	ETLP	=	0.65	µJ;	maximum	allowed	ITLP	=	0.037	A;	

maximum	 VTLP	 =	 102	 V.	 Protections	 are	 also	 required	 between	 the	 gate	 and	 the	 drain/source:	

maximum	ETLP	=	3.4	µJ;	maximum	ITLP	=	0.2	A;	maximum	VTLP	=	168	V.		

In	the	third	part	of	chapter	3,	I	tested	F8BT	OLEDs	in	three	different	operating	conditions,	i.e.	when	

no	bias	is	applied	between	the	anode	and	the	cathode	and	when	the	OLEDs	are	on	according	a	bias	

of	8	V	and	of	15	V.	F8BT	OLEDs	tested	with	positive	pulses	and	with	no	applied	bias	maintained	their	

functionality.	However,	I	found	TLP	tests	increasing	the	Von	of	almost	0.5	V	and	altering	the	JV	curves	

of	these	OLEDs,	also	causing	red-shift	of	the	EL	curves.	TLP	was	found	to	enhance	the	conductivity	

of	 the	active	 layer	of	devices	while	at	 the	 same	 time	disrupting	 their	 rectifying	behaviour.	 Such	

process	 is	more	evident	 in	devices	biased	and	tested	with	negative	pulses.	Nonetheless,	 the	TLP	

parameters	 found	 for	F8BT	OLEDs	 reveal	unexpected	robustness	 to	ESD	events	of	 these	devices	

that,	due	to	low	value	of	RTLP,	can	also	be	used	as	ESD	protections.		

In	 future,	 the	TLP	characterisation	 reported	 in	 this	 thesis	 can	be	expanded	over	organic	devices	

based	on	different	materials,	such	as	perovskites	for	OPVs,	pentacene	or	indacenodithiophene	(IDT)	

polymers	for	OFETs	and	aggregation-induced	emission-based	(AIE)	polymers	for	OLEDs[192]–[194].	

Furthermore,	Raman	spectroscopy	on	OPVs	and	OLEDs	would	shed	light	on	the	status	of	materials	

after	the	exposure	to	TLP	stress,	although	this	means	to	avoid	adopting	encapsulated	devices	and	

dealing	 with	 more	 fragile	 samples.	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 could	 help	 in	

understanding	if	molecules	from	other	layers	migrate	into	the	active	layers	of	OPVs	and	OLEDs	upon	

TLP	 applied	pulses.	Moreover,	 PL	 efficiency	 and	 time-correlated	 single-photon	 counting	 (TCSPC)	

would	help	in	investigating	the	effect	of	the	TLP	stress	on	the	excitons	forming	process	within	OLEDs.		
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In	chapter	4,	I	reported	the	results	I	obtained	from	two	experiment	involving	neutron	irradiations.	

The	 energy	 spectrum	 of	 the	 generated	 neutron	within	 this	 source	 is	 characterised	 by	 a	 higher	

fluence	of	epithermal	neutrons	(2×1015	neutrons	cm−2)	than	fast	neutrons	(>	0.1	MeV)	(7.8	×	108	

cm−2).	 This	 enhances	 the	 likelihood	 of	 recoil,	 resonances	 and	 cleavage	 rather	 than	 ionisation	 in	

samples	treated	accordingly.	Furthermore,	the	quantity	of	neutrons	characterised	by	an	energy	of	

10	 MeV	 reaching	 a	 sample	 within	 this	 beamline	 in	 6	 minutes	 is	 equivalent	 to	 the	 quantity	 of	

neutrons	of	the	same	kind	reaching	ISS	in	1	year.		

In	the	first	experiment,	I	exposed	P3HT	OFETs	to	three	different	doses	(aging	periods)	of	neutrons	

irradiation,	namely	4	hrs	(T1),	12	hrs	(T2)	and	24	hrs	(T3).	I	subsequently	treated	these	devices	by	

applying	positive	pulses	between	the	drain	and	the	source,	keeping	the	gate	grounded.	T1	dose	was	

found	to	decrease	electrical	parameters	of	transistors	and	to	lower	resiliency	to	TLP	stress	of	P3HT	

OFETs.	Both	TLP	parameters	and	electrical	parameters	were	found	to	dramatically	decrease	passing	

from	T1	to	T2.	Raman	spectra	show	that	P3HT	suffers	of	a	progressive	structural	order	reduction	

with	 the	 increase	 of	 the	 dose.	 Nevertheless,	 devices	 treated	 according	 T1	 were	 showing	 an	

acceptable	 level	of	 resiliency	 to	TLP	stress.	Provided	of	ESD	protections	designed	as	 specified	 in	

chapter	4,	these	devices	can	be	used	for	spacecraft	and	aerospace	purposes	over	considerable	long	

period	of	time	without	dramatically	compromise	their	operation	and	functionality.	

In	the	second	experiment,	I	exposed	to	neutron	irradiations	P3HT:PCBM	OPVs	samples	according	a	

period	of	8	hrs,	and	in	operando	conditions,	i.e.	while	exposed	to	an	impinging	light	equivalent	to	

0.8	Sun.	The	photovoltaics	 features	of	 these	devices	were	constantly	monitored	 throughout	 the	

neutrons	 irradiation.	Curves	measured	during	 the	exposure	 reveal	a	progressive	 reduction	of	all	

photovoltaics	parameters.	Such	degradation	is	not	linearly	dependent	with	the	time	of	exposure,	

since	the	lattice	progressively	requires	a	higher	energy	to	allow	further	neutrons-induced	defects.	

In	 total,	 the	 reduction	 of	 the	 JSC,	 Voc,	 FF	 and	 η	 is	 by	 6.67%,	 by	 7.03%,	 by	 10%	 and	 by	 22.13%,	

respectively.	Such	alterations	can	be	justified	as	a	synergistic	effect	of	the	decrease	of	the	resistance	

across	the	device	active	layers	and	of	the	increase	of	recombination	of	charges	taking	place	within	

the	 polymer	 in	 dark	 condition.	 These	 phenomena	 are	 caused	 by	 neutron-induced	 doping	 and	

enhancement	of	the	concentration	of	charge	traps	because	of	ionisation.	Furthermore,	an	increase	

of	 the	 resistance	 of	 electrodes	 due	 to	 cleavage	 or	 recoil	 is	 also	 taking	 place.	 The	 relatively	 low	

degradation	 of	 figures	 points	 out	 that	 P3HT:PCBM	 OPVs	 are	 extraordinary	 robust	 to	 neutrons	

irradiation	if	compared	to	silicon-based	optoelectronics,	which	upon	exposure	to	neutrons	in	space	

suffer	 of	 a	 tenfold	 decrease	 of	 figures	 of	 merit	 and	 remain	 significantly	 radioactive	 for	 long	



	 195	

periods[24],	 [195].	 A	 massive	 employment	 of	 organic	 solar	 cells	 for	 spacecraft	 applications,	

considering	also	the	lightweight,	the	easy	and	cheap	manufacturing,	the	flexibility	and	the	large-

area	scalability	organic	semiconductors	can	provide,	 reasonably	 is	expected	to	 take	place	within	

next	few	years.				

In	future,	the	neutron	aging	tests	can	be	repeated	on	OLEDs	as	well	as	on	OPVs	and	OFETs	based	on	

other	materials,	such	as	perovskites	or	pentacene.	Furthermore,	X-ray,	PL	and	Raman	spectroscopy	

can	be	carried	out	on	neutron	aged	organic	devices	to	get	insights	into	material	alterations	induced	

by	the	exposure	to	neutrons.			

Interestingly,	the	results	in	this	thesis	reported	show	how	polymer-based	devices	are	robust	to	both	

ESD	and	cosmic	ray	stress.	Silicon-based	technology	is	found	to	suffer	a	permanent	failure	in	most	

of	the	cases	for	an	applied	TLP	power	lower	than	400	W	[15],	[23],	whilst	polymer	based	technology	

was	found	to	withstand	up	to	800	W	(OPVs	and	OLEDs)	without	suffering	permanent	damages.	As	

regards	the	stress	correlated	to	the	exposure	to	a	similar	dose	of	neutron	irradiation,	optoelectronic	

devices	based	on	inorganic	semiconductors	suffer	of	a	tenfold	increase	of	the	dark	current	causing	

the	figures	of	merit	correlated	(JSC,	h)	to	be	reduced	up	to	the	~90%	of	their	pristine	values	[24],	

whilst	the	same	figures	in	polymer-based	devices	suffer	a	reduction	of	~20%	only.		

Although	previous	works	are	reported	in	literature,	the	work	reported	in	this	thesis,	at	the	best	of	

my	knowledge,	is	the	first	work	reporting	a	systematic	quantitative	TLP	characterisation	of	organic	

devices	along	with	a	qualitative	description	of	 the	effects	on	 the	organic	materials	within	 these	

devices	because	of	the	conditions	imposed	by	the	TLP	test:	 i)	high-frequency;	 ii)	high-voltage.	As	

observed	in	the	experiments	 in	this	thesis	reported	regarding	the	OPVs	and	the	OLEDs,	 in	which	

metal	 lines	 are	 big	 enough	 to	 sustain	 very	 high	 current	 without	 damaging,	 whenever	 similar	

conditions	 apply,	 the	 TLP	 can	 be	 used	 as	 a	 tool	 to	 directly	 assess	 the	 behaviour	 of	 organic	

semiconductors	 in	 a	 high	 frequency	 domain.	 In	 fact,	 because	 of	 their	 slow	 reaction,	 organic	

materials	have	been	poorly	explored	within	high	frequency	domains	but	the	results	highlighted	in	

this	thesis	opens	new	scenario	to	such	materials.	Furthermore,	under	same	conditions	(robust	metal	

connections	between	the	instrument-the	device	pads-the	device	metal	lines)	also	the	response	to	

high-voltage	conditions	can	be	explored,	assessing	if	cracks	open	within	the	films,	to	measure	the	

resistance	of	polymers	in	correspondence	of	both	i	and	ii,	to	gain	insights	into	effects	of	mobility	on	

the	capability	of	materials	 in	discharge	the	pulsed	energy,	or	to	study	how	external	applied	bias	

affect	polymers	response.	On	the	other	hand,	whenever	the	robust	metal	connections	between	the	
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instrument-the	device	pads-the	device	metal	lines	conditions	cannot	be	satisfied,	as	observed	in	the	

OFETs	tested	into	these	thesis,	the	TLP	can	be	used	as	a	tool	to	investigate	failure	dynamics	and	how	

external	bias	can	alter	this	one	diverting	the	failure	in	different	points	of	the	DUT.	Therefore,	this	

thesis	opens	a	new	scenario	proposing	an	investigating	tool	aimed	both	at	measuring	parameters	

useful	for	the	design	of	the	devices	and	at	highlighting	organic	materials	properties	that	can	lead	

organic	electronics	to	gain	its	definitive	momentum.	
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