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The	work	presented	in	this	thesis	was	carried	out	at	the	Catalonia	Institute	for	

Energy	Research	(IREC)	in	Sant	Adrià	de	Besòs	(Barcelona),	Spain,	from	2015	to	2018,	in	
the	 frame	of	SUNBEAM	project	 (ENE2013-49136-C4-1-R)	with	an	FPI	 fellowship	 (BES-
2014-068533)	 from	 the	 Spanish	 Government.	 The	 main	 subject	 of	 the	 thesis	 is	 the	
development	of	high	efficiency	thin	film	photovoltaic	technologies	based	on	kesterite	
Cu2ZnSnSe4	 absorbers,	 using	 a	 sequential	 process	 (sputtering	 of	 metallic	 stack	
precursors	 followed	 by	 reactive	 thermal	 annealing)	 through	 the	 implementation	 of	
innovative	doping	strategies.	

Each	 chapter	 of	 the	 thesis	 is	 structured	 around	 several	 articles,	 which	 are	
published	in	high	impact	peer-reviewed	journals.	According	to	the	requirements	for	the	
Doctor	of	Philosophy	in	Engineering	and	Applied	Sciences	at	the	University	of	Barcelona,	
this	thesis	is	constituted	of	the	following	seven	articles:	

S.	Giraldo,	C.	M.	Ruiz,	M.	Espíndola-Rodríguez,	Y.	Sánchez,	M.	Placidi,	D.	Cozza,	
D.	 Barakel,	 L.	 Escoubas,	 A.	 Pérez-Rodríguez,	 and	 E.	 Saucedo,	 “Optical	 and	
electrical	properties	of	In-doped	Cu2ZnSnSe4,”	Sol.	Energy	Mater.	Sol.	Cells,	vol.	
151,	pp.	44–51,	2016.	IMPACT	FACTOR	(IF):	4.784	

S.	Giraldo,	M.	Neuschitzer,	T.	Thersleff,	S.	López-Marino,	Y.	Sánchez,	H.	Xie,	M.	
Colina,	M.	Placidi,	P.	Pistor,	V.	Izquierdo-Roca,	K.	Leifer,	A.	Pérez-Rodríguez,	and	
E.	 Saucedo,	 “Large	 Efficiency	 Improvement	 in	 Cu2ZnSnSe4	 Solar	 Cells	 by	
Introducing	a	Superficial	Ge	Nanolayer,”	Adv.	Energy	Mater.,	vol.	5,	no.	21,	p.	
1501070,	2015.	IMPACT	FACTOR	(IF):	16.721	

S.	 Giraldo,	 T.	 Thersleff,	 G.	 Larramona,	M.	 Neuschitzer,	 P.	 Pistor,	 K.	 Leifer,	 A.	
Pérez-Rodríguez,	C.	Moisan,	G.	Dennler,	and	E.	Saucedo,	“Cu2ZnSnSe4	solar	cells	
with	 10.6%	 efficiency	 through	 innovative	 absorber	 engineering	 with	 Ge	
superficial	nanolayer,”	Prog.	Photovoltaics	Res.	Appl.,	vol.	24,	no.	10,	pp.	1359-
1367,	2016.	IMPACT	FACTOR	(IF):	6.726	

T.	 Thersleff,	 S.	 Giraldo,	 M.	 Neuschitzer,	 P.	 Pistor,	 E.	 Saucedo,	 and	 K.	 Leifer,	
“Chemically	 and	 morphologically	 distinct	 grain	 boundaries	 in	 Ge-doped	
Cu2ZnSnSe4	solar	cells	revealed	with	STEM-EELS,”	Mater.	Des.,	vol.	122,	pp.	102-
109,	2017.	IMPACT	FACTOR	(IF):	4.364	

S.	 Giraldo,	 E.	 Saucedo,	 M.	 Neuschitzer,	 F.	 Oliva,	 M.	 Placidi,	 X.	 Alcobé,	 V.	
Izquierdo-Roca,	S.	Kim,	H.	Tampo,	H.	Shibata,	A.	Perez-Rodriguez	and	P.	Pistor,	
“How	small	amounts	of	Ge	modify	the	formation	pathways	and	crystallization	of	
kesterites,”	 Energy	 Environ.	 Sci.,	 2017.	 DOI:10.1039/C7EE02318A.	 IMPACT	
FACTOR	(IF):	29.518	

S.	 Giraldo,	 M.	 Neuschitzer,	 M.	 Placidi,	 P.	 Pistor,	 A.	 Pérez-Rodríguez,	 and	 E.	
Saucedo,	 “Cu2ZnSnSe4-Based	 Solar	 Cells	 With	 Efficiency	 Exceeding	 10%	 by	
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Adding	a	Superficial	Ge	Nanolayer:	The	Interaction	Between	Ge	and	Na,”	 IEEE	
Journal	of	Photovoltaics,	vol.	6,	no.	3,	pp.	754-759,	2016.	IMPACT	FACTOR	(IF):	
3.712	

M.	Dimitrievska,	 S.	 Giraldo,	 P.	 Pistor,	 E.	 Saucedo,	 A.	 Pérez-Rodríguez,	 and	 V.	
Izquierdo-Roca,	 “Raman	 scattering	 analysis	 of	 the	 surface	 chemistry	 of	
kesterites:	 Impact	of	post-deposition	annealing	and	Cu/Zn	reordering	on	solar	
cell	performance,”	Sol.	Energy	Mater.	Sol.	Cells,	vol.	157,	pp.	462–467,	2016.	
IMPACT	FACTOR	(IF):	4.784	

The	thesis	is	constituted	of	five	chapters.	At	the	beginning	of	each	chapter	there	
is	a	short	review	of	the	literature	and	summary	of	the	most	important	results	presented	
in	the	articles	on	which	that	chapter	is	based.	After	that,	each	chapter	concludes	with	
the	full	text	of	the	included	articles.		

The	 first	 chapter	 is	 a	 brief	 introduction	 into	 photovoltaics,	 centered	 on	 the	
importance	of	solar	energy	at	this	time,	where	the	transition	from	traditional	energy	
sources	 (fossil	 fuels)	 to	 cleaner	 and	 efficient	 technologies	 has	 become	 a	 matter	 of	
urgency.	Following	this,	an	explanation	of	the	basic	operation	of	photovoltaic	devices	is	
presented,	 along	 with	 relevant	 parameters	 and	 phenomena	 occurring	 in	 the	 p-n	
junction	 of	 a	 solar	 cell.	 Besides,	 this	 section	 describes	 the	 main	 photovoltaic	
technologies,	including	first	generation	(mainly	based	on	silicon	wafers,	including	mono-
crystalline	 and	 multi-crystalline	 silicon),	 second	 generation	 (based	 on	 thin	 film	
materials),	and	third	generation	technologies	(including	emerging,	novel	technologies	
and	more	advanced	concepts),	and	further	discussion	about	strengths	and	weaknesses	
of	 the	 most	 relevant	 ones.	 The	 next	 sub-section	 is	 focused	 on	 kesterite	 thin	 film	
technologies,	which	are	the	main	topic	of	this	thesis.	The	emergence	of	kesterite	as	an	
absorber	 photovoltaic	 material	 overcomes	 the	 major	 limitations,	 regarding	 scarcity	
and/or	toxicity	issues	of	other	chalcogenide	thin	films,	like	chalcopyrite	CIGS	and	CdTe,	
since	it	is	composed	of	low	toxicity	and	earth	abundant	elements.	In	addition,	there	is	a	
long	list	of	advantages	(described	in	the	thesis)	that	make	kesterites	a	suitable	and	very	
promising	absorber	photovoltaic	material,	although	they	still	have	some	way	to	go	due	
to	their	novelty	and	short	history	compared	to	more	mature	technologies.	This	chapter	
also	presents	a	complete	and	updated	review	of	the	best	reported	kesterite	solar	cells	
as	 well	 as	 some	 of	 the	 current	 challenges	 of	 this	 material	 derived	 from	 its	 crystal	
structure	and	associated	defects.	Finally,	the	objectives	of	the	thesis	are	presented.	

The	 second	 chapter	 is	 focused	 on	 the	 study	 of	 selective	 doping	 strategies	 in	
kesterite	Cu2ZnSnSe4.	In	the	first	sub-section,	before	going	deeper	into	more	advanced	
strategies,	a	previous	optimization	of	the	thermal	processes	for	the	synthesis	of	CZTSe	
absorbers	is	presented,	by	analyzing	several	critical	selenization	parameters	(including	
temperature,	total	pressure,	chalcogen	quantity,	ramp	rates,	etc.),	and	comparing	one-
,	two-,	and	three-step	annealing	profiles.	After	that,	a	preliminary	screening	of	doping	
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elements	is	presented,	involving	cation-substitution	or	doping	with	the	elements:	Ag,	In,	
Si,	Ge	and	Pb,	as	first	candidates.	The	importance	of	studying	these	particular	elements	
is	discussed	and	why	we	decided	to	focus	on	Ge	and	In	as	dopants.	This	chapter	includes	
the	 following	 three	 publications:	 “Optical	 and	 electrical	 properties	 of	 In-doped	
Cu2ZnSnSe4”,	“Large	efficiency	improvement	in	Cu2ZnSnSe4	solar	cells	by	introducing	a	
superficial	Ge	nanolayer”,	 and	 “Cu2ZnSnSe4	 solar	 cells	with	 10.6%	efficiency	 through	
innovative	absorber	engineering	with	Ge	superficial	nanolayer”	with	a	more	exhaustive	
study	about	In	and	Ge	elements	as	dopants	in	kesterite	CZTSe.	

The	 third	 chapter,	 in	 line	 with	 results	 presented	 in	 the	 previous	 chapter,	 is	
intended	to	shed	light	on	the	origin	and	the	mechanisms	underlying	the	beneficial	effect	
of	small	amounts	of	Ge,	and	further	explore	the	role	of	this	element	in	high	performing	
CZTSe	solar	cells.	In	the	literature,	the	incorporation	of	Ge	in	kesterite-based	solar	cells	
has	demonstrated	a	positive	impact	on	several	device	properties,	leading	to	significant	
performance	improvements.	A	brief	review	from	2012,	when	IBM	reported	the	first	Ge-
alloyed	 kesterite	 device,	 until	 now	 is	 presented.	 In	 summary,	 Ge	 incorporation	 has	
demonstrated:	 the	 possibility	 to	 increase	 the	 VOC	 by	 widening	 the	 band-gap;	 the	
potential	for	graded	band-gap	concepts;	remarkable	improvements	of	grain	growth	and	
crystallinity;	increased	minority	charge	carrier	lifetimes;	and	large	potential	to	reduce	
the	VOC	deficit	in	current	kesterite	technology.	But,	with	the	drawback	of	relying	on	large	
amounts	of	Ge	(20-40%	Ge-substitution),	 thus	compromising	the	sustainability	of	the	
technology.	In	this	context,	the	study	of	alternative	strategies	using	small	amounts	of	
Ge	becomes	crucial	to	further	develop	long-term	sustainable	technologies,	based	mainly	
on	earth-abundant	elements.	With	regard	to	 the	origin	of	 the	beneficial	effect	of	Ge	
doping	in	CZTSe	solar	cells,	several	hypotheses	have	been	proposed	and	are	discussed	
throughout	the	chapter;	surface	modification,	formation	of	a	flux	agent,	defect	levels	
modification,	 interaction	 with	 Na,	 or	 the	 influence	 on	 grain	 boundaries	 nature	 are	
among	 them.	 This	 chapter	 includes	 the	 following	 two	 publications:	 “Chemically	 and	
morphologically	distinct	grain	boundaries	in	Ge-doped	Cu2ZnSnSe4	solar	cells	revealed	
with	STEM-EELS”,	and	“How	small	amounts	of	Ge	modify	the	formation	pathways	and	
crystallization	of	kesterites”	with	a	detailed	investigation	of	grain	boundaries	nature	in	
Ge-doped	 CZTSe,	 the	mechanisms	 underlying	 the	 Ge	 boost	 and	 how	 Ge	 affects	 the	
formation	pathways	of	kesterite	CZTSe.	

The	fourth	chapter	covers	two	of	the	most	well-known	factors	that	can	clearly	
impact	on	device	performance	and	are	of	great	 importance	 to	obtain	high	efficiency	
solar	 cells:	 post-deposition	 treatments	 (PDT),	 and	 the	 presence	 and	 control	 of	 alkali	
elements	during	thermal	processes.	The	text	includes	the	main	effects	of	alkalis	in	CIGS,	
in	 particular	 Na,	 essentially	 leading	 to	 an	 enhanced	 performance,	 reported	
systematically	in	several	publications.	Following	this,	the	effect	of	alkalis	in	kesterite	are	
reviewed,	showing	similar	device	properties	improvements.	Furthermore,	an	interesting	
complex	 interaction	 between	 group	 IV	 elements	 (Ge,	 Sn)	 and	 alkalis	 is	 revealed,	
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affecting	the	doping	level	of	the	absorbers	and	the	optoelectronic	properties	of	kesterite	
solar	 cells.	 Finally,	 post-deposition	 treatments,	 especially	 low	 temperature	 post-
deposition	 annealing	 (PDA),	 are	 presented.	 In	 the	 literature,	 several	 groups	 have	
reported	 beneficial	 effects	 of	 these	 thermal	 treatments,	 either	 in	 air	 or	 inert	
atmosphere,	 to	 increase	 device	 efficiency,	 and	 have	 associated	 them	with	 the	well-
known	Cu-Zn	interdiffusion.	In	particular,	after	PDA,	the	formation	of	a	Cu-depleted	and	
Zn-enriched	absorber	surface	has	proven	to	be	mandatory	 for	high	device	efficiency.	
This	chapter	includes	the	following	two	publications:	“Cu2ZnSnSe4-based	solar	cells	with	
efficiency	exceeding	10%	by	adding	a	superficial	Ge	nanolayer:	The	interaction	between	
Ge	 and	 Na”,	 and	 “Raman	 scattering	 analysis	 of	 the	 surface	 chemistry	 of	 kesterites:	
Impact	of	post-deposition	annealing	and	Cu/Zn	reordering	on	solar	cell	performance”	in	
which	detailed	information	about	the	mentioned	results	is	presented.	

The	final	chapter	of	the	thesis	includes	the	conclusions	and	outlook	of	the	work.	

Finally,	 the	 following	 articles,	 which	 are	 co-authored	 by	 Sergio	 Giraldo,	
contributed	to	the	preparation	of	this	thesis,	but	are	not	included	in	the	text:	

I.	Becerril-Romero,	S.	Giraldo,	S.	López-Marino,	M.	Placidi,	Y.	Sánchez,	D.	Sylla,	
A.	Pérez-Rodríguez,	E.	Saucedo,	and	P.	Pistor,	“Vitreous	enamel	as	sodium	source	
for	efficient	kesterite	solar	cells	on	commercial	ceramic	tiles,”	Sol.	Energy	Mater.	
Sol.	Cells,	vol.	154,	pp.	11–17,	2016.	IMPACT	FACTOR	(IF):	4.784	

M.	Neuschitzer,	J.	Marquez,	S.	Giraldo,	M.	Dimitrievska,	M.	Placidi,	I.	Forbes,	V.	
Izquierdo-Roca,	 A.	 Pérez-Rodríguez,	 and	 E.	 Saucedo,	 “VOC	 Boosting	 and	Grain	
Growth	Enhancing	Ge-Doping	Strategy	for	Cu2ZnSnSe4	Photovoltaic	Absorbers,”	
J.	 Phys.	 Chem.	C,	 vol.	 120,	no.	 18,	 pp.9661-9670,	 2016.	 IMPACT	FACTOR	 (IF):	
4.536	

C.	 Ros,	 T.	 Andreu,	 S.	 Giraldo,	 Y.	 Sánchez,	 and	 J.	 R.	 Morante,	 “Conformal	
chalcopyrite	 based	 photocathode	 for	 solar	 refinery	 applications,”	 Sol.	 Energy	
Mater.	Sol.	Cells,	vol.	158,	pp.	184-188,	2016.	IMPACT	FACTOR	(IF):	4.784	

E.	Kask,	J.	Krustok,	S.	Giraldo,	M.	Neuschitzer,	S.	López-Marino,	and	E.	Saucedo,	
“Temperature	 dependent	 electrical	 characterization	 of	 thin	 film	 Cu2ZnSnSe4	
solar	 cells,”	 J.	 Phys.	 D.	 Appl.	 Phys.,	 vol.	 49,	 no.	 8,	 p.	 085101,	 2016.	 IMPACT	
FACTOR	(IF):	2.588	

M.	Colina,	I.	Martín,	S.	Giraldo,	Y.	Sánchez,	R.	Kondrotas,	F.	Oliva,	V.	Izquierdo-
Roca,	 A.	 Pérez-Rodríguez,	 A.	 Coll,	 R.	 Alcubilla,	 and	 E.	 Saucedo,	 “Influence	 of	
Amorphous	Silicon	Carbide	Intermediate	Layer	in	the	Back-Contact	Structure	of	
Cu2ZnSnSe4	Solar	Cells,”	 IEEE	Journal	of	Photovoltaics,	vol.	6,	no.	5,	pp.	1327-
1332,	2016.	IMPACT	FACTOR	(IF):	3.712	
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P.	Schöppe,	G.	Gurieva,	S.	Giraldo,	G.	Martínez-Criado,	C.	Ronning,	E.	Saucedo,	
S.	 Schorr,	 and	 C.	 S.	 Schnohr,	 “Discrepancy	 between	 integral	 and	 local	
composition	 in	 off-stoichiometric	 Cu2ZnSnSe4	 kesterites:	 A	 pitfall	 for	
classification,”	 Appl.	 Phys.	 Lett.,	 vol.	 110,	 no.	 4,	 p.	 043901,	 2017.	 IMPACT	
FACTOR	(IF):	3.411	
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Contribution	of	the	author	to	publications	in	the	thesis	

The	 author	of	 this	work,	 Sergio	Giraldo,	 has	 been	 responsible	 for	 the	design,	
coordination	and	execution	of	experiments	as	well	as	the	analysis	and	interpretation	of	
the	experimental	results	included	in	this	thesis.	

	

Chapter	2:	

(1) S.	Giraldo,	et	al.,	“Optical	and	electrical	properties	of	In-doped	Cu2ZnSnSe4,”	
Solar	Energy	Materials	&	Solar	Cells,	vol.	151,	pp.	44–51,	2016.	

Impact	Factor	(IF):	4.784	

1st	 quartile	 in	 categories:	 Electronic,	 Optical	 and	 Magnetic	 Materials;	
Renewable	Energy,	Sustainability	and	 the	Environment;	Surfaces,	Coatings	
and	Films	

This	work	investigates	the	effects	of	In	doping	in	CZTSe	thin	films.	Different	
In	thicknesses	were	introduced	(from	0	to	10	nm)	corresponding	to	nominal	
In	 concentrations	 ranging	 from	 0	 to	 2.6	 ´	 1020	 cm-3.	 We	 demonstrate	 a	
uniform	distribution	of	In	throughout	the	CZTSe	absorber,	without	affecting	
the	main	 elements	 distribution,	 but	 impacting	 on	 the	 Na	 quantity	 at	 the	
surface.	Additionally,	remarkable	changes	in	the	morphology	are	observed,	
where	 the	 increasing	 In	 concentration	 leads	 to	 the	 formation	of	 a	 bilayer	
structure.	No	deterioration	of	efficiencies	was	observed	for	In	concentrations	
below	2.6	´	1019	cm-3,	while	for	higher	doping	levels,	a	significant	drop	in	FF	
led	to	lower	efficiencies.	In	the	manuscript,	we	propose	a	phenomenological	
model	supported	by	a	complete	characterization	of	absorbers	and	devices,	
showing	 that	 a	 conductive	 phase	 deteriorates	 devices	 properties	 that	we	
associate	with	the	possible	presence	of	mixed	Sn	oxides	and	In	oxides.	

In	this	work,	Sergio	Giraldo	was	responsible	for	the	synthesis	of	all	absorber	
layers	used	in	the	study,	the	fabrication	of	solar	cell	devices	as	well	as	the	
optoelectronic	 characterization	 (J-V	 and	 EQE),	 and	 further	 analysis	 and	
interpretation	of	results.	

	

(2) S.	Giraldo,	et	al.,	“Large	Efficiency	Improvement	in	Cu2ZnSnSe4	Solar	Cells	by	
Introducing	a	Superficial	Ge	Nanolayer,”	Advanced	Energy	Materials,	vol.	5,	
no.	21,	p.	1501070,	2015.	

Impact	Factor	(IF):	16.721	

1st	quartile	in	categories:	Materials	Science;	Renewable	Energy,	Sustainability	
and	the	Environment	
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In	 this	 publication,	 we	 present	 a	 remarkable	 improvement	 in	 Cu2ZnSnSe4	
solar	cell	efficiency	based	on	the	introduction	of	a	Ge	superficial	nanolayer.	
In	particular,	the	use	of	10	nm	of	Ge	evaporated	on	top	of	metallic	precursors	
leads	to	a	paramount	efficiency	improvement,	from	about	7%	for	reference	
samples	 (Ge-free)	 to	 10%	 for	 Ge-containing	 best	 cells,	 together	 with	 a	
markedly	 improved	 crystallinity.	 A	 detailed	 compositional	 and	 structural	
characterization	demonstrates	that	Ge	 is	barely	 incorporated	 in	the	CZTSe	
absorber,	 therefore	 we	 propose	 a	 mechanism	 how	 Ge	 could	 assist	 the	
crystallization	via	the	formation	of	a	liquid	Ge-Se	phase.	Additionally,	several	
reasons	 are	 presented	 that	 could	 explain	 the	 device	 performance	
improvement,	 including:	 (i)	 the	 formation	 of	 a	 Ge3Se7	 phase	 that	
incongruently	 decomposes	 into	 volatile	 GeSe2	 and	 a	 Se-rich	 liquid	 phase,	
which	assists	the	crystallization	of	CZTSe,	improving	the	crystalline	quality;	
(ii)	the	reduced	formation	of	Sn	+II	species	(commonly	associated	with	the	
formation	of	harmful	deep	defects	that	deteriorate	cell	voltage)	in	presence	
of	Ge,	as	suggested	by	preliminary	XPS	analysis;	 (iii)	 the	presence	of	GeOx	
nanoinclusions	apparently	associated	with	SnO2	inclusions	revealed	by	high	
resolution	 TEM/EELS	 analysis,	 which	 might	 have	 a	 passivation	 effect	 or	
somehow	act	as	electron	reflectors,	enhancing	the	voltage	of	the	solar	cells.	

This	 paper	 was	 published	 along	 with	 a	 frontispiece	 cover	 offered	 by	 the	
journal,	included	in	the	Appendix	section.	

In	 this	 work,	 Sergio	 Giraldo	 was	 responsible	 for	 the	 synthesis	 of	 CZTSe	
absorbers	 and	 subsequent	 fabrication	 of	 solar	 cells.	 Additionally,	 he	
performed	 the	 morphological	 SEM	 characterization	 as	 well	 as	 the	
optoelectronic	 characterization,	 including	 J-V	 characteristics,	 EQE	 and	
reflectance	measurements.	

	

(3) S.	 Giraldo,	 et	 al.,	 “Cu2ZnSnSe4	 solar	 cells	 with	 10.6%	 efficiency	 through	
innovative	absorber	engineering	with	Ge	superficial	nanolayer,”	Progress	in	
Photovoltaics:	Research	and	Applications,	 vol.	 24,	no.	10,	pp.	1359-1367,	
2016.	

Impact	Factor	(IF):	6.726	

1st	quartile	in	categories:	Condensed	Matter	Physics;	Electrical	and	Electronic	
Engineering;	Electronic,	Optical	and	Magnetic	Materials;	Renewable	Energy,	
Sustainability	and	the	Environment	

This	work	includes	the	complete	optimization	of	the	approach	presented	in	
the	previous	article,	in	which	the	positive	effect	of	a	Ge	nanolayer	introduced	
into	 the	 processing	 of	 CZTSe	 absorbers	 was	 demonstrated.	 In	 this	
publication,	the	optimum	Ge	thickness	range	is	defined	in	order	to	achieve	
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an	 improved	 device	 performance,	 obtaining	 a	 record	 efficiency	 of	 10.6%	
thanks	 to	 the	 international	 collaboration	 with	 IMRA	 in	 France.	 With	 this	
optimization,	the	VOC	is	boosted	for	our	pure	selenium	CZTSe	up	to	489	mV,	
leading	 to	 VOC	 deficits	 among	 the	 lowest	 reported	 so	 far	 in	 kesterite	
technology.	 Additionally,	 first	 indications	 of	 the	Ge-Na	 interaction	 and	 its	
effect	on	charge	carrier	density	are	shown.	Finally,	evidences	pointing	to	the	
origin	of	the	deterioration	of	devices	properties	for	higher	Ge	amounts	are	
presented.	

In	 this	 work,	 Sergio	 Giraldo	 was	 responsible	 for	 the	 fabrication	 of	 the	
complete	 set	 of	 samples,	 including	 the	 synthesis	 of	 CZTSe	 absorbers	 and	
subsequent	 finishing	 of	 solar	 cells.	 With	 regard	 to	 characterization,	 he	
performed	 the	 optoelectronic	 characterization,	 J-V	 analysis	 and	 quantum	
efficiency	measurements	as	wells	as	morphological/compositional	analysis	
by	SEM/EDX.		

	

Chapter	3:	

(4) T.	Thersleff,	S.	Giraldo,	et	al.,	“Chemically	and	morphologically	distinct	grain	
boundaries	 in	Ge-doped	Cu2ZnSnSe4	 solar	cells	 revealed	with	STEM-EELS,”	
Materials	&	Design,	vol.	122,	pp.	102-109,	2017.	

Impact	Factor	(IF):	4.364	

1st	 quartile	 in	 categories:	 Materials	 Science;	 Mechanical	 Engineering;	
Mechanics	of	Materials	

This	publication	presents	a	detailed	analysis	of	structural,	morphological	and	
compositional	trends	in	Ge-doped	CZTSe	samples	with	efficiencies	over	10%	
(among	 the	 state-of-the-art	 for	 this	material	 and	 fabrication	 route).	Most	
relevant	 findings	 reveal	 the	existence	of	 at	 least	 two	morphologically	 and	
distinct	 types	 of	 grain	 boundaries	 present	 in	 this	 system.	 These	 are	
concentrated	in	the	upper	and	lower	regions	of	the	absorber	layer,	and	the	
subsequent	 analytical	 STEM	 investigation	 reveals	 that	 they	 have	 different	
compositions.	The	deeper	and	more	detailed	EELS	analysis	of	the	lower	grain	
boundaries	 shows	 that	 they	 contain	 large	 amounts	 of	 SnOx	 and	 that	 Cu	
assumes	 a	 higher	 valence	 state,	 whereas	 the	 upper	 grain	 boundaries	 are	
slightly	Cu-enriched	and	contain	trace	amounts	of	oxygen.	Interestingly,	we	
can	also	link	the	extent	of	these	grain	boundaries	to	a	change	in	the	overall	
composition	 of	 the	 absorber	 layer,	 which	 appears	 to	 have	 different	
stoichiometry	in	the	upper	and	lower	halves.	Ultimately,	the	potential	impact	
of	both	types	of	grain	boundaries	on	the	device	performance	and	fabrication	
is	discussed.	
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In	this	work,	Sergio	Giraldo	was	responsible	for	the	fabrication	of	the	samples	
and	 the	 experimental	 design	 to	 achieve	 high	 efficiencies.	 Additionally,	 he	
assisted	with	the	TEM	experimental	design	at	Uppsala	University	in	Sweden.	

	

(5) S.	Giraldo,	et	al.,	“How	small	amounts	of	Ge	modify	the	formation	pathways	
and	 crystallization	 of	 kesterites,”	 Energy	 &	 Environmental	 Science,	 2017.	
DOI:10.1039/C7EE02318A	

Impact	Factor	(IF):	29.518	

1st	 quartile	 in	 categories:	 Environmental	 Chemistry;	 Nuclear	 Energy	 and	
Engineering;	 Pollution;	 Renewable	 Energy,	 Sustainability	 and	 the	
Environment	

This	work	 is	 an	 international	 cooperation	between	 IREC,	 the	University	of	
Barcelona,	AIST	in	Japan,	and	the	Martin	Luther	University	in	Germany.	This	
publication	presents	a	deep	investigation	of	the	mechanisms	underlying	the	
Ge	 boost	 on	 kesterite	 solar	 cells	 and	 suggests	 an	 alternative	 mechanism	
based	 on	 the	 reaction	 scheme	 during	 selenization.	 Differences	 in	 the	
formation	reaction	of	kesterite	with	and	without	Ge	are	analyzed	in	detail,	
by	 using	 EDX,	 XRF,	 XRD	 and	 Raman	 spectroscopy	 with	 multi-wavelength	
excitation	for	samples	where	the	reactive	annealing	has	been	interrupted	at	
different	points	 in	time.	 Interestingly,	we	observe	that	the	presence	of	Ge	
strongly	affects	the	in-depth	elemental	distribution,	delaying	and	minimizing	
the	 fast	 Cu-out	 diffusion	 and	 the	 formation	 of	 Sn-Se	 volatile	 compounds,	
consequently	avoiding	Sn	losses	to	a	large	extent.	Further	discussion	about	
the	 implications	 on	 the	 reaction	 pathways	 is	 included	 in	 the	 publication.	
Finally,	we	also	present	a	new	methodology	for	obtaining	high	quality	CZTSe	
absorbers,	by	introducing	very	thin	Ge	layers	above	and	below	the	metallic	
stack	precursor,	leading	to	a	record	11.8%	conversion	efficiency.		

This	article	has	been	highlighted	among	the	hottest	works	published	in	this	
journal,	being	part	of	the	themed	collection:	2017	Energy	and	Environmental	
Science	HOT	articles.		

In	 this	 work,	 Sergio	 Giraldo	 was	 responsible	 for	 the	 fabrication	 of	 CZTSe	
absorber	layers	and	resulting	devices.	He	performed	the	annealing	break-off	
experiment	and	analyzed	the	experimental	results.	He	also	carried	out	the	
morphological	 SEM	 characterization	 as	 well	 as	 the	 in-depth	 elemental	
distribution	analysis	by	EDX.	Finally,	best	performing	solar	cell	devices	were	
finished	during	his	stay	at	AIST	in	Japan.	
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Chapter	4:	

(6) S.	Giraldo,	 et	 al.,	 “Cu2ZnSnSe4-Based	 Solar	 Cells	With	 Efficiency	 Exceeding	
10%	by	Adding	a	Superficial	Ge	Nanolayer:	The	Interaction	Between	Ge	and	
Na,”	IEEE	Journal	of	Photovoltaics,	vol.	6,	no.	3,	pp.	754-759,	2016.	

Impact	Factor	(IF):	3.712	

1st	quartile	in	categories:	Condensed	Matter	Physics;	Electrical	and	Electronic	
Engineering;	Electronic,	Optical	and	Magnetic	Materials	

This	work	investigates	the	complex	Ge-Na	interaction,	which	has	shown	to	
be	crucial	to	further	understand	the	harmful	effect	of	thicker	Ge	nanolayers	
(³25	nm)	introduced	in	the	CZTSe	absorbers.	In	this	publication,	we	explain	
how	Ge	concentration	can	have	a	significant	impact	on	the	Na	content	and,	
thus,	 modify	 the	 doping	 level	 of	 the	 kesterite.	 Additionally,	 the	 possible	
mechanism	 by	 which	 this	 interaction	 occurs	 is	 presented	 as	 well	 as	 the	
expected	 formation	 of	 point	 defects.	 Moreover,	 we	 support	 our	 Ge-Na	
interaction	model	with	experiments	using	Na-free	substrates,	demonstrating	
the	importance	of	accurately	controlling	the	Na	content	when	Ge	is	used	to	
increase	the	efficiency	of	kesterite	CZTSe	solar	cells,	with	special	attention	to	
the	proper	doping	level	and	the	optimum	composition	of	the	absorbers.	

In	 this	work,	 Sergio	Giraldo	was	 responsible	 for	 the	 synthesis	 of	 analyzed	
CZTSe	absorbers	and	fabrication	of	solar	cell	devices	on	SLG	substrates.	He	
performed	the	complete	morphological	SEM	characterization,	compositional	
EDX	 analysis,	 XRF	 measurements,	 and	 subsequent	 optoelectronic	
characterization	of	the	finished	devices.	

	

(7) M.	Dimitrievska,	S.	Giraldo,	et	al.,	“Raman	scattering	analysis	of	the	surface	
chemistry	 of	 kesterites:	 Impact	 of	 post-deposition	 annealing	 and	 Cu/Zn	
reordering	on	solar	cell	performance,”	Solar	Energy	Materials	&	Solar	Cells,	
vol.	157,	pp.	462–467,	2016.	

Impact	Factor	(IF):	4.784	

1st	 quartile	 in	 categories:	 Electronic,	 Optical	 and	 Magnetic	 Materials;	
Renewable	Energy,	Sustainability	and	 the	Environment;	Surfaces,	Coatings	
and	Films	

This	work	 explores	 the	 structure-function	 relationships	 of	 post-deposition	
annealing	 (PDA)	 at	 different	 temperatures	 in	 Cu2ZnSnSe4	 kesterite-based	
solar	cells.	Diffusion	and	recrystallization	phenomena	at	the	absorber/buffer	
interface	 during	 the	 PDA	 are	 investigated	 using	multi-wavelength	 Raman	
spectroscopy	and	photoluminescence,	and	correlated	to	the	optoelectronic	
properties	of	the	devices.		The	obtained	results	show	that	PDA	treatments	of	
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completed	devices	induce	a	redistribution	of	atoms	(Cu	and	Zn)	within	the	
surface	 and	 sub-surface	 of	 the	 absorber	 layer.	 In	 particular,	 the	 absorber	
surface	 becomes	 more	 Cu-depleted	 and	 Zn-enriched,	 creating	
optoelectronically	beneficial	defects	VCu	and	ZnCu,	which	can	partly	explain	
the	performance	improvement.	Additionally,	recrystallization	effects	of	the	
CdS	buffer	layer	are	observed,	leading	to	a	better	absorber/buffer	interface	
and	potentially	a	better	band	alignment.		

In	this	work,	Sergio	Giraldo	was	responsible	for	the	fabrication	of	kesterite	
solar	 cells,	 he	 performed	 the	 different	 temperature	 post-deposition	
annealings	 and	 the	optoelectronic	 characterization,	 including	 J-V	 and	 EQE	
measurements.	 Additionally,	 he	 carried	 out	 the	 morphological	 SEM	
characterization.	

	

None	of	these	articles	have	been	previously	used	by	other	co-authors	for	their	doctoral	
thesis.	

	

Barcelona,	02/01/2018	

	

	

	

Dr.	Edgardo	Saucedo	Silva	 	 	 	 							Prof.	Alejandro	Pérez	Rodríguez	
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El	 trabajo	 presentado	 en	 esta	 tesis	 fue	 realizado	 en	 el	 Institut	 de	 Recerca	 en	

Energia	de	Catalunya	(IREC)	en	Sant	Adrià	de	Besòs	(Barcelona),	España,	desde	el	año	
2015	hasta	el	2018,	dentro	del	proyecto	SUNBEAM	(ENE2013-49136-C4-1-R)	con	una	
beca	FPI	 (BES-2014-068533)	del	Gobierno	de	España.	El	 tema	principal	de	 la	 tesis	 se	
centra	 en	 el	 desarrollo	 de	 tecnologías	 fotovoltaicas	 de	 capa	 fina	 de	 alta	 eficiencia	
basadas	 en	 absorbedores	 de	 kesterita	 Cu2ZnSnSe4,	 utilizando	 un	 proceso	 secuencial	
(pulverización	 catódica	 de	 precursores	 metálicos	 seguida	 de	 tratamiento	 térmico	
reactivo),	mediante	la	implementación	de	novedosas	estrategias	de	dopado.	

Cada	capítulo	de	la	tesis	está	estructurado	en	torno	a	varios	artículos	publicados	
en	 revistas	 de	 alto	 impacto.	 De	 acuerdo	 con	 los	 requisitos	 dentro	 del	 programa	 de	
doctorado	de	Ingeniería	y	Ciencias	Aplicadas	de	la	Universidad	de	Barcelona,	esta	tesis	
está	constituida	por	los	siguientes	siete	artículos:	

S.	Giraldo,	C.	M.	Ruiz,	M.	Espíndola-Rodríguez,	Y.	Sánchez,	M.	Placidi,	D.	Cozza,	
D.	 Barakel,	 L.	 Escoubas,	 A.	 Pérez-Rodríguez,	 and	 E.	 Saucedo,	 “Optical	 and	
electrical	properties	of	In-doped	Cu2ZnSnSe4,”	Sol.	Energy	Mater.	Sol.	Cells,	vol.	
151,	pp.	44–51,	2016.	IMPACT	FACTOR	(IF):	4.784	

S.	Giraldo,	M.	Neuschitzer,	T.	Thersleff,	S.	López-Marino,	Y.	Sánchez,	H.	Xie,	M.	
Colina,	M.	Placidi,	P.	Pistor,	V.	Izquierdo-Roca,	K.	Leifer,	A.	Pérez-Rodríguez,	and	
E.	 Saucedo,	 “Large	 Efficiency	 Improvement	 in	 Cu2ZnSnSe4	 Solar	 Cells	 by	
Introducing	a	Superficial	Ge	Nanolayer,”	Adv.	Energy	Mater.,	vol.	5,	no.	21,	p.	
1501070,	2015.	IMPACT	FACTOR	(IF):	16.721	

S.	 Giraldo,	 T.	 Thersleff,	 G.	 Larramona,	M.	 Neuschitzer,	 P.	 Pistor,	 K.	 Leifer,	 A.	
Pérez-Rodríguez,	C.	Moisan,	G.	Dennler,	and	E.	Saucedo,	“Cu2ZnSnSe4	solar	cells	
with	 10.6%	 efficiency	 through	 innovative	 absorber	 engineering	 with	 Ge	
superficial	nanolayer,”	Prog.	Photovoltaics	Res.	Appl.,	vol.	24,	no.	10,	pp.	1359-
1367,	2016.	IMPACT	FACTOR	(IF):	6.726	

T.	 Thersleff,	 S.	 Giraldo,	 M.	 Neuschitzer,	 P.	 Pistor,	 E.	 Saucedo,	 and	 K.	 Leifer,	
“Chemically	 and	 morphologically	 distinct	 grain	 boundaries	 in	 Ge-doped	
Cu2ZnSnSe4	solar	cells	revealed	with	STEM-EELS,”	Mater.	Des.,	vol.	122,	pp.	102-
109,	2017.	IMPACT	FACTOR	(IF):	4.364	

S.	 Giraldo,	 E.	 Saucedo,	 M.	 Neuschitzer,	 F.	 Oliva,	 M.	 Placidi,	 X.	 Alcobé,	 V.	
Izquierdo-Roca,	S.	Kim,	H.	Tampo,	H.	Shibata,	A.	Perez-Rodriguez	and	P.	Pistor,	
“How	small	amounts	of	Ge	modify	the	formation	pathways	and	crystallization	of	
kesterites,”	 Energy	 Environ.	 Sci.,	 2017.	 DOI:10.1039/C7EE02318A.	 IMPACT	
FACTOR	(IF):	29.518	

S.	 Giraldo,	 M.	 Neuschitzer,	 M.	 Placidi,	 P.	 Pistor,	 A.	 Pérez-Rodríguez,	 and	 E.	
Saucedo,	 “Cu2ZnSnSe4-Based	 Solar	 Cells	 With	 Efficiency	 Exceeding	 10%	 by	
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Adding	a	Superficial	Ge	Nanolayer:	The	Interaction	Between	Ge	and	Na,”	 IEEE	
Journal	of	Photovoltaics,	vol.	6,	no.	3,	pp.	754-759,	2016.	IMPACT	FACTOR	(IF):	
3.712	

M.	Dimitrievska,	 S.	 Giraldo,	 P.	 Pistor,	 E.	 Saucedo,	 A.	 Pérez-Rodríguez,	 and	 V.	
Izquierdo-Roca,	 “Raman	 scattering	 analysis	 of	 the	 surface	 chemistry	 of	
kesterites:	 Impact	of	post-deposition	annealing	and	Cu/Zn	reordering	on	solar	
cell	performance,”	Sol.	Energy	Mater.	Sol.	Cells,	vol.	157,	pp.	462–467,	2016.	
IMPACT	FACTOR	(IF):	4.784	

La	tesis	está	estructurada	en	cinco	capítulos.	Cada	capítulo	comienza	con	una	
breve	 revisión	 de	 la	 literatura	 y	 un	 resumen	 de	 los	 resultados	 más	 relevantes	
presentados	en	los	artículos	en	los	cuales	se	basa	dicho	capítulo.	A	continuación,	cada	
capítulo	concluye	con	el	texto	completo	de	los	artículos	correspondientes.	

El	 primer	 capítulo	 consiste	 en	 una	 breve	 introducción	 a	 la	 tecnología	
fotovoltaica,	enfocada	en	la	importancia	de	la	energía	solar	en	la	actualidad,	donde	la	
transición	de	 las	 fuentes	tradicionales	de	energía	 (combustibles	 fósiles)	a	tecnologías	
más	limpias	y	eficientes	se	ha	convertido	en	un	tema	urgente.	Seguidamente,	se	explica	
el	 funcionamiento	básico	de	dispositivos	fotovoltaicos,	 junto	con	 los	parámetros	más	
relevantes	y	los	fenómenos	que	ocurren	en	la	unión	p-n	de	una	célula	solar.	Además,	
esta	 sección	 describe	 las	 principales	 tecnologías	 fotovoltaicas,	 incluyendo	 primera	
generación	 (principalmente	 basada	 en	 obleas	 de	 silicio,	 incluyendo	 silicio	 mono-
cristalino	y	multi-cristalino),	segunda	generación	(basada	en	materiales	de	capa	fina)	y	
tercera	generación	(incluyendo	nuevas	tecnologías	emergentes	y	conceptos	avanzados),	
y	una	discusión	posterior	sobre	las	ventajas	e	inconvenientes	de	las	más	relevantes.	La	
siguiente	subsección	se	centra	en	 las	 tecnologías	de	capa	 fina	de	kesterita,	 siendo	el	
tema	 principal	 de	 esta	 tesis.	 La	 aparición	 de	 la	 kesterita	 como	material	 absorbedor	
fotovoltaico	supera	las	principales	limitaciones	en	cuanto	escasez	y/o	toxicidad	de	otros	
calcogenuros	de	capa	fina,	como	la	calcopirita	CIGS	y	el	CdTe,	ya	que	está	compuesta	de	
elementos	de	baja	toxicidad	y	abundantes	en	la	corteza	terrestre.	Además,	existe	una	
larga	 lista	 de	 ventajas	 (descritas	 en	 la	 tesis)	 que	 hacen	 de	 la	 kesterita	 un	 material	
absorbedor	 fotovoltaico	 ideal	 y	muy	 prometedor,	 aunque	 todavía	 tiene	 camino	 por	
recorrer	debido	a	su	novedad	y	corta	trayectoria	en	comparación	con	tecnologías	más	
maduras.	Este	capítulo	también	presenta	una	revisión	completa	y	actualizada	con	 las	
mejores	células	solares	de	kesterita	reportadas	en	la	literatura,	así	como	algunos	de	los	
desafíos	 actuales	 de	 este	material	 derivados	 de	 su	 propia	 composición	 y	 estructura	
cristalina,	y	los	defectos	asociados.	Finalmente,	se	describen	los	objetivos	de	la	tesis.	

El	segundo	capítulo	se	centra	en	el	estudio	de	estrategias	de	dopaje	selectivas	
en	kesterita	Cu2ZnSnSe4.	En	la	primera	subsección,	antes	de	profundizar	en	estrategias	
más	avanzadas,	se	presenta	una	optimización	previa	de	los	procesos	térmicos	para	la	
síntesis	 de	 absorbedores	 CZTSe,	 mediante	 el	 análisis	 de	 varios	 parámetros	 críticos	



 
 

21 
 

S.	Giraldo	Prefacio	

	
durante	la	selenización	(incluyendo	temperatura,	presión	total,	cantidad	de	calcógeno,	
rampas	 de	 temperatura,	 etc.)	 y	 comparando	 perfiles	 de	 proceso	 en	 una,	 dos	 y	 tres	
etapas.	A	continuación,	se	presenta	un	examen	preliminar	de	los	elementos	dopantes,	
mediante	el	estudio	de	los	elementos:	Ag,	In,	Si,	Ge	y	Pb,	como	primeros	candidatos.	Se	
discute	la	importancia	de	estudiar	estos	elementos	en	particular	y	por	qué	decidimos	
centrarnos	 en	 el	 Ge	 y	 el	 In	 como	 dopantes.	 Este	 capítulo	 incluye	 las	 siguientes	 tres	
publicaciones:	 “Optical	 and	 electrical	 properties	 of	 In-doped	 Cu2ZnSnSe4”,	 “Large	
efficiency	 improvement	 in	 Cu2ZnSnSe4	 solar	 cells	 by	 introducing	 a	 superficial	 Ge	
nanolayer”	y	“Cu2ZnSnSe4	solar	cells	with	10.6%	efficiency	through	innovative	absorber	
engineering	with	Ge	 superficial	 nanolayer”	 con	un	 estudio	más	 exhaustivo	 sobre	 los	
elementos	In	y	Ge	como	dopantes	en	kesterita	CZTSe.	

El	tercer	capítulo,	en	línea	con	los	resultados	presentados	en	el	capítulo	anterior,	
pretende	 arrojar	 luz	 sobre	 el	 origen	 y	 los	 mecanismos	 que	 subyacen	 al	 efecto	
beneficioso	 de	 pequeñas	 cantidades	 de	Ge	 y	 explorar	más	 a	 fondo	 el	 papel	 de	 este	
elemento	en	células	solares	CZTSe	de	alto	rendimiento.	En	la	literatura,	la	incorporación	
de	Ge	en	células	solares	basadas	en	kesterita	ha	demostrado	un	 impacto	positivo	en	
varias	 propiedades	 de	 los	 dispositivos,	 lo	 que	 lleva	 a	 mejoras	 significativas	 en	 el	
rendimiento	de	los	mismos.	Conjuntamente,	se	presenta	una	breve	revisión	desde	2012,	
cuando	 IBM	 presentó	 el	 primer	 dispositivo	 de	 kesterita	 aleado	 con	 Ge,	 hasta	 la	
actualidad.	 En	 resumen,	 la	 incorporación	 de	 Ge	 ha	 demostrado:	 la	 posibilidad	 de	
aumentar	 el	 VOC	 incrementando	 la	 banda	 prohibida	 o	 band-gap;	 el	 potencial	 en	
conceptos	 de	 gradiente	 de	 band-gap;	 notables	mejoras	 en	 el	 tamaño	 de	 grano	 y	 la	
cristalinidad	de	 los	 absorbedores;	 aumento	del	 tiempo	de	 vida	de	 los	portadores	de	
carga	minoritarios;	y	un	gran	potencial	para	reducir	el	déficit	de	voltaje	en	la	tecnología	
de	kesterita	actual.	Pero	con	el	inconveniente	de	depender	de	grandes	cantidades	de	
Ge	 (20-40%	 de	 sustitución	 con	 Ge),	 comprometiendo	 la	 sostenibilidad	 de	 esta	
tecnología.	En	este	contexto,	el	estudio	de	estrategias	alternativas	utilizando	pequeñas	
cantidades	 de	 Ge	 resulta	 crucial	 para	 continuar	 con	 el	 desarrollo	 de	 tecnologías	
sostenibles	 a	 largo	 plazo,	 basadas	 principalmente	 en	 elementos	 abundantes	 en	 la	
corteza	terrestre.	Con	respecto	al	origen	del	efecto	beneficioso	del	dopaje	con	Ge	en	
células	solares	de	CZTSe,	se	han	propuesto	varias	hipótesis	que	se	discuten	a	lo	largo	del	
capítulo;	 la	 modificación	 de	 la	 superficie,	 la	 formación	 de	 un	 agente	 fundente,	 la	
modificación	de	los	niveles	de	defectos,	 la	 interacción	con	el	Na,	o	 la	 influencia	en	la	
naturaleza	de	las	fronteras	de	grano	se	encuentran	entre	ellas.	Este	capítulo	incluye	las	
siguientes	dos	publicaciones:	“Chemically	and	morphologically	distinct	grain	boundaries	
in	Ge-doped	Cu2ZnSnSe4	solar	cells	revealed	with	STEM-EELS”	y	“How	small	amounts	of	
Ge	 modify	 the	 formation	 pathways	 and	 crystallization	 of	 kesterites”	 con	 una	
investigación	detallada	sobre	la	naturaleza	de	las	fronteras	de	grano	en	CZTSe	dopado	
con	Ge,	los	mecanismos	subyacentes	al	efecto	beneficioso	del	Ge	y	cómo	este	afecta	a	
los	procesos	de	formación	de	la	kesterita	CZTSe.	
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El	cuarto	capítulo	abarca	dos	de	los	factores	más	conocidos	que	pueden	afectar	

claramente	al	rendimiento	de	los	dispositivos	y	son	de	gran	importancia	para	obtener	
células	 solares	 de	 alta	 eficiencia:	 tratamientos	 posdeposición	 (PDT)	 y	 la	 presencia	 y	
control	 de	 elementos	 alcalinos	 durante	 los	 procesos	 térmicos.	 El	 texto	 incluye	 los	
principales	 efectos	 de	 los	 álcalis	 en	 CIGS,	 en	 particular	 el	 Na,	 que	 esencialmente	
conducen	 a	 una	 mejora	 del	 rendimiento,	 reportado	 sistemáticamente	 en	 varias	
publicaciones.	A	continuación,	se	revisa	el	efecto	de	los	álcalis	en	kesterita,	mostrando	
mejoras	 similares	 en	 las	 propiedades	 de	 los	 dispositivos.	 Además,	 se	 observa	 una	
interesante	y	compleja	interacción	entre	los	elementos	del	grupo	IV	(Ge,	Sn)	y	los	álcalis,	
que	afecta	al	nivel	de	dopaje	de	los	absorbedores	y	las	propiedades	optoelectrónicas	de	
las	células	solares	de	kesterita.	Finalmente,	se	presentan	los	tratamientos	posteriores	a	
la	deposición,	especialmente	los	recocidos	a	baja	temperatura	(PDA).	En	la	literatura,	
varios	grupos	han	reportado	los	efectos	beneficiosos	de	estos	tratamientos	térmicos,	ya	
sea	 en	 aire	 o	 en	 atmósfera	 inerte,	 para	 aumentar	 la	 eficiencia	 de	 los	 dispositivos,	
asociándolos	 con	 la	 bien	 conocida	 interdifusión	de	Cu-Zn.	 En	particular,	 después	 del	
PDA,	 la	 formación	 de	 una	 superficie	 en	 el	 absorbedor	 pobre	 en	 Cu	 y	 rica	 en	 Zn	 ha	
demostrado	ser	imprescindible	para	lograr	altas	eficiencias.	Este	capítulo	incluye	las	dos	
publicaciones	siguientes:	“Cu2ZnSnSe4-based	solar	cells	with	efficiency	exceeding	10%	
by	adding	a	superficial	Ge	nanolayer:	The	 interaction	between	Ge	and	Na”	y	“Raman	
scattering	 analysis	 of	 the	 surface	 chemistry	 of	 kesterites:	 Impact	 of	 post-deposition	
annealing	 and	 Cu/Zn	 reordering	 on	 solar	 cell	 performance”	 en	 las	 que	 se	 presenta	
información	detallada	sobre	los	resultados	mencionados.	

En	el	último	capítulo	de	la	tesis	se	incluyen	las	conclusiones	del	trabajo.		

Por	último,	los	siguientes	artículos,	de	los	cuales	Sergio	Giraldo	es	coautor,	han	
contribuido	a	la	preparación	de	esta	tesis,	aunque	no	están	incluidos	en	el	texto:		

I.	Becerril-Romero,	S.	Giraldo,	S.	López-Marino,	M.	Placidi,	Y.	Sánchez,	D.	Sylla,	
A.	Pérez-Rodríguez,	E.	Saucedo,	and	P.	Pistor,	“Vitreous	enamel	as	sodium	source	
for	efficient	kesterite	solar	cells	on	commercial	ceramic	tiles,”	Sol.	Energy	Mater.	
Sol.	Cells,	vol.	154,	pp.	11–17,	2016.	IMPACT	FACTOR	(IF):	4.784	

M.	Neuschitzer,	J.	Marquez,	S.	Giraldo,	M.	Dimitrievska,	M.	Placidi,	I.	Forbes,	V.	
Izquierdo-Roca,	 A.	 Pérez-Rodríguez,	 and	 E.	 Saucedo,	 “VOC	 Boosting	 and	Grain	
Growth	Enhancing	Ge-Doping	Strategy	for	Cu2ZnSnSe4	Photovoltaic	Absorbers,”	
J.	 Phys.	 Chem.	C,	 vol.	 120,	no.	 18,	 pp.9661-9670,	 2016.	 IMPACT	FACTOR	 (IF):	
4.536	

C.	 Ros,	 T.	 Andreu,	 S.	 Giraldo,	 Y.	 Sánchez,	 and	 J.	 R.	 Morante,	 “Conformal	
chalcopyrite	 based	 photocathode	 for	 solar	 refinery	 applications,”	 Sol.	 Energy	
Mater.	Sol.	Cells,	vol.	158,	pp.	184-188,	2016.	IMPACT	FACTOR	(IF):	4.784	
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E.	Kask,	J.	Krustok,	S.	Giraldo,	M.	Neuschitzer,	S.	López-Marino,	and	E.	Saucedo,	
“Temperature	 dependent	 electrical	 characterization	 of	 thin	 film	 Cu2ZnSnSe4	
solar	 cells,”	 J.	 Phys.	 D.	 Appl.	 Phys.,	 vol.	 49,	 no.	 8,	 p.	 085101,	 2016.	 IMPACT	
FACTOR	(IF):	2.588	

M.	Colina,	I.	Martín,	S.	Giraldo,	Y.	Sánchez,	R.	Kondrotas,	F.	Oliva,	V.	Izquierdo-
Roca,	 A.	 Pérez-Rodríguez,	 A.	 Coll,	 R.	 Alcubilla,	 and	 E.	 Saucedo,	 “Influence	 of	
Amorphous	Silicon	Carbide	Intermediate	Layer	in	the	Back-Contact	Structure	of	
Cu2ZnSnSe4	Solar	Cells,”	 IEEE	Journal	of	Photovoltaics,	vol.	6,	no.	5,	pp.	1327-
1332,	2016.	IMPACT	FACTOR	(IF):	3.712	
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S.	 Schorr,	 and	 C.	 S.	 Schnohr,	 “Discrepancy	 between	 integral	 and	 local	
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classification,”	 Appl.	 Phys.	 Lett.,	 vol.	 110,	 no.	 4,	 p.	 043901,	 2017.	 IMPACT	
FACTOR	(IF):	3.411	
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Capítulo	2:	

(1) S.	Giraldo,	et	al.,	“Optical	and	electrical	properties	of	In-doped	Cu2ZnSnSe4,”	
Solar	Energy	Materials	&	Solar	Cells,	vol.	151,	pp.	44–51,	2016.	

Factor	de	impacto	(IF):	4.784	

1.er	 cuartil	 en	 las	 categorías:	 Electronic,	 Optical	 and	 Magnetic	 Materials;	
Renewable	 Energy,	 Sustainability	 and	 the	 Environment;	 Surfaces,	 Coatings	
and	Films	

Este	trabajo	investiga	los	efectos	del	dopado	con	In	en	películas	delgadas	de	
CZTSe.	Se	introdujeron	diferentes	espesores	(de	0	a	10	nm)	correspondientes	
a	concentraciones	nominales	de	In	de	0	a	2.6	´	1020	cm-3.	Demostramos	una	
distribución	uniforme	de	 In	 en	 todo	 el	 absorbedor	 CZTSe,	 sin	 afectar	 a	 la	
distribución	de	los	elementos	principales,	pero	que	sí	impacta	en	la	cantidad	
de	 Na	 en	 la	 superficie.	 Además,	 se	 observan	 cambios	 notables	 en	 la	
morfología,	 donde	 el	 aumento	 de	 la	 concentración	 de	 In	 conduce	 a	 la	
formación	 de	 una	 estructura	 bicapa.	 No	 se	 observó	 deterioro	 de	 las	
eficiencias	para	concentraciones	 inferiores	a	2.6	´	1019	cm-3,	mientras	que	
para	niveles	de	dopaje	más	altos,	una	caída	significativa	del	FF	condujo	a	una	
disminución	 de	 la	 eficiencia.	 En	 el	 manuscrito,	 proponemos	 un	 modelo	
fenomenológico	 respaldado	 por	 una	 completa	 caracterización	 de	
absorbedores	 y	 dispositivos,	 que	 muestra	 cómo	 una	 fase	 conductora	
deteriora	las	propiedades	de	los	dispositivos	y	que	asociamos	con	la	posible	
presencia	de	compuestos	formados	por	óxidos	de	In	y	Sn.	

En	este	 trabajo,	Sergio	Giraldo	 fue	 responsable	de	 la	 síntesis	de	 todos	 los	
absorbedores	 utilizados	 en	 el	 estudio,	 la	 fabricación	 de	 dispositivos	 de	
células	solares,	así	como	la	caracterización	optoelectrónica	(J-V	y	EQE),	y	el	
posterior	análisis	e	interpretación	de	los	resultados.	

	

(2) S.	Giraldo,	et	al.,	“Large	Efficiency	Improvement	in	Cu2ZnSnSe4	Solar	Cells	by	
Introducing	a	Superficial	Ge	Nanolayer,”	Advanced	Energy	Materials,	vol.	5,	
no.	21,	p.	1501070,	2015.	

Factor	de	impacto	(IF):	16.721	



 
 

26 
 

S.	Giraldo	Prefacio	

	
1.er	 cuartil	 en	 las	 categorías:	 Materials	 Science;	 Renewable	 Energy,	
Sustainability	and	the	Environment	

En	 esta	 publicación,	 presentamos	 una	 notable	mejora	 en	 la	 eficiencia	 de	
células	solares	de	kesterita	Cu2ZnSnSe4,	basada	en	la	incorporación	de	una	
nanocapa	superficial	de	Ge.	En	particular,	el	uso	de	10	nm	de	Ge	evaporados	
sobre	 precursores	 metálicos	 conduce	 a	 una	 significativa	 mejora	 de	 la	
eficiencia,	desde	aproximadamente	7%	para	muestras	de	referencia	(sin	Ge)	
hasta	 el	 10%	 para	 las	 mejores	 células	 que	 contienen	 Ge,	 junto	 con	 una	
mejora	 notable	 de	 la	 cristalinidad.	 Una	 detallada	 caracterización	
composicional	y	estructural	demuestra	que	el	Ge	apenas	se	incorpora	en	el	
absorbedor	 CZTSe,	 por	 lo	 que	 proponemos	 un	mecanismo	 que	 explicaría	
cómo	el	Ge	podría	ayudar	a	la	cristalización	mediante	la	formación	de	una	
fase	líquida	Ge-Se.	Además,	se	presentan	varias	razones	que	podrían	explicar	
esta	mejora	del	rendimiento	de	los	dispositivos,	que	incluyen:	(i)	la	formación	
de	una	 fase	Ge3Se7	 que	 se	descompone	de	 forma	 incongruente	 en	GeSe2	
(volátil)	 y	 una	 fase	 líquida	 rica	 en	 Se,	 que	 ayudaría	 a	 la	 cristalización	 del	
CZTSe,	mejorando	la	calidad	cristalina;	(ii)	la	menor	formación	de	especies	Sn	
+	II	(comúnmente	asociadas	con	la	formación	de	defectos	profundos	nocivos	
que	 deterioran	 el	 voltaje	 de	 las	 células)	 en	 presencia	 de	 Ge,	 tal	 y	 como	
sugiere	el	análisis	preliminar	de	XPS;	(iii)	la	presencia	de	nanoinclusiones	de	
GeOx,	aparentemente	asociadas	con	 inclusiones	de	SnO2,	detectada	por	el	
análisis	 TEM/EELS	 de	 alta	 resolución,	 que	 podría	 tener	 un	 efecto	 de	
pasivación	 o	 actuar	 de	 algún	 modo	 como	 reflectores	 de	 electrones,	
mejorando	el	voltaje	de	las	células	solares.	

Este	 artículo	 se	 publicó	 junto	 con	 una	 portada	 concedida	 por	 la	 revista,	
incluida	en	la	sección	Appendix.	

En	 este	 trabajo,	 Sergio	 Giraldo	 fue	 responsable	 de	 la	 síntesis	 de	 los	
absorbedores	CZTSe	y	 la	posterior	 fabricación	de	células	 solares.	Además,	
realizó	 la	 caracterización	morfológica	por	SEM	así	 como	 la	 caracterización	
optoelectrónica,	 incluyendo	 medidas	 de	 eficiencia	 cuántica	 (EQE),	 J-V	 y	
medidas	de	reflectancia.	

	

(3) S.	 Giraldo,	 et	 al.,	 “Cu2ZnSnSe4	 solar	 cells	 with	 10.6%	 efficiency	 through	
innovative	absorber	engineering	with	Ge	superficial	nanolayer,”	Progress	in	
Photovoltaics:	Research	and	Applications,	 vol.	 24,	no.	10,	pp.	1359-1367,	
2016.	

Factor	de	impacto	(IF):	6.726	
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1.er	 cuartil	 en	 las	 categorías:	 Condensed	 Matter	 Physics;	 Electrical	 and	
Electronic	 Engineering;	 Electronic,	 Optical	 and	 Magnetic	 Materials;	
Renewable	Energy,	Sustainability	and	the	Environment	

Este	trabajo	incluye	la	optimización	completa	de	la	estrategia	presentada	en	
el	artículo	anterior,	en	el	cual	se	demostró	el	efecto	positivo	de	incorporar	
una	nanocapa	de	Ge	en	el	procesamiento	de	los	absorbedores	CZTSe.	En	esta	
publicación,	 se	 define	 el	 rango	 de	 espesor	 de	Ge	 óptimo	 para	 lograr	 una	
mejora	del	rendimiento	de	los	dispositivos,	obteniendo	una	eficiencia	récord	
del	10.6%	gracias	a	la	colaboración	internacional	con	IMRA	en	Francia.	Con	
esta	optimización,	el	VOC	de	nuestro	CZTSe	de	puro	de	selenio	aumenta	hasta	
489	mV,	lo	que	implica	un	déficit	de	voltaje	entre	los	más	bajos	reportados	
hasta	 la	 fecha	en	tecnologías	de	kesterita.	Además,	se	muestran	primeros	
indicios	de	la	interacción	Ge-Na	y	su	efecto	en	la	densidad	de	portadores	de	
carga.	 Finalmente,	 se	 presentan	 evidencias	 que	 apuntan	 a	 la	 causa	 del	
deterioro	de	las	propiedades	de	los	dispositivos	con	mayor	cantidad	de	Ge.	

En	este	trabajo,	Sergio	Giraldo	fue	responsable	de	la	realización	del	conjunto	
completo	de	muestras,	 incluida	 la	 síntesis	de	 los	absorbedores	CZTSe	y	 la	
posterior	 fabricación	 de	 células	 solares.	 Posteriormente,	 realizó	 la	
caracterización	 optoelectrónica,	 análisis	 J-V	 y	 mediciones	 de	 eficiencia	
cuántica,	así	como	el	análisis	morfológico/composicional	por	SEM/EDX.	

	

Capítulo	3:	

(4) T.	Thersleff,	S.	Giraldo,	et	al.,	“Chemically	and	morphologically	distinct	grain	
boundaries	 in	Ge-doped	Cu2ZnSnSe4	 solar	cells	 revealed	with	STEM-EELS,”	
Materials	&	Design,	vol.	122,	pp.	102-109,	2017.	

Factor	de	impacto	(IF):	4.364	

1.er	 cuartil	 en	 las	 categorías:	Materials	 Science;	 Mechanical	 Engineering;	
Mechanics	of	Materials	

Esta	 publicación	 presenta	 un	 análisis	 detallado	 de	 las	 características	
estructurales,	morfológicas	y	de	composición	en	muestras	de	CZTSe	dopadas	
con	Ge	con	eficiencias	superiores	al	10%	(entre	las	mejores	reportadas	para	
este	material	y	método	de	fabricación).	Los	hallazgos	más	relevantes	revelan	
la	existencia	de	al	menos	dos	tipos	morfológicamente	distintos	de	fronteras	
de	 grano	 presentes	 en	 este	 sistema.	 Estas	 se	 concentran	 en	 las	 regiones	
superior	 e	 inferior	 de	 la	 capa	 absorbedora,	 y	 la	 posterior	 investigación	
analítica	por	STEM	revela	que	 tienen	diferentes	 composiciones.	El	 análisis	
más	 profundo	 y	 detallado	 por	 EELS	 de	 las	 fronteras	 de	 grano	 inferiores	
muestra	que	contienen	grandes	cantidades	de	SnOx	y	que	el	Cu	asume	un	
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estado	de	valencia	mayor,	mientras	que	 las	 fronteras	de	grano	superiores	
están	 ligeramente	 enriquecidas	 en	 Cu	 y	 contienen	 trazas	 de	 oxígeno.	
Curiosamente,	también	podemos	vincular	la	extensión	de	estas	fronteras	de	
grano	a	un	cambio	en	la	composición	del	absorbedor,	el	cual	parece	tener	
una	estequiometría	diferente	en	 las	mitades	superior	e	 inferior.	En	última	
instancia,	 se	discute	el	 impacto	potencial	 de	 ambos	 tipos	de	 fronteras	de	
grano	en	el	rendimiento	y	la	fabricación	de	los	dispositivos.	

En	 este	 trabajo,	 Sergio	 Giraldo	 fue	 responsable	 de	 la	 fabricación	 de	 las	
muestras	 y	 el	 diseño	 experimental	 para	 lograr	 altas	 eficiencias.	 Además,	
ayudó	con	el	diseño	experimental	de	TEM	en	la	Universidad	de	Uppsala	en	
Suecia.	

	

(5) S.	Giraldo,	et	al.,	“How	small	amounts	of	Ge	modify	the	formation	pathways	
and	 crystallization	 of	 kesterites,”	 Energy	 &	 Environmental	 Science,	 2017.	
DOI:10.1039/C7EE02318A	

Factor	de	impacto	(IF):	29.518	

1.er	cuartil	en	las	categorías:	Environmental	Chemistry;	Nuclear	Energy	and	
Engineering;	 Pollution;	 Renewable	 Energy,	 Sustainability	 and	 the	
Environment	

Este	trabajo	es	una	colaboración	internacional	entre	IREC,	la	Universidad	de	
Barcelona,	AIST	en	Japón	y	la	Universidad	Martin	Luther	en	Alemania.	Esta	
publicación	 presenta	 una	 detallada	 investigación	 de	 los	 mecanismos	 que	
subyacen	al	efecto	beneficioso	del	Ge	en	células	solares	de	kesterita	y	sugiere	
un	mecanismo	 alternativo	 basado	 en	 el	 esquema	 de	 reacción	 durante	 la	
selenización.	 Se	 analizan	 en	 detalle	 las	 diferencias	 en	 la	 reacción	 de	
formación	 de	 la	 kesterita	 con	 y	 sin	 Ge,	 utilizando	 EDX,	 XRF,	 XRD	 y	
espectroscopía	Raman	con	múltiples	longitudes	de	onda	para	muestras	en	
las	 que	 el	 tratamiento	 térmico	 reactivo	 se	 ha	 interrumpido	 en	 diferentes	
momentos	del	proceso.	Curiosamente,	observamos	que	la	presencia	de	Ge	
afecta	 considerablemente	 a	 la	 distribución	 elemental	 en	 profundidad,	
retrasando	 y	 minimizando	 la	 rápida	 difusión	 del	 Cu	 y	 la	 formación	 de	
compuestos	volátiles	de	Sn-Se,	evitando	en	consecuencia	las	pérdidas	de	Sn	
en	gran	medida.	En	la	publicación	se	incluye	una	discusión	adicional	sobre	las	
implicaciones	 en	 los	 esquemas	 de	 reacción.	 Finalmente,	 también	
presentamos	 una	 nueva	metodología	 para	 la	 obtención	 de	 absorbedores	
CZTSe	de	alta	 calidad,	mediante	 la	 introducción	de	nanocapas	de	Ge	muy	
finas	encima	y	debajo	del	precursor	metálico,	que	nos	permite	obtener	una	
eficiencia	récord	del	11.8%.	
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Este	artículo	ha	sido	destacado	entre	los	mejores	trabajos	publicados	en	esta	
revista	y	forma	parte	de	la	colección:	2017	Energy	and	Environmental	Science	
HOT	articles.	

En	 este	 trabajo,	 Sergio	 Giraldo	 fue	 responsable	 de	 la	 fabricación	 de	 los	
absorbedores	CZTSe	y	los	dispositivos	resultantes.	Realizó	los	experimentos	
de	 interrupción	 del	 tratamiento	 térmico	 reactivo	 y	 analizó	 los	 resultados	
experimentales.	 También	 llevó	 a	 cabo	 la	 caracterización	 morfológica	 por	
SEM,	así	 como	el	análisis	de	 la	distribución	elemental	en	profundidad	por	
EDX.	Finalmente,	 los	dispositivos	de	células	solares	de	mayor	 rendimiento	
fueron	terminados	durante	su	estancia	en	el	centro	de	investigación	AIST	en	
Japón.	

	

Capítulo	4:	

(6) S.	Giraldo,	 et	 al.,	 “Cu2ZnSnSe4-Based	 Solar	 Cells	With	 Efficiency	 Exceeding	
10%	by	Adding	a	Superficial	Ge	Nanolayer:	The	Interaction	Between	Ge	and	
Na,”	IEEE	Journal	of	Photovoltaics,	vol.	6,	no.	3,	pp.	754-759,	2016.	

Factor	de	impacto	(IF):	3.712	

1.er	 cuartil	 en	 las	 categorías:	 Condensed	 Matter	 Physics;	 Electrical	 and	
Electronic	Engineering;	Electronic,	Optical	and	Magnetic	Materials	

Este	trabajo	investiga	la	compleja	interacción	Ge-Na,	que	ha	demostrado	ser	
crucial	para	comprender	mejor	el	efecto	perjudicial	de	nanocapas	de	Ge	de	
espesores	mayores	(³25	nm)	introducidas	en	los	absorbedores	de	CZTSe.	En	
esta	publicación,	explicamos	cómo	la	concentración	de	Ge	puede	tener	un	
impacto	significativo	en	el	contenido	de	Na	y,	por	lo	tanto,	modificar	el	nivel	
de	dopaje	de	la	kesterita.	Además,	se	presenta	el	posible	mecanismo	por	el	
cual	 ocurre	 esta	 interacción,	 así	 como	 la	 formación	 esperada	de	 defectos	
puntuales.	Asimismo,	apoyamos	nuestro	modelo	de	interacción	Ge-Na	con	
experimentos	utilizando	sustratos	libres	de	Na,	demostrando	la	importancia	
de	 controlar	 con	 precisión	 el	 contenido	 de	 Na	 cuando	 se	 usa	 Ge	 para	
aumentar	 la	 eficiencia	 en	 células	 solares	 de	 kesterita	 CZTSe,	 poniendo	
especial	atención	al	nivel	de	dopaje	adecuado	y	la	composición	óptima	de	los	
absorbedores.	

En	 este	 trabajo,	 Sergio	 Giraldo	 fue	 responsable	 de	 la	 síntesis	 de	 los	
absorbedores	 CZTSe	 analizados	 y	 la	 fabricación	 de	 dispositivos	 sobre	
sustratos	de	vidrio	SLG.	Realizó	la	completa	caracterización	morfológica	por	
SEM,	el	análisis	composicional	por	EDX,	las	mediciones	de	XRF	y	la	posterior	
caracterización	optoelectrónica	de	los	dispositivos	terminados.	
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(7) M.	Dimitrievska,	S.	Giraldo,	et	al.,	“Raman	scattering	analysis	of	the	surface	

chemistry	 of	 kesterites:	 Impact	 of	 post-deposition	 annealing	 and	 Cu/Zn	
reordering	on	solar	cell	performance,”	Solar	Energy	Materials	&	Solar	Cells,	
vol.	157,	pp.	462–467,	2016.	

Factor	de	impacto	(IF):	4.784	

1.er	 cuartil	 en	 las	 categorías:	 Electronic,	 Optical	 and	 Magnetic	 Materials;	
Renewable	 Energy,	 Sustainability	 and	 the	 Environment;	 Surfaces,	 Coatings	
and	Films	

Este	trabajo	investiga	las	relaciones	estructura-función	de	los	tratamientos	
térmicos	posdeposición	(PDA)	a	diferentes	temperaturas	en	células	solares	
de	 kesterita	 Cu2ZnSnSe4.	 Se	 investigan	 los	 fenómenos	 de	 difusión	 y	
recristalización	 en	 la	 interfaz	 absorbedor/buffer	 durante	 el	 PDA,	 usando	
espectroscopía	Raman	con	múltiples	longitudes	de	onda	y	fotoluminiscencia,	
y	se	correlacionan	con	las	propiedades	optoelectrónicas	de	los	dispositivos.	
Los	resultados	obtenidos	muestran	que	los	tratamientos	PDA	en	dispositivos	
completos	inducen	una	redistribución	de	átomos	(Cu	y	Zn)	en	la	superficie	y	
subsuperficie	del	absorbedor.	En	particular,	la	superficie	del	absorbedor	se	
vuelve	más	pobre	en	Cu	y	 rica	en	Zn,	creando	defectos	beneficiosos	VCu	y	
ZnCu,	que	pueden	explicar	en	parte	la	mejora	del	rendimiento.	Además,	se	
observan	efectos	de	recristalización	de	la	capa	buffer	de	CdS,	lo	que	conduce	
a	 una	 mejor	 interfaz	 absorbedor/buffer	 y	 potencialmente	 a	 un	 mejor	
alineamiento	de	bandas.	

En	este	trabajo,	Sergio	Giraldo	fue	responsable	de	la	fabricación	de	las	células	
solares	 de	 kesterita,	 realizó	 los	 tratamientos	 térmicos	 posdeposición	 a	
diferentes	 temperaturas,	 así	 como	 la	 caracterización	 optoelectrónica,	
incluidas	las	mediciones	J-V	y	EQE.	También	llevó	a	cabo	la	caracterización	
morfológica	de	SEM.	

	

Ninguno	de	estos	artículos	ha	sido	utilizado	previamente	por	los	coautores	para	su	tesis	
doctoral.	

	

Barcelona,	02/01/2018	

	

	

	

Dr.	Edgardo	Saucedo	Silva	 	 	 	 							Prof.	Alejandro	Pérez	Rodríguez	
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Nowadays,	the	greenhouse	gas	(GHG)	emissions	have	become	a	serious	concern	

due	to	their	dramatic	effect	on	the	global	warming	and	the	climate	change.	About	two-
thirds	of	these	emissions	stem	from	energy	production	and	use,	thus	placing	the	energy	
sector	at	the	center	of	attention	as	one	of	the	keys	for	their	necessary	reduction	and	to	
fight	against	climate	change.1	The	transition	from	traditional	energy	sources	based	on	
fossil	fuels	combustion	to	a	cleaner	and	efficient	energy	system	is	a	crucial	policy	goal,	
not	only	 for	developed	countries	but	also	 for	developing	nations.	The	first	concerted	
effort	of	the	international	community	to	confront	the	problem	of	climate	change	was	
the	birth	of	the	United	Nations	Framework	Convention	on	Climate	Change	(UNFCCC)	in	
1992	(entered	into	force	in	1994).2,3	The	UNFCCC	established	a	framework	for	action	to	
control	and	stabilize	concentrations	of	GHG	in	earth’s	atmosphere.	Later	on,	 in	1997,	
the	 participants	 established	 the	 Kyoto	 Protocol,	 which	 entered	 into	 force	 in	 2005,	
including	legally	binding	obligations	to	reduce	GHG	emissions	for	developed	countries,	
on	the	basis	that	they	are	historically	responsible	for	the	current	levels	of	GHG	in	the	
atmosphere.4	More	recently,	the	Paris	Agreement	adopted	in	2015	was	created	with	the	
central	 aim	of	 strengthening	 the	 global	 response	 to	 the	 threat	of	 climate	 change	by	
holding	a	global	average	temperature	increase	this	century	well	below	2°C	above	pre-
industrial	levels,	and	to	pursue	efforts	to	limit	the	temperature	rise	to	1.5°C.5	In	order	
to	 provide	 a	 clear	 and	 tangible	 understanding	 of	what	will	 be	 required	 for	 different	
countries	to	reduce	GHG	emissions	and	achieve	the	goal	of	limiting	global	warming	to	
less	than	2°C,	the	organization	DDPP	(Deep	Decarbonization	Pathways	Project)	emerged	
in	 2013.	 According	 to	 DDPP,	 the	 deep	 decarbonization	 is	 technically	 feasible	 while	
accommodating	economic	and	population	growth,	and	analyzing	the	different	modeled	
scenarios,	the	energy-related	CO2	emissions	would	be	reduced	by	46%	-	56%	(or	9.9	-	
12.1	Gt	CO2)	below	2010	levels,	as	shown	in	Figure	1.1	for	some	of	the	highest	emitting	
countries.6	

	

Figure	 1.1.	 Emissions	 evolution	 for	 energy	 CO2,	 2010-2050	 forecast,	 showing	 most	
ambitious	reduction	scenarios	for	several	high	emitting	countries.6	
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In	this	context,	renewable	energy	can	play	an	important	role	in	the	transition	to	

a	 less	 carbon-intensive	 and	 more	 sustainable	 energy	 system,	 allowing	 a	 significant	
reduction	 of	 GHG	 emissions.	 Renewables	 have	 grown	 significantly	 in	 the	 last	 years,	
especially	solar	photovoltaics	(PV)	with	a	remarkable	cost	reduction.	PV	module	prices	
have	 fallen	 by	 around	 80%	 since	 2010,	 and	 the	 global	 weighted	 average	 cost	 of	
electricity	from	solar	PV	plants	commissioned	between	the	years	2010-2016	have	also	
fallen	69%,	even	reaching	the	range	of	estimated	fossil	fuel-fired	power	generation	costs	
(see	 Figure	 1.2).1,7	 According	 to	 the	 International	 Energy	 Agency	 (IEA),	 renewables	
accounted	for	almost	two-thirds	of	net	power	capacity	around	the	world	in	2016,	with	
almost	165	gigawatts	(GW)	coming	online.	Last	year,	new	solar	PV	capacity	grew	by	50%	
(over	74	GW),	and	for	the	first	time,	it	increased	faster	than	any	other	fuel.	

	

	

Figure	1.2.	Levelized	cost	of	electricity	from	utility-scale	renewable	technologies	(ranges	
and	average).1	

In	view	of	the	foregoing,	there	is	no	doubt	that	solar	energy	is	getting	a	lot	of	
attention	as	one	of	the	key	renewable	energy	sources	around	the	world	for	keeping	a	
gradual	decarbonization	of	 the	power	 sector	and	ensure	a	 sustainable	 future.	 In	 the	
following	section,	the	main	photovoltaic	technologies	and	their	current	status	will	be	
described.	
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1.1. Photovoltaic	technologies	

Essentially,	PV	is	the	technology	that	converts	light	directly	into	electricity.	This	
phenomenon,	known	as	PV	effect,	occurs	when	photons	strike	and	are	absorbed	by	a	
semiconductor	 material,	 and	 this	 energy	 from	 the	 photons	 is	 transferred	 to	 the	
electrons	(-	charge)	 in	the	material,	making	them	jump	to	a	higher	state	(conduction	
band)	where	they	can	freely	move.	Actually,	this	jump	of	the	electron	leaves	behind	a	
“hole”	 (+	 charge)	 in	 the	 valence	 band,	 generating	 two	 charge	 carriers,	 the	 so-called	
electron-hole	pair.	A	typical	PV	device	 is	 formed	by	 joining	a	p-type	(excess	of	holes)	
with	an	n-type	(excess	of	electrons)	semiconductor	material,	creating	an	electric	field	
(p-n	 junction),	and	thus	making	holes	move	 in	the	opposite	direction	from	electrons,	
producing	an	electric	current.	 In	Figure	1.3,	 the	conventional	structure	of	a	solar	cell	
device	is	presented	for	clarification	together	with	the	band	diagram	of	the	p-n	junction	
and	the	relevant	electronic	properties.	Among	these	different	properties	or	parameters,	
the	Eg	or	band-gap	is	the	minimum	amount	of	energy	required	to	excite	an	electron	that	
is	in	its	bound	state	into	a	free	state	where	it	can	move	and	participate	in	the	conduction.	
The	lower	energy	level	for	an	electron	is	called	the	valence	band	(EV),	and	the	energy	
level	at	which	the	electron	is	considered	free	is	the	conduction	band	(EC).	Therefore,	the	
gap	in	energy	between	both	states,	i.e.	between	the	valence	band	and	conduction	band,	
is	the	band-gap	of	the	material.	The	work	function	(W)	of	the	material	is	defined	as	the	
minimum	 required	 energy	 to	 transfer	 an	 electron	 from	 the	 Fermi	 level	 (EF)	 to	 the	
vacuum	level	(Evac),	while	the	electron	affinity	(EEA)	is	the	energy	needed	to	transfer	an	
electron	from	the	conduction	band	to	the	vacuum	level.	

	

Figure	1.3.	(a)	Schematic	of	the	typical	solar	cell	structure,	(b)	band	diagram	of	the	p-n	
junction	(Eg:	band-gap	energy,	EC:	conduction	band	energy,	EV:	valence	band	energy,	EF:	
Fermi	 level),	 (c)	 relevant	 electronic	 properties	 of	 semiconductor	 materials	 in	 a	 p-n	
junction	 (EEA:	 electron	 affinity,	W:	work	 function,	 EI:	 ionization	 energy,	 Eg:	 band-gap	
energy).	

In	a	p-n	junction,	since	the	n-type	material	has	a	high	electron	concentration	and	
the	p-type	a	high	hole	concentration,	electrons	diffuse	from	the	n-type	region	to	the	p-
type	region.	When	the	electrons	and	holes	move	to	the	other	side	of	the	junction,	they	
leave	behind	exposed	charges;	on	the	n-type	side,	positive	charges	are	exposed,	while	
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on	the	p-type	side,	negative	ion	cores	are	exposed.	Then,	an	electric	field	forms	between	
both	sides,	forming	the	“depletion	region”	or	“space	charge	region”	(since	the	electric	
field	quickly	sweeps	free	carriers	out,	the	region	becomes	depleted	of	free	carriers).		

There	 are	different	 types	of	 p-n	 junctions	 and	 they	 can	be	made	of	 different	
semiconductor	materials.	On	the	following	pages,	the	main	photovoltaic	technologies	
will	be	presented.	Traditionally,	solar	cell	technologies	are	divided	into	three	different	
generations:	 first	 generation	 PV,	 based	 mainly	 on	 crystalline	 and	 multi-crystalline	
silicon;	 second	generation	PV,	based	on	 thin	 film	materials;	and	 third	generation	PV,	
which	 includes	 emerging,	 novel	 technologies	 and	 more	 advanced	 and	 complex	
concepts.	

	 First	generation	solar	cells	are	mainly	based	on	silicon	wafers,	including	mono-
crystalline	(single-crystal)	and	multi-crystalline	(poly-crystalline)	Si-based	devices.	These	
are	the	most	common	solar	cells	used	in	commercially	available	solar	panels,	and	have	
been	developed	and	optimized	for	decades	now,	representing	about	94%	of	the	total	
PV	production	in	2016.8	Crystalline	silicon	solar	cells	have	achieved	laboratory	energy	
conversion	 efficiencies	 over	 26%	 for	 mono-crystalline	 cells	 and	 over	 21%	 for	 multi-
crystalline	 ones.9	 Advantages	 of	 this	 technology	 includes:	 maturity,	 since	 there	 is	 a	
substantial	amount	of	information	on	evaluating	robustness	and	reliability	of	the	design;	
performance,	 since	 a	 standard	 industrially	 produced	 silicon	 solar	 cell	 offers	 higher	
efficiency	 than	 any	 other	 single-junction	 device,	 thus	 reducing	 the	 number	 of	 cells	
needed	 and	 cost	 of	 the	 final	 installation;	 reliability,	 since	 it	 has	 been	 proven	 that	
crystalline	silicon	cells	reach	lifetimes	of	more	than	25	years	with	rather	low	long-term	
degradation;	 and	 abundance,	 since	 silicon	 is	 the	 second	most	 abundant	 element	 in	
Earth’s	crust.10	However,	they	are	slowly	reaching	their	theoretical	efficiency	limit,	so	
further	 improvements	are	becoming	more	and	more	challenging.	Furthermore,	 since	
silicon	has	an	indirect	band-gap,	leading	to	a	low	absorption	coefficient,	thicker	absorber	
layers	are	required	(about	200	µm),	increasing	the	cost	and	the	material	usage,	and	also	
limiting	their	potential	applications	in	flexible	PV	devices.		

	 Second	generation	solar	cells	are	based	on	thin	film	technologies.	This	not	only	
significantly	reduces	the	semiconductor	material	content	of	the	final	device	(over	100	
times	less	material),	it	also	allows	for	higher	throughput	commercial	production.	Since	
the	required	thickness	of	the	semiconductor	material	may	only	be	of	the	order	of	1-5	
µm,	almost	any	semiconductor	is	inexpensive	enough	to	be	a	candidate	for	use	in	a	solar	
cell.11	 The	 main	 thin	 film	 technologies	 include	 amorphous	 silicon	 (a-Si),	 which	 has	
demonstrated	efficiencies	of	14%,	cadmium	telluride	(CdTe),	which	has	achieved	21%	
efficiency	cells,	and	the	chalcopyrite	materials	like	CIS	(CuInSe2)	or	the	most	commonly	
used	CIGS	(Cu(In1-xGax)Se2),	which	has	reached	21.7%	efficiency	(class	record).9	In	Figure	
1.4,	efficiencies	of	the	main	second	generation	technologies	compared	to	Si-based	ones	
are	shown	for	comparison.	On	the	other	hand,	one	of	 the	major	drawbacks	of	 these	
technologies	 is	 the	 use	 of	 relatively	 scarce	 and/or	 toxic	 elements	 (In,	 Ga,	 Cd,	 Te).	
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Regarding	the	market	share	of	all	thin	film	technologies,	in	2016,	it	only	amounted	to	
about	6%	of	the	total	annual	production.8	

	

Figure	 1.4.	 Efficiency	 comparison	 of	 first	 generation	 and	 second	 generation	 PV	
technologies.	Best	class	record	cell	efficiencies	and	best	module	efficiencies	are	shown	
(values	obtained	from	Ref.	9).	

	 Third	generation	technologies	appear	with	the	aim	of	boosting	the	efficiency	of	
the	previous	PV	concepts	(even	beyond	the	maximum	theoretical	30-33%	efficiency	for	
a	 single	 junction	 device	 under	 1	 Sun	 illumination,	 known	 as	 the	 Shockley-Queisser	
limit12,13),	maintaining	 the	 economic	 and	 environmental	 cost	 advantages	 of	 thin	 film	
deposition	techniques.	Third	generation	PV	exploit	emerging	and	novel	materials	as	well	
as	concentrator	photovoltaics	(CPV).	In	this	group,	one	of	the	main	technologies	are	the	
multi-junction	 (MJ)	 or	 tandem	 solar	 cells	 that	 have	 the	 potential	 for	 achieving	
efficiencies	over	50%.14	The	emerging	technologies	include	organic	photovoltaics	(OPV),	
advanced	inorganic	thin	films	and	thermo-photovoltaics	(TPV),	although	one	of	the	most	
representative	 nowadays	 are	 perovskite-based	 solar	 cells,	 which	 despite	 some	
instability	 issues	 have	 achieved	 efficiencies	 above	 20%,	 within	 a	 very	 short	 time	 of	
research.9	Within	all	these	technologies,	several	advanced	concepts	and	approaches	are	
being	investigated	including	intermediate	level	devices,	up/down	conversion,	hot	carrier	
cells	among	others.15,16	In	Figure	1.5,	the	more	common	classification	of	the	different	
available	PV	technologies	are	shown	(wafer-based	Si;	thin	film	PV;	and	emerging	PV),	
summarizing	their	main	features	with	some	illustrative	examples.	
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Figure	1.5.	Classification	and	main	characteristics	of	the	available	PV	technologies.	

	

	 Looking	at	the	record	research-cell	efficiencies	for	all	different	PV	technologies	
(see	Figure	1.6),	without	considering	MJ	or	GaAs	solar	cells,	it	is	clear	that	crystalline	Si	
technology	 offers	much	 higher	 performance	 (with	 efficiency	 values	 almost	 touching	
28%)	 than	 emerging	 thin	 films,	 for	 example	 compared	 to	 the	 promising	 kesterite	
Cu2ZnSn(SxSe1-x)4	(CZTSSe)	(with	efficiencies	below	13%).	But	we	must	not	forget	that	Si	
technology	has	been	investigated	for	a	long	time,	and	especially	in	PV,	since	the	1950’s	
when	Bell	Labs	demonstrated	the	first	practical	silicon	solar	cell.17	On	the	other	hand,	
kesterite	thin	films	began	to	be	investigated	quite	recently,	about	20	years	ago,	but	they	
have	demonstrated	to	be	a	promising	PV	material	due	to	several	features	that	make	it	
a	very	attractive	and,	theoretically,	an	ideal	material	to	fabricate	solar	cells.	The	next	
subsection	will	be	focused	on	kesterite	semiconductor	materials.	
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Figure	1.6.	Best	research-cell	efficiencies	for	the	different	PV	technologies	(This	plot	 is	
courtesy	of	the	National	Renewable	Energy	Laboratory,	Golden,	CO).18	

	

1.2. Kesterite	
	 In	the	field	of	thin	film	PV	technologies,	as	mentioned	previously,	a-Si	and	the	
chalcogenides	CdTe	and	CIGS	are	the	most	representative	absorber	materials,	the	latter	
being	the	most	efficient	ones.	Chalcopyrite	CIGS	thin	film	solar	cells	have	proven	to	be	
among	the	best	performing	devices	of	the	second	generation	PV	technology,	achieving	
efficiencies	as	high	as	22.6%.19	Compared	to	silicon,	chalcogenide	based	solar	cells	like	
CIGS	 have	 some	 key	 advantages;	 the	 direct	 optical	 band-gap	 that	 leads	 to	 a	 high	
absorption	coefficient,	or	the	possibility	to	accurately	tune	the	band-gap	either	by	metal	
or	 chalcogenide	 substitutions	 allowing	 for	 a	 better	 matching	 with	 the	 solar	
spectrum.20,21	However,	the	use	of	tellurium	and	cadmium,	in	CdTe	cells,	and	the	use	of	
gallium	and	indium,	in	CIGS	cells,	are	the	main	constraints	of	these	technologies	for	their	
sustainability,	due	 to	scarcity	and/or	 toxicity	concerns.22,23	Additionally,	 indium	has	a	
large	demand	from	the	flat	panel	displays	 industry,	which	consumes	over	70%	of	the	
world	output	of	indium,	making	the	prices	higher.24	

	 The	 emergence	 of	 kesterite	 Cu2ZnSnS4	 (CZTS)	 as	 an	 absorber	 PV	 material	
overcomes	the	above-mentioned	limitations,	since	it	is	composed	of	non-toxic	and	earth	
abundant	elements	(by	replacing	the	scarce	 In	and	Ga	of	CIGS	with	Zn	and	Sn).10,25,26	
Therefore,	CZTS	and	its	related	compounds	Cu2ZnSnSe4	(CZTSe)	and	the	solid	solution	
Cu2ZnSn(SxSe1-x)4	(CZTSSe)	have	attracted	a	 lot	of	attention	in	recent	years,	as	can	be	
deduced	from	Figure	1.7,	where	the	number	of	publications	about	kesterite	(including	
the	key	words	“kesterite	solar	cell”)	has	significantly	increased	in	the	last	10	years.	
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Although	CZTS	compound	was	identified	for	the	first	time	as	a	suitable	absorber	

material	in	1988,27	it	was	not	until	1996	that	Katagiri	et	al.	fabricated	the	first	CZTS	solar	
cell	 (0.66%	 efficiency).28	 Subsequent	 optimizations	 of	 the	 materials	 and	 deposition	
techniques	allowed	a	paramount	increase	of	the	efficiency	up	to	6.77%	in	2008.29	At	this	
point,	several	groups	started	to	further	investigate	this	promising	material,	and	in	2010,	
IBM	 published	 a	 9.66%	 efficiency	 cell	 through	 solution-based	 process,30	 which	 was	
improved	 up	 to	 10.1%	 efficiency	 just	 one	 year	 later.31	 The	 current	 certified	 record	
CZTSSe	cell	efficiency	of	12.6%	was	reported	in	2013,	also	from	Mitzi	group	at	IBM.32	

	

Figure	1.7.	Number	of	publications	including	the	key	words	“kesterite	solar	cell”	for	the	
different	years	since	the	first	CZTS	device	was	fabricated	 in	1996.	Qualitative	 leaps	 in	
efficiency	are	also	indicated	with	arrows	and	values.		

	

There	is	a	quite	long	list	of	advantages	that	make	kesterites	a	suitable	and	also	
a	very	promising	absorber	material:	

• It	is	exclusively	formed	by	non-toxic	and	earth	abundant	elements.	

• It	has	p-type	conductivity	naturally	due	to	intrinsic	point	defects.	

• It	 is	a	direct	band-gap	semiconductor	with	a	high	absorption	coefficient	 (~104	
cm-1).33	

• Its	band-gap	can	be	easily	tuned	with	the	ratio	S/Se,	from	1.0	eV,	for	the	pure	
selenium	CZTSe	compound,	to	1.5	eV,	for	the	pure	sulfur	CZTS.34,35	Moreover,	
cation	 substitution	 can	 also	 be	 used	 for	 tuning	 the	 band-gap,	 e.g.	 with	 Ge-
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alloying	 (in	 Sn	 position),36	 Cd-alloying	 (in	 Zn	 position),37	 Ag-alloying,38	 or	 Li-
alloying	(in	Cu	position).39		

• It	 is	 highly	 compatible	 with	 CIGS	 technology,	 so	 almost	 all	 the	 know-how	
previously	acquired	for	chalcopyrites	can	be	applied	in	kesterites.	In	particular,	
the	knowledge	gathered	on	buffer	 layers,	window	layers	or	back	contacts	has	
been	directly	utilized	in	kesterite	solar	cells,	although	for	high	efficiency	kesterite	
devices	 some	 adjustments	 are	 indispensable.	 The	 standard	 structure	 of	 the	
CZTSe	solar	cells	presented	in	this	thesis	is	shown	in	Figure	1.8:	these	cells	are	
grown	 in	 substrate	 configuration	 onto	 soda-lime	 glass	 (SLG);	 ~800	 nm	 of	
sputtered	 molybdenum	 as	 back	 contact;	 about	 1.6	 µm	 of	 kesterite	 CZTSe	
absorber,	 synthesized	 by	 a	 sequential	 process	 (sputtered	 metallic	 stack	
precursor	+	reactive	annealing	under	Se	+	Sn	atmosphere);	50	nm	of	CdS	as	n-
type	emitter/buffer	layer	by	chemical	bath	deposition	(CBD);	and	about	250	nm	
window	 layer,	 composed	 of	~50	 nm	of	 intrinsic	 ZnO	 (i-ZnO)	 and	~200	 nm	of	
In2O3:SnO2	(ITO),	which	acts	as	front	contact.	Occasionally,	silver	or	Ni/Al	metallic	
grids	are	deposited	on	top	as	a	front	electrode	to	improve	the	electric	contact	
and	current	collection,	and	MgF2	anti-reflective	coating	(ARC).	

 

Figure	 1.8.	 Cross-sectional	 scanning	 electron	microscopy	 (SEM)	 picture	 of	 a	 kesterite	
solar	cell	device	with	its	typical	structure.		
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Besides	all	these	good	properties	of	kesterite,	the	fact	that	it	can	be	synthesized	

with	a	large	variety	of	techniques	is	another	advantage	to	take	into	account.	In	general,	
these	methods	are	divided	into	vacuum-based	(mostly	physical	vapor	deposition	(PVD)-
based)	 and	 non-vacuum	 deposition	 techniques.	 Vacuum-based	 methods	 include	
thermal	evaporation,	e-beam	evaporation,	sputtering,	or	pulsed	laser	deposition	(PLD),	
among	the	most	widely	used.	While	non-vacuum	techniques	include	solution	processing	
via	 spin-coating/dip-coating/doctor-blade-coating/spray	 of	 the	 precursor,	 chemically	
synthesizing	CZTS	nanoparticle	solution,	or	electrochemical	deposition.	

	 Currently,	 the	 highest	 efficiency	 (12.7%)	 has	 been	 achieved	 using	 hydrazine-
based	solution	approach,	although	the	wide	variety	of	deposition	techniques,	 like	co-
evaporation,	 sputtering,	 spray,	 spin-coating	 or	 doctor-blade	 coating,	 have	 also	 given	
efficiencies	above	10%	(see	Table	1.1	with	a	selection	of	the	best	reported	kesterite	solar	
cell	devices).	
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Table	1.1.	Selection	of	 the	best	 reported	kesterite	 solar	cells,	 including	pure	selenium	
CZTSe,	 solid	 solution	 CZTSSe,	 pure	 sulfur	 CZTS,	 and	 several	 alloys	 (Ge,	 Cd	 and	 Ag).	
Corresponding	references:	a,40	b,41	c,42	d,43	e,44	f,45	g,46	h,47	i,32	j,48	k,49	l,50	m,51	n,52	o,53	
p,9	q,54	r,55	s,56	t,57	u,58	v.59	

	

	

	 Historically,	most	 record	kesterite	devices	have	been	achieved	using	solution-
based	film	deposition	routes,	contradicting	the	generalized	idea	that	these	techniques	
usually	yield	lower	performing	devices	compared	to	PVD-based	ones.	Nowadays,	both	
vacuum	and	non-vacuum	based	processes	are	able	to	produce	high	performance	solar	
cells,	with	comparable	efficiencies,	as	shown	in	Table	1.1.	Additionally,	in	the	last	few	
years	 and	 as	 illustrated	 in	 Figure	 1.9,	 there	 has	 been	 a	 remarkable	 improvement	 of	
devices	fabricated	through	PVD-based	approaches	like	sputtering	and	co-evaporation,	
which	is	of	great	importance	from	the	industrial	point	of	view.	In	terms	of	scalability,	in	
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general,	these	vacuum-based	processes	are	more	 interesting	since	they	can	be	easily	
scaled-up	with	high	reproducibility.		

	

	

Figure	1.9.	Evolution	of	efficiency	 for	 selected	kesterite	 solar	 cells	 fabricated	by	PVD-
based	processes	in	different	institutions.		

	

Crystal	structure	and	associated	defects	

The	mineral	kesterite	belongs	to	the	family	of	A"# B##C#&X(&#	compounds,	which	
are	known	 to	exist	 in	 two	main	 tetragonal	 crystal	 structure	 types:	 the	kesterite	 type	
structure	 and	 the	 stannite	 type	 structure.60	 These	 structures	 are	 closely	 related	 but	
assigned	to	different	space	groups	due	to	distinct	distributions	of	the	cations	AI	and	BII.	
Each	anion	XVI	in	both	structures	is	surrounded	by	two	AI,	one	BII,	and	one	CIV,	and	every	
cation	 is	 tetrahedrally	 coordinated	 by	 XVI	 (Figure	 1.10	 shows	 the	 unit	 cell	 of	 both	
structure	 types	 for	 CZTSe).	 Therefore,	 due	 to	 their	 structural	 similarities	 it	 has	 been	
proven	not	to	be	trivial	to	distinguish	between	them	without	a	careful	crystal	structural	
analysis.	Nevertheless,	 there	are	 several	 studies	 that	using	 first-principle	 calculations	
determined,	for	CZTS	and	CZTSe,	that	the	kesterite	structure	is	energetically	more	stable	
than	 the	 stannite	 structure.61–63	Besides,	neutron	powder	diffraction	as	well	 as	high-
resolution	XRD	studies	also	 support	 that	both	CZTS	and	CZTSe	crystallize	 in	kesterite	
structure.64,65	 More	 recently,	 polarized	 Raman	 spectroscopy	 has	 also	 succeeded	 to	
confirm	that	kesterite	type	structure	is	mostly	present	in	these	compounds.66	
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Figure	1.10.	Conventional	unit	 cells	of	 (a)	 the	kesterite	 structure	and	 (b)	 the	 stannite	
structure	 for	CZTSe,	having	 four	Cu	atoms	 (light	gray),	 two	Zn	atoms	 (black),	 two	Sn	
atoms	 (blue),	 and	 eight	 Se	 atoms	 (red)	 per	 conventional	 unit	 cell.	 Reproduced	 from	
Persson.67	

Consequently,	the	specific	arrangement	of	the	atoms	in	the	kesterite	structure	
(specifically	the	presence	of	Cu-Zn	planes),	the	similar	ionic	radii	of	Cu	and	Zn	and	the	
fact	that	both	are	isoelectronic,	make	Cu	and	Zn	atoms	very	likely	to	interchange,	leading	
to	the	well-known	Cu/Zn	disorder.64,68	Thus,	promoting	the	formation	of	the	common	
CuZn	and	ZnCu	antisites	defects.	Although	these	defects	are	partially	compensated	by	the	
typical	targeted	Cu-poor	and	Zn-rich	composition	to	obtain	high	performing	devices,69,70	
they	 are	 not	 completely	 eliminated	 and	 can	 contribute	 to	 increase	 the	 band	 tailing	
(basically,	 by	 the	 formation	 of	 trap	 states	 that	 arise	 due	 to	 electrostatic	 potential	
fluctuations),	ultimately	limiting	the	open-circuit	voltage	(VOC)	and	the	efficiency	of	the	
solar	cells.46,71–73			

Figure	1.11	shows	theoretically	calculated	ionization	levels	of	different	intrinsic	
defects	in	the	CZTSe	band	gap,	i.e.	cation	antisites	and	vacancy	defects.	The	shallower	
VCu	and	CuZn	acceptor	defects	have	the	lowest	formation	energies,	and	are	expected	to	
contribute	 to	 the	p-type	 conductivity	of	 the	CZTSe.74,75	 Conversely,	 deep	defects	 are	
detrimental	 to	 device	 performance	 since	 they	 can	 act	 as	 recombination	 centers	 for	
electron-hole	pairs.	 In	particular,	most	of	the	Sn-related	defects,	VSn	and	Sn-antisites,	
according	to	these	theoretical	estimations,	lead	to	the	formation	of	deep	levels	in	the	
band-gap	that	will	degrade	solar	cell	performance.	In	addition,	Sn	atom	in	the	kesterite	
structure	has	been	identified	to	adopt	different	oxidation	states	(+II	and	+IV),	which	can	
also	contribute	to	the	formation	of	harmful	defects,	specifically	SnZn	has	shown	to	be	a	
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deep	 recombination	 center	 when	 Sn	 adopts	 state	 +II.76	 Therefore,	 this	 multivalent	
behavior	of	Sn	makes	the	introduction	of	other	elements	in	its	position	a	very	interesting	
and	 challenging	 approach	 in	 order	 to	 further	 improve	 the	 device	 performance	 of	
kesterite-based	solar	cells,	as	will	be	presented	in	detail	in	the	following	chapters	of	this	
thesis.		

 
Figure	1.11.	Ionization	levels	of	intrinsic	defects	in	the	band-gap	of	Cu2ZnSnSe4.	Red	bars	
show	acceptor	 levels,	while	blue	bars	 show	donor	 levels,	with	 initial	and	 final	 charge	
states	labeled	in	parentheses.	Reproduced	from	Chen	et	al.75	

Regarding	elements’	 substitution/addition	 in	 the	kesterite	material,	 two	main	
strategies	can	be	distinguished:	doping	or	alloying.	In	the	case	of	the	doping	approach,	
and	on	the	contrary	to	alloying,	there	is	no	or	slight	modification	of	the	band-gap	and	
structural	parameters,	and	it	has	little	impact	on	fundamental	optical	properties.	On	the	
other	hand,	the	doping	can	modify	the	electrical	properties,	transport	charge	properties,	
interfaces’	 characteristics,	 it	 can	 impact	 on	 the	 morphology,	 and	 even	 affect	 other	
elements’	 distribution	 during	 the	 synthesis.	 Thus,	 doping	 strategies	 can	 be	 a	 very	
interesting	point	in	order	to	explore	the	effect	of	additional	elements	in	the	kesterite	
system,	hopefully	with	a	positive	impact	without	changing	its	fundamental	properties.	
This	topic	will	be	further	discussed	in	the	papers	included	in	this	thesis.	

	

To	conclude	this	introduction	chapter,	special	mention	should	be	made	of	the	
possible	 real-life	 applications	 of	 kesterite	 PV	 devices,	 although,	 as	 previously	
mentioned,	kesterite	is	still	considered	an	emerging	and	young	PV	technology	with	much	
room	for	improvement.	Nevertheless,	most	recently,	Haight	and	colleagues	reported	an	
encouraging	work,	 demonstrating	 that	 kesterite	 devices	 can	 represent	 a	worthwhile	
alternative	to	be	used	in	small	autonomous	household	electronics.77,78	In	that	work,	the	
researchers	succeeded	to	fabricate	a	serially	connected	device	capable	of	reaching	5.7	
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V	 at	 1	 Sun	 illumination	 (and	~2	V	 under	 low	 light	 conditions,	 below	 10-3	 Suns),	 and	
described	 an	 integration	 approach	with	 a	 battery	 capable	 of	 powering	 autonomous	
electronic	 devices.	 Furthermore,	 the	 approach	 used	 in	 that	 study,	 by	 removing	 and	
depositing	 a	 new	 back	 contact	 in	 the	 final	 processing	 stages,	 may	 allow	 for	 facile	
integration	 with	 batteries,	 sensors	 and	 microprocessors,	 providing	 the	 energy	
harvesting	 and	 storage	 required	 to	 allow	 a	 system	 of	 distributed	 electronics	 for	 the	
Internet	of	Things	(IoT).	This	kind	of	works	can	bring	a	breath	of	fresh	air	and	hope	for	
researchers	who	still	believe	in	the	promising	future	of	kesterite	and	the	clear	promise	
of	efficient,	inexpensive,	scalable	and	eco-friendly	power	generation.		
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1.3. Objectives	of	the	thesis	
	 The	 main	 objective	 of	 this	 thesis	 is	 to	 develop	 high	 efficiency	 thin	 film	
photovoltaic	technologies	based	on	sustainable	kesterite	(Cu2ZnSnSe4)	absorbers,	using	
a	 sequential	 process	 (sputtering	 of	 metallic	 stack	 precursors	 followed	 by	 reactive	
thermal	 annealing)	 through	 the	 implementation	 of	 innovative	 doping	 strategies,	 for	
advanced	photovoltaic	applications.	To	fulfil	this	general	objective,	the	following	sub-
objectives	are	proposed:	

1. Optimization	of	sequential	processes	for	the	synthesis	of	Cu2ZnSnSe4	thin	films,	
consisting	in	the	sputtering	deposition	of	Cu/Sn/Cu/Zn	metallic	stacks	onto	Mo-
coated	 soda-lime	 glass	 substrates,	 followed	 by	 a	 reactive	 thermal	 annealing	
under	Se	+	Sn	atmosphere,	using	a	semi-closed	graphite	box	in	a	conventional	
tubular	furnace.	

2. Screening	of	possible	doping	elements	to	improve	CZTSe	properties	for	obtaining	
high	 efficiency	 solar	 cell	 devices.	 This	 involves	 the	 analysis	 and	 preliminary	
optimizations	of	different	dopants,	including	Ag,	In,	Si,	Ge	and	Pb.	

3. Study	 and	 identification	 of	 the	 main	 loss	 mechanisms	 that	 can	 degrade	 the	
efficiency	of	kesterite	CZTSe-based	solar	cells,	including	surface	engineering	to	
compensate	and	mitigate	these	losses.	

4. Analysis	 of	 the	 possible	 interaction	 between	 relevant	 dopants	 and	 alkali	
elements	 (Na	 in	 particular),	 and	 the	 impact	 of	 post-deposition	 annealing	
treatments	on	the	device	properties.	

	

	

	



	

	

	

	

	

	

	

	

	

	

Chapter	2	
Selective	doping	strategies	in	Sn	
position	in	kesterite	Cu2ZnSnSe4:	
Indium	and	Germanium		
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2.1. Fine	tuning	of	thermal	processes	

In	this	section,	before	going	deeper	into	more	advanced	strategies,	a	previous	
study	and	optimization	of	 the	 thermal	processes	 for	 the	synthesis	of	kesterite	CZTSe	
absorbers	are	presented.		

Historically,	 CIGS	 record	 efficiencies	 have	 been	 obtained	 with	 absorbers	
synthesized	by	co-evaporation	technique,	which	includes	a	Cu-rich	stage.79	Conversely,	
for	kesterite,	sequential	processes	(precursor	deposition	+	thermal	annealing)	have	led	
to	the	best	efficiencies	(as	can	be	seen	in	previous	Table	1.1),	where	reactive	thermal	
processes	become	a	crucial	step.	This	reactive	annealing,	typically	performed	in	a	semi-
closed	 graphite	 box	 under	 chalcogen	 atmosphere,	 is	 mainly	 controlled	 by	 several	
thermodynamic	 and	 kinetic-related	 parameters,	 like	 temperature,	 total	 pressure	 or	
chalcogen	partial	pressure,	and	dwelling	times	or	ramp	rates,	respectively.	Additionally,	
synthesis	catalysts	and	crystallization	fluxes	can	have	a	strong	impact	on	the	annealing	
process,	but	they	have	been	barely	investigated	in	kesterites.	This	topic	will	be	covered	
in	following	sections.	

	

 
Figure 2.1. Sketch of a typical semi-closed graphite box with the main parameters 
controlling the synthesis and crystallization processes. 	

	

	 This	 preliminary	 study	 of	 the	 thermal	 annealing	 process	 consisted	 in	 a	
conservative	and	 slight	variation	of	 some	critical	 selenization	parameters,	 comparing	
one-,	two-,	and	three-step	annealing	profiles.	All	these	modifications	were	performed	
using	a	conventional	three-zone	tubular	furnace	and	commonly	used	graphite	boxes	(69	
cm3	of	volume).	For	 the	standard	selenization,	100	mg	of	Se	powder	and	5	mg	of	Sn	
powder	were	placed	into	the	graphite	boxes.	

	 First	 of	 all,	 single	 one-step	 thermal	 annealing	 was	 implemented	 using	 our	
standard	 annealing	 temperature	 (550°C),	 but	 changing	 the	 heating	 ramp	 rate	 from	
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5°C/min	to	20°C/min.	As	displayed	in	Figure	2.2,	at	first	glance	both	samples	show	large	
inhomogeneities	 after	 selenization,	 which	 are	 also	 observed	 at	 micron-scale	 by	
morphological	SEM	characterization	with	contrasted	roughness.	Additionally,	solar	cell	
devices	 were	 fabricated	 with	 these	 absorbers	 leading	 to	 same	 expected	
inhomogeneities	on	the	cells	parameters.	

	

	

Figure	 2.2.	 Morphological	 characterization	 (top-view	 SEM)	 of	 one-step	 annealing	
processes	varying	the	heating	ramp	rate	from	5°C/min	to	20°C/min.	

	 Two-step	annealing	profiles	were	also	explored	by	modifying	 the	second-step	
temperature	(mainly	related	to	a	crystallization	stage)	from	550°C	to	600°C	as	well	as	
the	ramp	rate	from	20°C/min	to	50°C/min.	As	clearly	observed	in	Figure	2.3(a),	on	the	
contrary	to	one-step	annealings,	 the	sample	fabricated	with	a	two-step	process	does	
not	 show	 macroscopic	 inhomogeneities	 due	 to	 a	 more	 controlled	 incorporation	 of	
selenium	during	the	first	step,	when	the	different	binary	selenide	compounds	start	to	
form.	In	Figure	2.3(b),	the	SEM	characterization	shows	a	moderate	improvement	in	the	
grain	size	and	a	positive	impact	on	the	bilayer	structure	by	increasing	the	temperature.	
Nevertheless,	neither	crystalline	quality	nor	secondary	phases	formation	are	affected,	
as	corroborated	by	Raman	spectroscopy	(see	Figure	2.3(c)).	Apparently,	temperatures	
(thermodynamic	 parameter)	 and	 heating	 ramp	 rates	 (kinetic	 parameter)	 are	 not	
affecting	the	crystalline	quality	of	the	CZTSe	and	the	formation	of	undesired	secondary	
phases,	but	mainly	promote	slight	morphology	changes.	
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Figure	2.3.	(a)	Top-view	of	CZTSe	sample	synthesized	with	the	standard	(Std)	two-step	
annealing	process,	and	temperature	profiles	of	the	studied	two-step	processes;	(b)	cross-
sectional	 SEM	 pictures	 of	 samples	 fabricated	 with	 different	 two-step	 annealing	
processes;	 (c)	 Raman	 spectroscopy	 analysis	 of	 the	 same	 previously	 characterized	
samples.	

	 Photovoltaic	parameters	of	representative	devices	fabricated	with	these	CZTSe	
layers	 are	 shown	 in	 Figure	 2.4(a).	 While	 the	 ramp	 rate	 variation	 barely	 affects	 the	
optoelectronic	parameters	of	the	cells,	the	temperature	increase	(up	to	570°C)	seems	
to	improve	to	some	extent	the	cell	efficiency	because	of	an	increase	in	VOC,	although	it	
cannot	 be	 related	 to	 a	 doping	 level	 modification,	 as	 shown	 in	 Figure	 2.4(b).	 Most	
probably,	this	slight	performance	improvement	is	due	to	the	enhanced	crystallization.		

	

Figure	2.4.	(a)	Photovoltaic	parameters	of	solar	cells	fabricated	with	different	two-step	
annealing	 processes;	 (b)	 doping	 profiles	 as	 obtained	 from	 CV	measurements	 for	 the	
different	samples.	

	 Additionally,	 selenium	 partial	 pressure	 during	 the	 annealing	 was	 also	
investigated	 by	 varying	 the	 selenium	 quantity	 from	 100	mg	 to	 400	mg	 for	 the	 best	
previously	analyzed	two-step	processes.	These	results	(not	shown	here)	did	not	reveal	
any	remarkable	impact	in	terms	of	morphology	or	crystalline	quality,	as	verified	by	SEM	
and	 Raman	 spectroscopy.	 Resulting	 devices	 from	 these	 absorber	 layers	 gave	
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comparable	efficiencies	in	all	cases,	probably	indicating	that	in	our	standard	annealing	
conditions	the	atmosphere	is	already	saturated	of	Se.	

	 Finally,	 a	 preliminary	 experiment	 with	 three-step	 selenization	 processes	 was	
carried	out,	where	the	temperatures	used	for	the	different	steps	were	400°C,	for	the	
first	 step,	 500°C,	 for	 the	 second	 step,	 and	 550°C,	 570°C	 or	 600°C,	 for	 the	 last	 short	
crystallization	 step.	 Unfortunately,	 all	 fabricated	 devices	 showed	 very	 similar	
performance	and	slightly	lower	efficiencies	compared	to	two-step	annealing	processes.	

	 In	summary,	the	fine	tuning	of	the	selenization	process	developed	at	IREC,	and	
based	on	reported	parameters	for	some	of	the	best	devices	available	in	the	literature,	
can	be	summarize	as	follows:		

• Annealing	profile	(one-	vs	two-	vs	three-step):	two-step	profile	shows	the	best	
results	regarding	homogeneity	and	device	conversion	efficiency.	

• Temperatures	around	570°C	lead	to	a	general	improvement	of	the	morphology	
with	a	slight	increase	of	the	efficiency	(<0.5%),	mainly	due	to	a	VOC	increase.	

• Ramp	rates	have	a	negligible	impact	on	the	analyzed	properties	in	our	annealing	
system.	

• Selenium	quantity	barely	affects	the	morphology	and	device	properties.	

	

With	this	study,	the	standard	thermal	process	that	will	be	further	used	in	most	
of	the	studies	performed	in	this	thesis	is	defined.	The	following	table	summarizes	the	
most	relevant	parameters	that	have	been	defined	as	the	optimal:	

	

Table	 2.1.	 Summary	 of	 relevant	 thermal	 annealing	 parameters	 optimized	 in	 the	 first	
stages	of	the	thesis,	and	used	in	most	of	the	work	presented	in	the	next	chapters.	

Annealing	
profile	

Temperature	
(°C)	

Se	quantity	
(mg)	

Sn	quantity	
(mg)	

Pressure		
(mbar)	

Ramp	rate	
(°C/min)	

Duration	
(min)	

2-steps	
1) 400°C	
2) 550°C	

100	mg	 5	mg	
1) 1.5	mbar	
2) 1000	mbar	

20°C/min	
1) 30	min	
2) 15	min	

	

Therefore,	 additional	 strategies	 need	 to	 be	 developed	 in	 order	 to	 further	
improve	 kesterite	 devices	 performance.	 Customized	 solutions	 and	 innovative	
approaches	are	crucial	for	the	development	of	kesterite-based	technologies.	
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2.2. Screening	of	doping	elements	

As	was	introduced	in	the	previous	chapter,	the	addition	of	extrinsic	elements	in	
the	kesterite	system	either	by	alloying	or	doping	approaches	may	lead	to	a	significant	
impact	on	the	material	properties.	A	very	simplistic	way	to	differentiate	both	strategies	
is	the	quantity	of	the	element	that	is	introduced	in	the	material,	where	doping	typically	
involves	concentrations	below	1%,	and	alloying	above	1%.	Thus,	 this	 sub-section	will	
include	the	screening	of	possible	beneficial	dopants	for	kesterite	CZTSe	absorbers.	

Alkali	doping	in	CZTSe	is	the	most	widely	studied,	in	particular	Na	doping,	being	
essential	to	increase	conversion	efficiency	(as	in	CIGS).44,80–83	However,	the	work	carried	
out	here	was	focused	on	cation-substitution	or	doping,	with	the	elements:	Ag,	In,	Si,	Ge	
and	 Pb,	 as	 first	 candidates,	 all	 of	 them	 somehow	 related	 to	 kesterite-constituting	
elements.	Figure	2.5	highlights	the	elements	tested	in	this	study	with	their	location	in	
the	periodic	table.		

 

Figure	2.5.	Part	of	the	periodic	table	highlighting	CZTSe-constituting	elements	and	the	
different	assessed	dopants.	

Regarding	doping	in	Cu	position,	Ag	was	selected	for	a	preliminary	investigation.	
It	is	known	that	high	Ag	content	(>50%)	inverts	the	kesterite	conductivity	to	n-type,	so	
we	might	expect	a	lower	doping	level	for	intermediate	concentrations.59	Additionally,	
Ag	is	an	interesting	candidate	for	replacement	of	Cu	since	it	possesses	a	larger	atomic	
radius,	which	 could	 potentially	 suppress	 Cu-Zn	 antisites	 defects	 to	 some	 extent,	 i.e.	
decreasing	Cu-Zn	disorder.	Theoretical	calculations	have	demonstrated	that	AgZn	defects	
have	much	higher	formation	energy	than	CuZn	defects.84	Therefore,	Ag	could	decrease	
the	harmful	band	tailing	and	improve	minority	carrier	lifetimes.	

On	 the	 other	 hand,	 another	 interesting	 strategy	 is	 the	 selective	 doping	 in	 Sn	
position.	 As	 it	 is	 widely	 known,	 the	 presence	 of	 Sn	 in	 kesterite	 is	 one	 of	 the	 most	
challenging	 issues	 since	 it	 can	 induce	 compositional	 imbalances	 due	 to	 formation	 of	
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volatile	SnSe2	compounds	and	 the	consequent	Sn	 loss,	as	well	as	detrimental	effects	
owing	 to	 the	 multivalence	 of	 this	 element	 (Sn	 +II	 or	 Sn	 +IV	 are	 the	 most	 stable).	
Moreover,	as	was	 introduced	 in	 the	 first	 chapter,	all	 Sn-related	defects	promote	 the	
formation	of	deep-level	traps	within	the	CZTSe	band-gap	with	negative	consequences	
for	device	performance.	 In	this	sense,	elements	 from	the	same	group	 in	the	periodic	
table	like	Si,	Ge	and	Pb	were	assessed	as	possible	cationic	dopants.	Additionally,	In	was	
studied	since	it	could	potentially	increase	the	doping	level	of	the	CZTSe	(In	+III	oxidation	
state	is	the	most	stable),	and	also	to	investigate	its	possible	“contaminating”	effect	since	
it	 is	 frequently	present	 in	other	 layers	of	 the	device	structure,	 like	buffer	 layers	 (e.g.	
In2S3)	or	window	layers	(e.g.	ITO).	

 

Figure 2.6. Evolution of efficiency in CZTSe solar cells for different concentrations 
(thicknesses) of selected dopants: Ag, In, Pb, Ge and Si.	

		 		
	 In	 order	 to	 study	 the	 effect	 of	 different	 dopants,	 CZTSe	 absorbers	 were	
synthesized	adding	extremely	thin	layers	of	Ag,	In,	Ge,	Si	or	Pb	on	top	of	the	metallic	
Cu/Sn/Cu/Zn	stack	precursor	with	the	standard	kesterite	composition,	and	later	made	
into	solar	cell	devices.	Figure	2.6	shows	the	efficiencies	of	devices	fabricated	with	several	
amounts	(from	1	nm	to	10/20	nm	thickness)	of	the	screened	dopants.	In	the	case	of	Ag,	
this	preliminary	experiment	did	not	show	a	clear	tendency,	being	all	Ag-doped	devices	
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less	efficient	compared	to	non-doped	samples.	On	the	other	hand,	Si-	and	Pb-doped	
samples	showed	a	clear	trend,	where	the	efficiency	was	gradually	degraded	with	the	
increasing	dopant	thickness.	The	introduction	of	Si	into	CZTSe	has	demonstrated	to	be	
rather	challenging	and	so	far,	no	successful	results	have	been	achieved.	Besides,	first-
principle	 calculations	 of	 the	 structural	 and	 electronic	 properties	 of	 Si-incorporated	
CZTSe	have	revealed	that	the	formation	energy	of	this	compound	is	larger	compared	to	
CZTSe,	probably	requiring	higher	temperatures	to	be	properly	synthesized.85	Regarding	
Pb-containing	CZTSe,	the	harmful	effect	is	even	more	pronounced	since	10	nm	of	Pb	are	
sufficient	to	practically	kill	the	cell	efficiency	(<2%).	Some	reasons	for	this	may	be	related	
to	its	most	stable	oxidation	state,	Pb	+II,	since	it	could	be	inducing	the	formation	of	deep	
defects	 as	 in	 the	 case	 of	 Sn	 +II.76	With	 regard	 to	 In-doped	 samples,	 a	 slight	 gradual	
deterioration	of	devices	was	firstly	observed	with	the	increasing	In	content,	although	
rather	 less	 evident	 than	 with	 previous	 dopants.	 However,	 a	 remarkable	 efficiency	
improvement	was	achieved	by	 introducing	small	amounts	of	Ge	(10	nm)	with	a	clear	
trend,	as	shown	in	first	screening	results	presented	in	Figure	2.6.	

	 Finally,	In	and	Ge	were	both	selected	to	further	analyze	their	doping	properties	
on	 CZTSe	 absorbers	 through	 a	 complete	 characterization,	 including	 compositional,	
morphological,	structural,	optical	and	electrical	properties	of	the	layers	and	the	resulting	
solar	cell	devices.		

The	importance	of	studying	In,	as	was	highlighted	before,	lies	in	the	fact	that	this	
element	may	be	present	 in	different	 layers	of	the	devices,	 like	 ITO	window	layers,	or	
hybrid	In2S3/CdS	buffers,	both	used	in	high	efficiency	solar	cells.47,86,87	Therefore,	during	
CZTSe	 synthesis,	 In	 could	 be	 a	 potential	 contaminant	 diffusing	 from	 other	 layers.	
Moreover,	 In	 is	 an	 interesting	 doping	 element	 since	 kesterite	 comes	 from	 the	
substitution	of	two	In	atoms	in	the	chalcopyrite	structure	by	one	Zn	and	one	Sn	atoms,	
meaning	that	In	might	substitute	either	Zn	or	Sn	forming	charged	defects.	Additionally,	
InCu	defects	in	CIGSe	have	been	proven	to	form	benign	complexes	with	VCu.88	Conversely,	
in	 CZTSe	 this	 has	 not	 been	 extensively	 studied,	 although	 there	 are	 some	 published	
results	that	point	to	an	increase	of	the	carrier	concentration	and	mobility,	which	could	
potentially	improve	the	electrical	properties	of	the	absorber.89		

Regarding	the	use	of	Ge	in	kesterite,	it	is	known	that	Ge,	partially	replacing	Sn	in	
the	lattice,	allows	tuning	the	band-gap	of	the	absorber	material	from	about	1.0	to	1.35-
1.5	eV	in	the	case	of	pure	selenide	kesterite	(CZTSe),	or	from	about	1.5	to	1.9	eV	using	
sulfide	kesterite	(CZTS).85,90,91	Although	Ge-incorporated	kesterite	has	not	been	deeply	
investigated	yet,	the	few	already	published	works	show	promising	improvements.	First	
studies	 including	 devices	 fabrication	 had	 shown	 small	 or	 moderate	 improvements,	
achieving	 efficiency	 values	 below	 10%.92,93	 Nevertheless,	 more	 recently	 it	 has	 been	
reported	better	performances,	reaching	efficiencies	of	11%	and	above	12%,	 lowering	
the	 voltage	 deficit	 to	 record	 values.54,55,94	 Therefore,	 together	 with	 our	 preliminary	



 
 

58 
 

S.	Giraldo	Chapter	2	

	
promising	 results	 at	 doping	 level,	 Ge	 seems	 an	 obvious	 candidate	 for	 further	
investigations.	Moreover,	the	doping	strategy	implies	the	advantage	of	using	much	less	
Ge,	thus	 it	would	not	compromise	the	sustainability	of	 these	processes,	as	 it	may	be	
considered	a	scarce	element.	

This	 chapter	 includes	 the	 following	 three	 publications:	 “Optical	 and	 electrical	
properties	of	In-doped	Cu2ZnSnSe4”,	“Large	efficiency	improvement	in	Cu2ZnSnSe4	solar	
cells	by	introducing	a	superficial	Ge	nanolayer”,	and	“Cu2ZnSnSe4	solar	cells	with	10.6%	
efficiency	through	innovative	absorber	engineering	with	Ge	superficial	nanolayer”	with	
a	more	exhaustive	study	about	In	and	Ge	elements	as	dopants	in	kesterite	CZTSe.		 	
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In	 the	manuscript,	 3D	 TOF-SIMS	profiles	 of	 undoped	 and	 In10	 samples	were	 shown.	
Figure	S1	shows	the	corresponding	ones	to	samples	 In1	and	In5,	corroborating	the	negligible	
impact	of	In	doping	on	the	Cu,	Zn	and	Sn	distribution,	as	well	as	the	increasing	In	concentration	
on	the	layer	as	was	demonstrated	in	the	Figure	3a	of	the	manuscript.	

			

	

Figure	S1.	TOF-SIMS	3D	volume	maps	showing	the	distribution	of	Mo,	Cu,	Zn,	Sn	and	
In,	for	the	In1	(a)	and	In5	(b)	samples.	

	

To	better	support	that	the	introduction	of	In	in	the	CZTSe	lattice	does	not	modify	the	
distribution	of	the	other	elements,	Figure	S2	shows	the	2D	profiles	of	Cu,	Zn	and	Sn.	Clearly,	the	
variation	 of	 the	 3	 cations	 profile	 could	 be	 considered	 negligible,	 and	 any	 special	 trend	 is	
observed,	 corroborating	 that	 In	 in	 such	 low	 concentration	 is	 not	 affecting	 in	 principle	 the	
macroscopic	composition	distribution	of	the	main	elements.	
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Figure	S2.	TOF-SIMS	in-depth	profiles	of	Cu,	Zn	and	Sn,	for	undoped,	In1,	In5	and	In10	samples.	
	 	

	 Additionally,	K	distribution	along	the	absorber	layer	is	analysed	in	Figure	S3	showing	an	
increasing	tendency	of	this	element	close	to	the	CZTSe/CdS	interface.	As	was	explained	in	the	
manuscript,	 the	 presence	 of	 alkaline	 elements	 like	 K	 and	 Na	 has	 been	 associated	 with	 the	
presence	of	its	oxidized	related	compounds,	being	an	indirect	method	to	confirm	the	possible	
presence	of	higher	oxygen	concentrations	with	increasing	In	doping.	

	

Figure	S3.	TOF-SIMS	in-depth	profiles	of	K/Cu	for	undoped,	In1,	In5	and	In10	samples.	
	

In	order	to	assess	structural	changes	because	of	the	In	incorporation	as	well	as	detect	
the	presence	of	possible	oxidised	species,	Figure	S4	shows	the	XRD	patterns	of	the	Ref,	In5	and	
In10	samples.	As	is	clearly	observed	there	is	a	small	shift	towards	lower	angles	of	the	kesterite	
identified	peaks	for	the	doped	samples,	corresponding	to	the	In-incorporation	in	the	lattice	(as	
has	 been	 demonstrated	 in	 the	 manuscript).	 The	 relative	 intensity	 of	 the	 diffraction	 peaks	
corresponding	to	the	CZTSe	kesterite	phase	is	unaffected	by	the	presence	of	In.	Additionally,	by	
fitting	the	(112)	of	the	CZTSe	phase	(using	Gaussian	fit),	we	estimate	the	FWHM	obtaining	the	
following	 values:	 0.069°	 (Ref),	 0.067°	 (In5)	 and	 0.066°	 (In10).	 This	 suggests	 that	 the	 In	
incorporation,	at	least	at	the	level	used	in	this	work,	is	not	modifying	the	crystalline	quality	of	
the	CZTSe	main	phase.	Nevertheless,	concerning	the	formation	of	additional	oxidised	phases	it	
is	very	difficult	to	detect	since	the	quantity	of	these	species	present	in	the	material	compared	
to	all	the	kesterite	bulk	kesterite	material	is	very	low,	though	we	cannot	rule	out	their	formation.	
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Figure	S4.	XRD	pattern	of	the	Ref,	In5	and	In10	samples.	
	

	 Figure	of	merit	defined	in	the	manuscript	after	the	C-V	characterization	was	obtained	
through	the	determination	of	grain	boundaries	and	grain	resistance,	as	well	as	grain	boundaries	
capacity.	As	is	observed,	the	bulk	resistance	and	the	grain	boundaries	capacitance	are	slightly	
affected	 by	 the	 presence	 of	 the	 dopant.	 Conversely,	 grain	 boundaries	 resistance	 is	 severely	
affected	by	the	introduction	of	In,	decreasing	by	a	factor	of	2	for	high	In	concentrations.		

	

Figure	S5.	Evolution	of	the	rain	boundary	resistance	(RGB),	the	bulk	resistance	(RB)	and	the	grain	
boundaries	capacitance	(cGB),	with	the	In	concentration.	

	 	

Figure	S6	shows	the	J-V	illuminated	curves	for	the	best	cells	obtained	for	each	doping	
level.	 As	 is	 clear,	 mainly	 the	 VOC	 and	 the	 F.F.	 are	 deteriorated	 with	 the	 increasing	 In	
concentration.	In	Table	S1,	we	summarize	the	shunt	resistance	(RSH)	and	series	resistance	(RS)	of	
the	same	devices.	In	agreement	with	the	CV	and	the	AFM	potential	mappings	presented	in	the	
manuscript,	while	the	series	resistance	of	the	devices	is	almost	unaffected,	the	shunt	resistance	
decreases	 significantly	 for	 high	 doping	 concentrations,	 supporting	 that	 the	 deterioration	 is	
related	to	some	modification	mainly	at	the	grain	boundaries.	
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Figure	S6.	J-V	illuminated	curves	of	the	best	cells	presented	in	Figure	6	of	the	manuscript.	

	

Table	S1.	Summary	of	the	shunt	and	series	resistance	of	the	devices	presented	in	Figure	S6	of	
the	S.I.	and	Figure	6	of	the	manuscript.	

Sample	 RSH	(W.cm2)	 RS	(W.cm2)	

Undoped	 176	 0.2	

In1	 206	 0.3	

In5	 136	 0.3	

In10	 84	 0.4	
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Large	efficiency	improvement	in	Cu2ZnSnSe4	solar	cells	by	introducing	a	
superficial	Ge	nanolayer	
	
Sergio	Giraldo,	Markus	Neuschitzer,	Thomas	Thersleff,	Simón	López-Marino,	Yudania	
Sánchez,	Haibing	Xie,	Mónica	Colina,	Marcel	Placidi,	Paul	Pistor,	Victor	Izquierdo-Roca,	
Klaus	Leifer,	Alejandro	Pérez-Rodríguez,	and	Edgardo	Saucedo*		
		
	

To	 optimize	 the	 Ge	 quantities	 required	 to	 achieve	 high	 efficiency	 devices,	 a	
rational	design	of	experiments	was	performed	introducing	different	Ge	thicknesses	on	
top	of	the	metallic	precursor	stack	as	was	described	in	the	Experimental	Section	(from	
0	to	25	nm).	From	this	preliminary	optimization,	we	conclude	that	10	nm	of	Ge	is	the	
optimized	quantity	to	achieve	the	highest	efficiency	with	this	methodology.	In	Table	S1	
a	summary	of	the	optoelectronic	parameters	of	these	experiments	is	presented,	where	
a	 maximum	 efficiency	 is	 obtained	 for	 the	 Ge10	 sample.	 By	 using	 Ge	 nano-layer	
thicknesses	between	2	nm	to	15	nm,	the	VOC	of	the	devices	is	clearly	improved,	with	a	
maximum	 reported	 in	 Table	 S1	 of	 452.8	 mV.	 As	 was	 demonstrated	 in	 the	
Communication	the	absorber	can	be	considered	almost	Ge	free,	in	agreement	with	the	
results	presented	in	Table	S1	where	the	band	gap	of	the	material	is	barely	affected.	If	
we	compare	this	value	with	the	reported	ones	for	pure	CZTSe,	we	see	that	this	VOC	is	the	
highest	 reported	 for	 this	 absorber	 to	 the	 best	 of	 our	 knowledge.[S1-S3]	 The	 absorber	
preparation	with	optimized	Ge	content	 (10	nm	of	Ge)	was	 repeated	several	 times	 in	
order	to	confirm	its	reproducibility:	in	six	independent	experimental	runs,	the	maximum	
efficiency	for	reference	cells	(no	Ge	added)	was	in	the	range	of	7.0-8.2%;	while	when	10	
nm	of	Ge	were	applied	onto	the	surface	of	the	precursor	stack,	the	maximum	efficiencies	
were	in	the	range	of	9.2-10.1%	(without	anti-reflective	coating	and	metallic	grids).	To	
better	support	the	relevance	of	these	results,	a	statistical	study	is	presented	in	Table	S2,	
where	average	and	standard	deviation	of	the	most	relevant	optoelectronic	parameters	
are	presented,	confirming	the	clear	tendency	observed	in	Table	S1.	More	notably,	some	
of	these	devices	achieve	unexpected	high	open	circuit	voltages	with	values	as	high	as	
469	mV,	as	is	presented	in	Figure	S1.	This	represents	a	paramount	result	in	CZTSe	based	
technologies.	
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Table	S1.	Summary	of	the	experimental	optimization	of	the	Ge	upmost	layer	thickness.	

Sample	
Ge	thick.		
(nm)	

Nominal	
Ge/(Ge+Sn)	

Eff.	(%)	
VOC		
(mV)	

JSC		
(mA.cm-2)	

F.F.		
(%)	

RS		
(W.cm2)	

RSH		
(W.cm2)	

EG		
(eV)	

Ref	 0	 0%	 7.0	 408.7	 29.1	 59.2	 0.23	 265	 1.04	

Ge1	 1	 0.44%	 6.8	 407.9	 29.2	 56.8	 0.50	 260	 1.05	

Ge2	 2	 0.87%	 8.3	 414.7	 31.5	 63.3	 0.33	 399	 1.05	

Ge5	 5	 2.2%	 8.5	 431.2	 30.7	 64.3	 0.61	 335	 1.05	

Ge10	 10	 4.4%	 10.1	 452.8	 33.3	 66.8	 0.52	 712	 1.04	

Ge15	 15	 6.6%	 8.1	 412.4	 32.6	 59.8	 1.04	 156	 1.03	

Ge25	 25	 10.9%	 8.2	 410.7	 33.5	 59.9	 0.98	 131	 1.02	

	
Table	S2.	Summary	of	the	average	and	standard	deviation	of	the	main	optoelectronic	
parameters	for	the	different	devices	(based	in	the	average	of	9	representative	cells).	

Sample	 Aver.	Eff.	
(%)	

Std.	Dev.	Eff.	
(%)	

Aver.	F.F.	
(%)	

Std.	Dev.	F.F.	
(%)	

Aver.	
VOC	
(mV)	

Std.	Dev.	
VOC	
(mV)	

Aver.	JSC	
(mA/cm-2)	

Std.	Dev.	
JSC	

(mA/cm-2)	
Ref	 6.6	 0.3	 57.3	 1.8	 398	 10	 28.8	 1.0	

Ge1	 6.6	 0.1	 56.3	 1.4	 401	 11	 29.1	 1.0	

Ge2	 7.7	 0.4	 60.7	 2.4	 413	 7	 30.7	 1.0	

Ge5	 8.3	 0.2	 63.9	 1.4	 428	 4	 30.3	 1.1	

Ge10	 9.8	 0.2	 66.3	 0.3	 447	 6	 33.0	 0.5	

Ge15	 7.5	 0.2	 60.0	 1.2	 415	 4	 31.2	 1.0	

Ge25	 6.8	 0.2	 57.1	 1.3	 405	 5	 31.4	 1.1	

	

	
Figure	S1.	Solar	cell	showing	469	mV	of	VOC.	

	
Table	S1	presents	the	band-gap	of	the	different	absorbers	estimated	by	means	

the	 EQE	 plots,	 where	 almost	 the	 same	 value	 is	 obtained	 independently	 on	 the	 Ge	
quantity.	 Nevertheless,	 this	 value	 represents	 the	 effective	 minimum	 EG	 value.	 To	
corroborate	 that	 the	 EG	 is	 not	 changing	 with	 the	 Ge	 quantity,	 complementary	 PL	
measurements	were	performed	on	the	same	samples	and	is	shown	in	Figure	S2	(using	
785	nm	as	excitation	wavelength,	with	an	estimated	penetration	depth	~	200	nm).	All	
the	spectra	look	very	similar,	indicating	no	drastic	changes	in	the	defect	structure	on	the	
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surface.	The	estimation	of	the	energy	position	of	the	maxima	of	the	PL	spectra	leads	to	
very	similar	values,	suggesting	that	the	band-gap	is	almost	unaffected	by	the	inclusion	
of	Ge,	in	agreement	with	the	values	obtained	by	EQE.	

	

	
Figure	S2.	Room	temperature	PL	of	the	different	samples,	including	the	energy	

position	of	the	maximum	of	the	PL	peak.	
	

This	unexpected	large	improvement	was	accompanied	by	a	very	small	quantity	
of	 Ge	 incorporated	 in	 the	 absorber.	 Further	 evidence	 for	 the	 lack	 of	 Ge	 within	 the	
absorber	layer	is	presented	in	Figure	S3.	In	this	figure,	the	elemental	map	of	Ge	from	
Figure	2	of	the	manuscript	was	used	to	generate	a	“mask”	which	allows	for	the	spectra	
present	within	 this	 region	to	be	selectively	summed.	As	a	comparison,	a	neighboring	
“reference”	region	containing	the	same	number	of	pixels	was	also	summed.		Both	of	the	
regions	are	depicted	as	an	inset	to	Figure	S3,	and	the	summations	are	plotted	on	the	
graph	without	any	further	data	treatment.	There	are	striking	differences	between	the	
resulting	two	energy-loss	spectra.	For	the	spectra	summed	over	the	Ge	mask,	a	clear	Ge	
signal	is	observed	with	an	onset	of	1217	eV.		This	is	sufficiently	distant	from	the	Zn	L1	
edge	to	be	distinguishable.	This	edge	is	completely	absent	from	the	reference	region,	
indicating	 that	 any	 Ge	 in	 this	 region	 must	 be	 below	 the	 detection	 limit,	 which	 we	
estimate	 to	be	0.2	at%	under	 these	 conditions	 (see	 the	manuscript	 text).	 	 There	are	
additional	 features	 observable	 in	 the	 Energy-Loss	 Near	 Edge	 Fine	 Structure	 (ELNES)	
features.	In	particular,	for	the	Ge-mask	spectra,	an	additional	edge	is	present	at	1060	eV	
that	 is	 absent	 in	 the	 reference	 spectra,	 as	 denoted	 by	 the	 red	 arrow.	 This	 likely	
represents	an	additional	electronic	transition	within	the	Zn	atoms	present	in	this	region	
and	its	origin	is	currently	under	investigation.	There	is	also	an	apparent	white-line	ratio	
change	in	the	Cu	edge	that	could	be	indicative	of	a	modified	valence	state.	
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Figure	S3.	EELS	map	with	Ge	mask	(right	hand)	and	corresponding	spectra	in	the	

reference	areas	(black	line)	and	Ge	nano-inclusions	(red	line)	(left	hand).	
	
As	was	 highlighted	 in	 the	main	manuscript,	 the	 rather	 small	 quantities	 of	Ge	

employed	in	this	work	significantly	 improve	the	crystalline	quality	of	CZTSe	absorber.	
Figure	S4	shows	additional	SEM	cross	sectional	images	of	layers	with	lower	and	higher	
Ge	quantities	than	the	optimized	one	(Ge10),	to	support	the	Ge	assisted	grain	growth	
reported	in	the	manuscript.	As	is	clear,	the	higher	the	Ge	thickness	used	in	the	precursor,	
the	bigger	the	uppermost	grain	sizes	in	the	absorber.	
	

	
Figure	S4.	Cross	sectional	SEM	images	of	reference	CZTSe	sample	(left	hand	image)	

and	Ge10	sample	(right	hand	image).	
	

To	 analyze	 the	 back	 region	 of	 the	 samples,	 these	 were	 lifted-off	 from	 the	
substrate.	Table	S3	presents	the	detailed	analysis	of	the	Raman	spectra	presented	 in	
Figure	 S5,	 where	 the	 Raman	 shift	 and	 FWHM	 of	 the	 main	 A1	 mode	 of	 CZTSe	 are	
summarized.	The	slight	differences	at	the	front	can	be	explained	by	a	crystalline	quality	
improvement	for	the	Ge10	sample	as	has	been	proposed	before.	At	the	back	region,	
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there	 are	 no	 remarkable	 differences	 between	 both	 samples.	 Additionally,	 Raman	
analysis	before	and	after	the	surface	etchings	employed	in	this	work	(see	Experimental	
Section)	does	not	show	evidences	of	the	possible	formation	of	GeSe2	secondary	phases	
at	the	surface,	in	agreement	with	its	volatility.	
	
Table	S3.	Summary	of	the	main	Raman	parameters	extracted	from	spectra	presented	

in	Figure	3	of	the	manuscript.	

Sample	 Region	
Raman	shift	
A1	CZTSe	
(cm-1)	

FWHM	
A1	CZTSe	
(cm-1)	

Ref	 Front	 195.26	±	0.05	 6.1	±	0.1	

Ref	 Back	 194.20	±	0.05	 6.8	±	0.1	

Ge10	 Front	 195.52	±	0.05	 5.8	±	0.1	

Ge10	 Back	 194.21	±	0.05	 6.5	±	0.1	

	

	
Figure	S5.	Front,	back	and	substrate	spectra	of	Ref.	and	Ge10	absorbers.	

	
Finally,	Figure	 S6	 shows	 the	 XPS	 analysis	 of	 Ref.	 and	Ge10	 samples	where	 in	

particular,	the	Sn3d5	peak	of	Sn	in	shown.	As	is	presented	in	Figure	S6b,	the	peak	can	
be	fitted	by	two	Gaussian	contributions	(after	baseline	subtraction)	that	can	be	assigned	
to	Sn+2	and	Sn+4	oxidation	states	[S4],	allowing	for	a	quantification	of	each	of	them	(one	
Gaussian	peak	centered	at	485.85	eV	for	Sn+2	and	the	other	Gaussian	peak	centered	at	
486.61	eV	for	Sn+4).	Whiles	in	Figure	S6a	the	shift	of	the	XPS	peak	towards	higher	biding	
energies	for	Ge10	sample	suggests	a	higher	contribution	of	Sn+4	state	[S4],	Figure	S6b	
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clearly	demonstrates	an	increase	of	this	contribution.	It	is	important	to	remark	that	a	
direct	evaluation	of	the	concentration	of	each	Sn	species	was	not	possible	due	to	the	
unknown	 sensitivity	 factor	 for	 each	 Sn	 oxidation	 state	 in	 these	 samples,	 and	 in	
consequence,	 their	 quantity	 cannot	 be	 determined	 with	 these	 measurements.	
Nevertheless,	an	increase	of	the	relative	intensity	of	one	of	the	oxidation	states	means	
that	this	particular	state	is	enhanced	with	respect	to	the	other.	In	fact,	the	inset	of	Figure	
S6a	 corroborates	 the	 increase	 of	 the	 Sn+4	 signal	 when	 Ge	 is	 added	 to	 the	 layers,	
demonstrating	a	higher	contribution	of	the	high	oxidation	state	of	Sn	on	this	sample,	
supporting	 that	 Ge	 enhance	 the	 presence	 of	 Sn+4	 at	 the	 very	 surface,	 probably	
contributing	to	the	improvement	of	the	optoelectronic	parameters	of	the	devices	[S5].	
	

	
	
Figure	S6.	XPS	spectra	corresponding	to	the	Sn3d5	transition,	showing	the	Sn+2	and	

Sn+4	states	for	the	Ref.	and	Ge10	layers	(a).	Gaussian	fitting	of	the	two	spectra	
presented	in	the	previous	figure	(b).	
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10.6%	 efficiency	 Cu2ZnSnSe4	 solar	 cells	 through	 innovative	 absorber	
engineering	with	Ge	superficial	nanolayer	
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This	Supporting	Information	section	contains	important	materials	to	support	the	
main	 hypotheses	 raised	 in	 the	main	manuscript.	 Table	 S1	 summarizes	 the	 JSC	 values	
obtained	 from	both,	 illuminated	 J-V	 curves	and	EQE	 spectra.	Notably,	 the	difference	
between	the	JSC	obtained	from	integrating	the	EQE	and	the	one	directly	measured	under	
the	 Sun	 simulator	 tends	 to	 increase	with	 increasing	Ge	 content.	 This	 suggests	 some	
correlation	 between	 the	 Ge	 application	 and	 the	 existence	 of	 some	 light-dependent	
effect	on	the	carrier	collection,	which	is	under	further	investigation.	
	
	
Table	S1.	JSC	extracted	from	J-V	illuminated	curves,	from	EQE	and	difference	between	

both	values.	

Sample	
JSC	from	J-V		
(mA	cm-2)	

JSC	from	EQE		
(mA	cm-2)	

DJSC		
(mA	cm-2)	

Ref	 27.5	 31.7	 4.2	

Ge5	 29.2	 33.3	 4.1	

Ge7.5	 29.0	 33.6	 4.6	

Ge10	 29.5	 33.5	 4.0	

Ge12.5	 29.7	 34.4	 4.7	

Ge15	 29.7	 35.1	 5.4	

Ge25	 30.9	 35.4	 4.5	

Ge50	 30.6	 36.1	 5.5	
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In	Figure	S1,	the	evolution	of	the	series	resistance	and	the	shunt	resistance	of	

the	devices	presented	in	Figure	1	of	the	manuscript	is	presented.	According	to	this	figure	
the	RSh	strongly	increases	in	the	Ge	thickness	range	where	the	maximum	efficiency	is	
obtained.	This	suggests	that	Ge	could	contribute	to	some	grain	boundary	passivation	
among	other	effects.	 For	higher	Ge	 thicknesses	 the	RSh	 is	 decreased	and	 is	 probably	
related	to	the	observed	formation	of	secondary	phases	due	to	the	decomposition	of	the	
main	kesterite	phase	when	 in	 contact	with	 the	excess	of	Ge-Se	 liquid	phase.	On	 the	
contrary,	 the	 RS	 slightly	 decreases	 in	 the	 Ge-thickness	 optimum	 region,	 and	 then	
considerably	 increases	 in	 agreement	 with	 the	 general	 deterioration	 of	 the	 devices	
properties.	

	

	

Figure	S1.	Evolution	of	the	RS	and	RSh	with	the	Ge	thickness.	

	

In	Figure	S2,	one	of	the	typical	superficial	morphologies	that	are	clearly	detected	
at	the	CZTSe	surface	for	high	Ge	thicknesses	(Ge25	and	Ge50	samples),	with	a	needle-
like	aspect.	Preliminary	EDX	analysis	shows	that	these	structures	are	made	at	least	of	Na	
and	O,	supporting	the	idea	that	are	formed	during	the	crystallization	process,	due	to	the	
dissolution	of	Na-species	at	the	grain	boundaries	in	the	Ge-Se	liquid	phase.	During	the	
cooling-down	process,	 these	Na-containing	 structures	 are	 crystallized	 at	 the	 surface,	
explaining	the	lower	Na	content,	and	concomitantly	the	lower	carrier	concentration	of	
the	Ge25	and	Ge50	absorbers.		
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Figure	S2.	SEM	image	of	a	typical	needle-like	morphology	observed	in	the	as-annealed	
absorbers	of	the	samples	Ge25	and	Ge50,	before	any	chemical	etching	(left-side).	EDX	
spectra	showing	that	these	structures	are	mainly	formed	by	Na	and	O	(right-side).	

	
Finally,	 Table	 S2	 shows	 the	 composition	 of	 the	 absorbers	 synthesized	 with	

different	Ge	thicknesses,	corroborating	the	significant	Sn-loss	when	large	amounts	of	Ge	
are	introduced,	as	is	proposed	in	the	manuscript.	
	
Table	S2.	Compositional	XRF	measurements	of	absorbers	produced	with	different	Ge	

thicknesses.	
	

*Ge	is	detected,	but	the	concentration	is	below	the	quantification	limit.	
	
	
	

	

	

	

	

Sample	 Cu	(%)	 Zn	(%)	 Sn	(%)	 Ge	(%)	 Se	(%)	

Ref	 21.94	 15.34	 11.97	 0.00	 50.75	

Ge10	 21.97	 15.23	 11.67	 <0.1*	 51.12	

Ge25	 21.95	 15.65	 10.06	 1.35	 50.99	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Chapter	3	
Exploring	the	role	of	Ge	doping	in	
high	efficiency	solar	cells	
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	 In	line	with	the	previous	chapter	focused	on	the	use	of	Ge	as	an	effective	dopant	
in	CZTSe,	and	after	proving	its	significant	beneficial	effect,	the	aim	of	this	chapter	is	to	
shed	light	on	the	origin	and	the	mechanisms	involved	in	this	approach,	and	to	further	
explore	the	role	of	this	element	in	high	performing	CZTSe	solar	cells.	

In	the	literature,	the	incorporation	of	Ge	in	kesterite-based	solar	cells	has	led	to	
several	important	improvements.	First	Ge-alloyed	CZTSSe	device	was	reported	in	2012	
by	IBM,	with	a	40%	Ge-substituted	absorber,	showing	a	higher	VOC,	although	very	subtle	
impact	on	power	conversion	efficiency	(from	9.07%	to	9.14%)	and	no	improvement	of	
the	VOC	deficit.92	In	any	case,	these	were	promising	results	indicating	an	alternative	way	
to	tailor	the	band-gap	of	CZTSSe	absorber	layers,	and	demonstrated	compatibility	of	Ge	
with	kesterite	state-of-the-art	processes.	Derived	from	this	band-gap	tuning	properties	
arises	the	possibility	of	using	Ge	to	achieve	graded	band-gap	absorbers,	like	in	CIGS	with	
the	use	of	Ga	or	S	gradients.	This	was	demonstrated	by	Kim	et	al.,	who	fabricated	Ge-
alloyed	CZTS	with	a	variation	of	the	band-gap	from	1.85	eV	(back)	to	1.62	eV	(front),	
leading	to	higher	JSC	(23.3	mA/cm2	vs	19.5	mA/cm2)	and	VOC	(0.52	V	vs	0.48	V)	compared	
to	 the	 constant	 flat	 band-gap	 case.95	 At	 the	 same	 time,	 Hages	 et	 al.	 reported	
nanocrystal-based	CZTGeSSe	absorbers	with	tunable	band-gap,	combining	for	the	first	
time	Sn/Ge	and	S/Se	alloying.93	In	that	study,	maximum	conversion	efficiencies	of	up	to	
9.4%	were	achieved	(8.4%	efficiency	for	reference	CZTSSe)	with	a	Ge	content	of	30	at.%,	
allowing	 for	 increased	 minority	 charge	 carrier	 lifetimes	 as	 well	 as	 reduced	 voltage-
dependent	 charge	 carrier	 collection,	 also	pointing	out	 the	potential	 impact	of	Ge	on	
annihilation	of	deep	levels	(likely	related	to	Sn).	More	recently,	Hillhouse’s	group	at	the	
University	of	Washington	performed	a	complete	study	of	CZTGeSSe	devices	as	function	
of	Ge/(Ge+Sn)	ratio	in	a	broad	composition	range	(from	0%	to	90%),	using	spray	coated	
absorbers	and	molecular	inks.55	Best	results	were	obtained	with	25%	Ge	relative	content	
leading	to	an	11.0%	efficiency	(band-gap	of	about	1.2	eV),	with	a	remarkable	reduction	
of	 the	VOC	deficit.	 In	parallel,	and	corroborating	some	of	 the	 findings	reported	 in	 the	
publications	presented	in	Chapter	2,	AIST	researchers	in	Japan	synthesized	Ge-alloyed	
CZTSe	 with	 efficiencies	 above	 10%,	 through	 sequential	 process	 (co-evaporation	
followed	by	thermal	annealing).94	Similar	to	the	enhanced	crystallization	showed	in	our	
previous	 papers,	 in	 this	 work	 the	 annealing	 environment	 containing	 GeSe2	 led	 to	
substantially	 improved	 morphological	 properties,	 obtaining	 flat	 surfaces,	 dense	
morphologies	and	large	grains.	Following	the	same	approach,	just	some	months	later,	
the	 same	 group	 demonstrated	 a	Ge-incorporated	 CZTSe	 solar	 cell	with	 a	 conversion	
efficiency	of	12.3%.54	The	most	noteworthy	results	included	an	improvement	of	the	VOC	
deficit	 by	 reducing	 band	 tailing,	 and	 a	 reduced	 carrier	 recombination	 at	 the	
absorber/buffer	interface	and/or	in	the	space-charge	region,	leading	to	high	FF	values.	
Additionally,	 Khadka	 and	 colleagues	 also	 corroborated	 the	 improved	 grain	 growth,	
compactness	 of	 film	 texture	 and	 crystallinity,	 together	 with	 a	 remarkable	 efficiency	
improvement,	and	showed	a	decrease	in	diode	ideality	factor,	suppression	of	crossover	
effect	 (between	 white	 and	 dark	 J-V	 curves),	 and	 reduction	 of	 defects	 level	 in	 Ge-
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incorporated	CZTSSe	solar	cell	devices.96	

	 In	summary,	Ge	incorporation	has	demonstrated:	the	possibility	to	increase	the	
VOC	 by	 widening	 the	 band-gap;	 the	 potential	 for	 graded	 band-gap	 concepts;	 a	
remarkable	 improvement	of	grain	growth	and	crystallinity;	 increased	minority	charge	
carrier	 lifetimes;	 and	 large	 potential	 to	 reduce	 the	 VOC	 deficit	 in	 current	 kesterite	
technology.	 But,	 with	 the	 drawback	 of	 relying	 on	 large	 amounts	 of	 Ge	 (20-40%	Ge-
substitution),	compromising	the	sustainability	of	the	technology,	since	it	is	considered	a	
critical	raw	material	by	the	European	Commission.	

	 In	this	context,	the	study	of	alternative	approaches	using	small	amounts	of	Ge	
becomes	crucial	to	further	develop	long-term	sustainable	technologies	based	mainly	on	
earth-abundant	elements.	Regarding	 the	origin	of	 the	positive	effect	of	Ge	doping	 in	
CZTSe	solar	cells,	several	hypotheses	have	been	formulated	and	are	presented	below:	

• Surface	modification:	the	initial	idea	behind	the	use	of	Ge	superficial	nanolayers	
on	 top	 of	 the	 precursors	 was	 to	 incorporate	 Ge	 at	 the	 very	 surface	 of	 the	
absorbers,	leading	to	a	graded	band-gap	towards	the	absorber	surface.	Higher	
band-gap	 values	 at	 the	 surface	 are	 expected	 to	 lower	 the	 interface	
recombination	 and,	 thus,	 increasing	 the	 open-circuit	 voltage.	 This	 effect	 has	
been	widely	demonstrated	in	CIGS	technology	by	using	In/Ga	or	S/Se	alloying	to	
increase	 the	 band-gap	 towards	 the	 absorber	 surface.97,98	 Nevertheless,	 in	
previously	 presented	 publications,	 we	 already	 demonstrated	 that	 almost	 no	
traceable	amounts	of	Ge	are	detected	when	adding	such	small	quantities	in	the	
precursors,	and	no	changes	neither	in	the	band-gap	nor	in	the	absorber	surface	
structure	are	observed.	

• Formation	of	a	flux	agent:	as	shown	in	the	previous	chapter,	the	formation	of	
Ge-Se	phases	that	decompose	incongruently	into	GexSey	(Se	85%)	liquid	phase,	
and	volatile	GeSe2	 gas	phase	has	been	proposed	explaining	both,	 the	 low	Ge	
incorporation	in	the	CZTSe,	and	the	notably	improved	crystallinity	(as	illustrated	
in	Figure	3.1).	

	
	
	
	
	
	
	
	
	

Figure	3.1.	Cross-sectional	SEM	pictures	of	(a)	reference	CZTSe	sample	without	
Ge;	(b)	10	nm	Ge-containing	CZTSe	sample.		
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• Defect	 levels	modification:	 the	 impact	of	 small	amounts	of	Ge	on	 the	defects	
formation	has	been	demonstrated,	showing	the	beneficial	effect	of	about	10	nm	
of	 Ge	 by	 making	 shallower	 the	 shallow	 defect	 present	 in	 reference	 CZTSe	
samples,	and	annihilating	(or	strongly	reducing)	a	deep	defect,	as	can	be	seen	in	
Figure	3.2.	In	that	work,	Neuschitzer	et	al.	also	proved	the	formation	of	a	deep	
defect	when	higher	amounts	of	Ge	(50	nm)	are	used,	proposing	a	dynamic	defect	
model	 to	 explain	 this	 behavior,	 and	 emphasizing	 the	 importance	 of	 a	 careful	
control	of	the	composition	of	group	IV	elements	as	a	key	factor	to	achieve	high	
performance	kesterite	devices.99			

	
	
	
	
	
	
	
	

Figure	3.2.	Defect	spectra	derived	from	C-f	measurements	for	samples	fabricated	
with	0	nm	Ge	(reference	CZTSe),	10	nm	Ge,	and	50	nm	Ge.	

• Interaction	with	Na:	strong	interaction	between	Ge	and	Na	has	been	observed	
during	the	thermal	annealing	process,	with	a	clear	impact	on	the	Na	content	and	
thus	on	the	doping	level	of	the	absorbers,	indicating	that	Ge	could	help	to	control	
the	 alkali	 concentration	 in	 kesterite	 bulk	 and	 surface.	 Moreover,	 this	 might	
correlate	with	 the	 idea	 that	Ge	 is	 forming	Ge-Se	 liquid	 phases	 at	 the	 surface	
during	the	selenization	process	that	can	act	as	a	flux	agent	and,	at	the	same	time,	
control	 the	 doping	 level	 of	 the	 CZTSe	 absorber.	 This	 point	 will	 be	 further	
discussed	in	the	following	chapter.	

• Impact	 on	 grain	 boundaries:	 the	 presence	 of	 two	 distinct	 types	 of	 grain	
boundaries	 has	 been	 revealed	 by	 a	 detailed	 microstructural	 analysis	 of	 high	
efficiency	Ge-doped	samples,	as	presented	in	one	of	the	following	publications	
included	in	this	chapter.	The	chemistry	of	these	different	grain	boundaries	has	
been	studied	in	detail	using	electron	energy	loss	spectroscopy	(EELS)	and	energy	
dispersive	 X-ray	 spectroscopy	 (EDX).	 Further	 discussion	 on	 the	 nature	 of	 and	
possible	technological	implications	of	these	characteristic	grain	boundaries	can	
be	found	throughout	the	paper.	

	

In	this	chapter,	we	investigate	in	depth	mechanisms	underlying	the	Ge	boost	on	
CZTSe	 solar	 cells	 and	 suggest	 alternative	mechanism	 based	 on	 the	 reaction	 scheme	
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during	the	annealing	process.	Differences	in	the	reaction	schemes	during	selenization	
for	samples	with	and	without	Ge	are	analyzed	in	detail	by	EDX,	XRF,	XRD	and	Raman	
spectroscopy	 with	 multi-wavelength	 excitation,	 demonstrating	 how	 rather	 small	
amounts	of	Ge	modify	the	reaction	pathways	of	CZTSe.	Ultimately,	after	optimizing	a	
new	approach	using	Ge	nanolayers	below	and	above	metallic	stack	precursors,	a	record	
11.8%	efficiency	is	achieved.	On	the	whole,	here	we	present	a	detailed	study	of	grain	
boundaries	nature	in	Ge-doped	CZTSe	solar	cells,	completed	with	a	deep	investigation	
of	 the	mechanisms	behind	 the	use	of	 small	quantities	of	Ge	and	a	new	approach	 to	
eliminate	 potentially	 detrimental	 grain	 boundaries,	 leading	 to	 high	 performance	
kesterite	solar	cells,	which	are	among	the	best	reported	in	the	literature	for	CZTSe.	

	

This	 chapter	 includes	 the	 following	 two	 publications:	 “Chemically	 and	
morphologically	distinct	grain	boundaries	in	Ge-doped	Cu2ZnSnSe4	solar	cells	revealed	
with	STEM-EELS”,	and	“How	small	amounts	of	Ge	modify	the	formation	pathways	and	
crystallization	of	kesterites”	with	a	detailed	investigation	of	grain	boundaries	nature	in	
Ge-doped	 CZTSe,	 the	mechanisms	 underlying	 the	 Ge	 boost	 and	 how	 Ge	 affects	 the	
formation	pathways	of	kesterite	CZTSe.	
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Among	 the	 most	 well-known	 factors	 that	 can	 notably	 impact	 on	 device	

performance,	post-deposition	treatments	(PDT)	and	the	presence	and	control	of	alkali	
elements	during	thermal	processes	are	of	key	importance	to	obtain	high	efficiency	solar	
cells.	However,	there	is	some	discrepancy	in	the	literature	about	PDT	temperatures	and	
different	 alkalis	 efficacy,	 therefore	 additional	 studies	 are	 needed	 for	 a	 better	
understanding.	

	 Regarding	alkali	doping,	especially	Na,	and	more	recently	K	and	heavier	Rb	and	
Cs,	have	been	proven	to	be	of	paramount	importance	in	the	field	of	CIGS	technology	to	
obtain	the	highest	efficiencies.19,98,100–102	In	the	case	of	Na,	it	naturally	out-diffuses	from	
the	 soda-lime	 glass	 substrate	 to	 the	 absorber	 during	 the	 thermal	 annealing	process,	
although	it	can	also	be	supplied	extrinsically	through	Na	compound	precursors.103,104	For	
CIGS,	the	effects	of	Na	are	commonly	associated	with	an	increase	in	p-type	conductivity	
(by	reducing	the	donor	density),	increasing	net	hole	concentration,105,106	enhanced	grain	
growth	and	surface	morphology,107	and	reduced	interdiffusion	of	In	and	Ga	helping	the	
formation	 of	 the	 graded	 band-gap.108	 Furthermore,	 in	 terms	 of	 device	 electrical	
properties,	all	the	studies	report	an	increase	in	VOC	and	FF.88,109,110		

	 However,	when	it	comes	to	kesterites,	the	influence	of	Na	on	CZTSSe-based	solar	
cells	has	been	less	thoroughly	investigated.	In	the	available	literature,	similarly	to	the	
case	of	CIGS,	Na	 incorporation	has	demonstrated	to	substantially	 improve	the	device	
efficiency,	 enhancing	 the	 VOC	 and	 FF	 by	 increasing	 the	 hole	 density	 and	 shifting	 the	
acceptor	level	closer	to	the	conduction	band,	also	reducing	the	concentration	of	certain	
deep	recombination	centers.81	Likewise,	a	significant	improvement	in	grain	growth	and	
crystallinity	has	been	reported	by	several	groups.82,111	But	these	advantageous	effects	
of	alkalis	in	kesterite	are	not	limited	to	Na;	first	studies	on	the	effect	of	K	addition	have	
confirmed	 similar	 beneficial	 effects	 on	 kesterite	 absorber	 growth	 and	 electrical	
properties.112,113	 Additionally,	 several	 recent	 studies	 have	 analyzed	 and	 compared	
different	 alkali	 elements	 and	 their	 impact	 on	 solar	 cell	 properties	 and	 device	
performance,	although	no	consistent	experimental	results	have	been	obtained.50,114–117	
In	particular,	in	the	work	of	Haass	et	al.,	a	very	interesting	relationship	between	alkali	
metals	and	Sn	concentrations	has	been	found,	revealing	a	complex	dependency	of	metal	
ratios,	 alkali	 elements,	 and	 alkali	 concentration	 on	 the	 device	 performance	 in	 high	
efficiency	 kesterite	 solar	 cells.50	 Table	 4.1	 presents	 some	 characteristics	 of	 the	most	
relevant	works	reported	in	the	literature,	highlighting	the	conclusions	about	the	effect	
of	alkali	doping.	
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Table	4.1.	Summary	of	relevant	studies	about	the	impact	of	different	alkalis	on	kesterite	
solar	cells	performance.		

Reference	 Absorber	
material	 Relevant	features	 Order	of	performance	

improvement	

Mule	et	al.117	
Thin	Solid	Films	

2016	
CZTSe	

Spin	coated	alkali	elements	
on	evaporated	metal	

precursor	stack.	
Best	efficiency	of	8.3%	for	
Na+K	combined	doping.	

Na	>	Cs	>	K	>	Rb	>	Li	

Hsieh	et	al.114	
Adv.	Energy	Mater.	

2016	
CZTSSe	

Alkali	metal-containing	
molecular	precursor.	

Best	efficiency	of	8.0%	for						
K	doping.		

K	>	Rb	>	Na	>	Li	>	Cs	

Altamura	et	al.116	
Scientific	Reports	

2016	
CZTSSe	

Electrostatic	spray-assisted	
vapor	deposition	method.	

Best	efficiency	of	6.4%	for					
Rb	doping.	

Rb	>	Na	>	Li	

López-Marino							
et	al.115	

J.	Mater.	Chem	A	
2016	

CZTSe	

Flexible	ferritic	steel	
substrates.	Evaporated	alkali	
metals	/	sputtered	Mo:Na.	

Best	efficiency	of	6.1%	for	
Na	doping	(Mo:Na).		

Na	>	K	

Haass	et	al.50	
Adv.	Energy	Mater.	

2017	
CZTSSe	

Solution-based	process	+	
alkali	chlorides.	

Best	efficiency	of	11.5%	for	
Li	incorporation.		

Li	>	Na	>	K	>	Rb	>	Cs	

	

	 In	the	same	vein,	one	of	the	publications	included	in	this	chapter	confirms	the	
strong	 interaction	 between	 group	 IV	 elements	 (Ge,	 Sn)	 and	 alkalis.	 In	 particular,	we	
investigate	 the	 complex	 Na-Ge	 interaction	 in	 a	 detailed	 analysis	 of	 Ge-doped	 CZTSe	
devices,	 revealing	significant	differences	between	 low	Ge	content	 (~10	nm,	and	high	
efficiency)	and	higher	Ge	contents	(³25	nm,	and	degraded	performance).	In	this	study,	
we	 explain	 how	Ge	 concentration	 can	 notably	 impact	 on	 the	 Na	 content	 and,	 thus,	
modify	 the	doping	 level	of	 the	kesterite	absorber.	 In	addition,	a	possible	mechanism	
underlying	 this	 interaction	and	the	 implication	on	 the	 formation	of	point	defects	are	
presented,	 highlighting	 the	 importance	 of	 accurately	 controlling	 alkali	 and	 group	 IV	
elements	concentration	to	achieve	high	performing	kesterite	solar	cells.	
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Closely	 related	 to	 alkalis	 interaction	 and	 diffusion	 are	 the	 widely	 used	 post-

deposition	 treatments,	especially	 low	 temperature	post-deposition	annealings	 (PDA).	
These	treatments	are	known	to	have	a	clear	influence	on	Na	diffusion	mechanisms	and	
distribution	throughout	the	device	structure.118	In	general,	low	temperature	PDA	either	
in	air	or	inert	atmosphere	have	been	reported	by	several	groups	as	beneficial	to	increase	
device	efficiency.119–121	In	fact,	already	in	other	chalcogenide	thin	film	solar	cells,	the	use	
of	 PDA	 treatments	 have	 shown	 clear	 improvements	 of	 device	 performance.122–124	
Moreover,	for	kesterites,	these	low	temperature	treatments	are	especially	interesting	
since	 they	 can	 impact	 on	 the	 well-documented	 Cu-Zn	 disorder.	 Some	 studies	 have	
determined	the	order-disorder	transition	temperature	around	200°C,	for	CZTSe,125	and	
260°C,	for	CZTS,126	although	this	phenomenon	has	not	been	yet	clearly	associated	with	
the	 formation	of	point	defects	 and	 their	 influence	on	device	performance.	Recently,	
Neuschitzer	et	al.	have	presented	an	optimization	of	different	PDA	treatments	for	CZTSe	
bare	absorbers,	CZTSe/CdS	heterojunctions	and	full	devices,	and	its	impact	on	solar	cell	
performance,	 interestingly	 revealing	 the	 formation	of	a	Cu-depleted	and	Zn-enriched	
absorber	surface,	which	has	proven	to	be	mandatory	for	high	device	efficiency.127		

	 In	the	work	presented	in	the	last	publication	of	this	chapter,	we	go	a	step	further	
and	 investigate	 in	 detail	 diffusion	 and	 recrystallization	 phenomena	 at	 the	
absorber/buffer	interface	during	PDA	performed	at	different	temperatures	(from	RT	to	
350°C,	in	air	atmosphere),	correlating	Raman	spectroscopy	analysis	with	optoelectronic	
characterization	of	full	CZTSe	devices.	Additionally,	we	comment	on	the	formation	and	
evolution	 of	 defects	 due	 to	 Cu-Zn	 redistribution	 within	 the	 surface	 and	 bulk	 of	 the	
absorber.	 This	 study	 opens	 the	 possibility	 of	 tuning	 the	 number	 of	 defects	 in	 the	
kesterite	 absorber	 by	 choosing	 the	 suitable	 PDA	 temperature.	 Figure	 4.1	 shows	
preliminary	 results	 of	 the	 impact	 of	 PDA	 temperatures	 on	 different	 photovoltaic	
parameters.	Interestingly,	two	different	temperatures	can	be	chosen	to	maximize	device	
conversion	 efficiency:	 175°C,	 by	 enhancing	 JSC,	 or	 250°C,	 by	 enhancing	 VOC;	 further	
characterization	results	and	discussion	can	be	found	in	the	corresponding	publication.	
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Figure	4.1.	Impact	of	PDA	temperature	on	different	photovoltaic	parameters	(JSC,	VOC	and	
conversion	efficiency).	Vertical	dashed	lines	mark	two	different	efficiency	maximums.	

	

This	chapter	 includes	 the	 following	two	publications:	“Cu2ZnSnSe4-based	solar	
cells	with	efficiency	exceeding	10%	by	adding	a	superficial	Ge	nanolayer:	The	interaction	
between	 Ge	 and	 Na”,	 and	 “Raman	 scattering	 analysis	 of	 the	 surface	 chemistry	 of	
kesterites:	 Impact	 of	 post-deposition	 annealing	 and	 Cu/Zn	 reordering	 on	 solar	 cell	
performance”	in	which	detailed	information	about	the	mentioned	results	is	presented.	
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	 The	main	objective	of	this	thesis	was	to	develop	high	efficiency	thin	film	solar	
cells	 based	 on	 kesterite	 CZTSe	 absorbers	 through	 the	 implementation	 of	 innovative	
doping	strategies.	Special	focus	is	put	on	the	optimization	of	reactive	thermal	processes,	
followed	by	the	screening	of	possible	doping	elements	and	further	analysis	of	the	most	
promising	ones.	Additionally,	deeper	investigations	were	carried	out	in	order	to	improve	
understanding	of	main	loss	mechanisms	that	can	degrade	device	performance	and	the	
use	of	small	amounts	of	Ge	to	mitigate	some	of	them,	including	the	possible	interactions	
with	alkali	elements	and	the	effect	of	post-deposition	annealing	treatments	on	devices	
properties.	Most	of	the	results	obtained	in	this	thesis	have	been	published	as	articles	in	
high	impact	peer-reviewed	journals.		

	 In	 the	 first	part	of	 the	 thesis,	previous	 study	and	optimization	of	 the	 thermal	
processes	were	 presented,	 identifying	 and	 varying	 the	most	 critical	 parameters	 in	 a	
conventional	tubular	furnace	selenization.	With	this	work,	we	demonstrated	that	the	2-
step	process,	with	a	first	stage	at	400°C	for	30	min	(1.5	mbar)	and	a	second	stage	at	
550°C	 for	 15	 min	 (1	 bar),	 both	 using	 20°C/min	 as	 heating	 ramp	 rates,	 is	 the	 best	
performing	treatment	for	our	particular	precursors	and	set-up,	leading	to	high	quality	
CZTSe	absorber	layers.		

	 Following	this,	after	a	preliminary	screening	of	possible	doping	elements	in	the	
CZTSe	system	(including	Ag,	In,	Si,	Ge	and	Pb),	In	and	Ge	were	both	selected	as	the	most	
promising/interesting	ones	to	further	analyze	their	doping	properties.	Regarding	the	use	
of	In,	it	was	demonstrated	that	CZTSe	absorbers	can	tolerate	rather	high	quantities	of	
this	 element	 without	 significant	 modifications	 of	 their	 properties,	 confirming	 the	
possibility	of	using	In-containing	layers	(e.g.	ITO	as	window	layer	or	In2S3	as	buffer	layer)	
in	 kesterite	CZTSe-based	devices.	Additionally,	 the	observed	deterioration	of	devices	
properties	due	to	high	In	concentrations	was	tentatively	explained	with	the	presence	of	
a	conductive	phase	at	the	grain	boundaries	that	we	associate	to	the	formation	of	SnO2-
In2O3	conductive	compounds.	However,	with	regard	to	Ge,	a	remarkable	improvement	
of	solar	cells	performance	(from	about	7%	efficiency	for	Ge-free	reference	samples	to	
more	than	10%	efficiency	for	Ge-doped	ones)	was	presented,	based	on	the	introduction	
of	 nanometric	 Ge	 layers	 into	 the	 metallic	 stack	 precursors.	 Several	 reasons	 were	
proposed	to	explain	the	great	efficiency	improvement	in	spite	of	the	observed	Ge	loss:	
(i)	the	formation	of	a	Ge3Se7	phase	that	decomposes	into	volatile	GeSe2	and	a	Se-rich	
liquid	 phase	 that	 assists	 the	 crystallization	 of	 the	 CZTSe,	 improving	 the	 crystalline	
quality;	(ii)	the	presence	of	Ge	reduces	the	probability	of	formation	of	detrimental	Sn	+II	
species,	 commonly	 associated	 with	 deep	 defects;	 (iii)	 the	 presence	 of	 GeOx	
nanoinclusions	 associated	 with	 SnO2	 inclusions,	 which	 might	 have	 a	 passivation	 or	
electron	reflector	effect,	enhancing	the	cell	voltage.	In	the	following	optimization,	we	
determined	 a	 Ge	 thickness	 range	 from	 7.5	 to	 12.5	 nm	 for	 an	 optimum	 device	
performance,	 achieving	 a	 10.6%	 efficiency	 and	 VOC	 values	 around	 490	 mV	 for	 pure	
selenide	CZTSe,	leading	to	VOC	deficits	around	0.56	V,	which	are	among	the	best	values	
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reported	 for	 kesterites.	 Furthermore,	 the	 performance	 deterioration	 observed	 for	
higher	Ge	 concentrations	was	 attributed	 to	 a	 decrease	 of	 the	 charge	 carrier	 density	
(evidences	of	a	strong	interaction	with	Na)	along	with	the	presence	of	secondary	phases	
due	to	decomposition	phenomena	of	the	kesterite.	

	 In	the	next	part	of	the	thesis,	a	detailed	microstructural	analysis	of	high	efficiency	
Ge-doped	CZTSe	solar	cells	was	presented,	revealing	the	presence	of	two	distinct	types	
of	grain	boundaries:	one	type	is	meandering	in	nature	and	grows	largely	parallel	to	the	
substrate,	and	denotes	the	boundary	between	two	CZTSe	 layers	with	differing	Cu/Zn	
ratios;	and	the	second	type	is	Cu-enriched	and	more	straight,	and	predominates	in	the	
upper	 layer.	Whereas	 these	grain	boundaries	might	be	 limiting	device	efficiency,	 the	
controlled	 oxidation	 occurring	 during	 soft	 post-deposition	 annealings	 in	 air	 could	
significantly	 ameliorate	 their	 effect.	 After	 that,	 a	 new	 approach	 for	 obtaining	 high	
quality	CZTSe	layer	was	presented,	by	introducing	extremely	thin	Ge	nanolayers	below	
and	 above	 metallic	 stack	 precursors.	 This	 strategy	 led	 to	 eliminate	 the	 previously	
characterized	meandering	horizontal	grain	boundaries	and	to	obtain	huge	grains	with	
lateral	extensions	exceeding	4	microns.	In	addition,	a	deep	study	of	the	effect	of	Ge	on	
the	selenization	process	and	reaction	pathways	revealed	that	Ge	strongly	affects	the	in-
depth	elemental	distribution,	delaying	and	minimizing	the	typical	fast	Cu-out	diffusion	
and	the	formation	of	Sn-Se	volatile	species,	consequently	avoiding	Sn	losses	to	a	large	
extent.	 This	 allowed	modifying	 the	 reaction	 pathways	 of	 CZTSe	 from	 a	 tri-molecular	
mechanism	for	layers	without	Ge,	towards	a	mainly	bi-molecular	one	for	Ge-containing	
samples.	Through	the	optimization	of	the	quantity	and	location	of	Ge,	a	record	efficiency	
of	11.8%	was	achieved.	

	 In	the	last	part	of	the	thesis,	the	complex	Ge-Na	interaction	was	 investigated,	
providing	 further	 insights	 into	 the	 impact	 of	 Ge	 concentration	 on	 the	 Na	 content,	
modifying	the	doping	level	of	the	kesterite,	and	the	possible	mechanisms	by	which	this	
interaction	occurs.	Additionally,	a	phenomenological	Ge-Na	dynamics	reaction	for	the	
formation	of	point	defects	 and	 the	 releasing	of	Na	was	proposed.	 Finally,	 a	detailed	
investigation	 of	 low	 temperature	 post-deposition	 annealings	 was	 presented.	 An	
exhaustive	 multi-wavelength	 Raman	 spectroscopy	 analysis	 of	 devices	 subjected	 to	
different	post-deposition	annealings	 revealed	an	 induced	 redistribution	of	atoms	 (Cu	
and	Zn)	within	the	surface	and	bulk	of	the	absorbers.	In	particular,	the	absorber	surface	
becomes	 Cu-depleted	 and	 Zn-enriched,	 creating	 optoelectronically	 beneficial	 defects	
VCu	and	ZnCu,	which	are	partly	responsible	for	the	performance	improvement	of	the	solar	
cells	 after	 PDA.	 Moreover,	 recrystallization	 effects	 of	 the	 CdS	 buffer	 layer	 were	
observed,	leading	to	a	better	absorber/buffer	interface.	In	addition,	this	work	allows	the	
possibility	of	tuning	the	number	of	defects	in	the	absorber	by	choosing	the	right	PDA	
temperature.	

	 	



 
 

143 
 

S.	Giraldo	Chapter	5	

	
On	the	whole,	the	work	presented	in	this	thesis	provides	meaningful	results	and	

innovative	(but	also	simple)	strategies	to	boost	the	efficiency	of	kesterite	solar	cells,	by	
tackling	some	limiting	factors	of	this	material.	The	presented	doping	strategies	have	led	
to	 a	 better	 crystalline	 quality	 of	 the	 absorbers,	 the	 avoidance	 of	 formation	 of	
detrimental	 point	 defects,	 the	 reduction	 and	 control	 of	 compositional	 fluctuations	
during	 the	 synthesis	 processes	 by	 modifying	 the	 reaction	 pathways,	 and	 the	
control/optimization	of	 the	 doping	 level	 of	 the	 absorber.	Overall,	 this	 has	 allowed	 a	
significant	 improvement	 of	 the	 cell	 voltage,	 leading	 to	 a	 reduced	 VOC	 deficit	 and,	
ultimately,	a	remarkable	performance	improvement	of	kesterite	solar	cells.	

The	 results	 presented	 so	 far	 have	 allowed	 a	 great	 improvement	 of	 IREC’s	
kesterite	 baseline	 conversion	 efficiency	 as	 shown	 in	 Figure	 5.1.	 Furthermore,	 the	
efficiencies,	and	especially	the	voltage	values	obtained	in	the	best	devices	presented	in	
this	work	are	among	the	best	reported	in	the	literature,	as	presented	in	the	comparative	
Table	 5.1.	 This	 comparative	 analysis	 demonstrates	 a	 significant	 contribution	 of	 this	
thesis	to	reduce	the	voltage	deficit	in	kesterite	solar	cells,	which	is	considered	one	of	the	
main	problems	of	this	technology.		

	 Nevertheless,	despite	all	 the	knowledge	gained	 in	 recent	years	 in	 the	 field	of	
kesterites,	there	is	still	a	large	gap	in	performance	between	them	and	the	closely	related	
chalcopyrite	 CIGS.	 Since	 first	 kesterite	 devices	 were	 fabricated,	 the	 vast	majority	 of	
research	works	have	been	limited	to	copy	the	methods,	strategies,	device	architecture,	
back	contact,	buffers,	window	 layer	materials…	 from	CIGS	 technologies	and	 to	apply	
them	 into	kesterite	 technology.	Although	 this	 is	 a	 good	 starting	point,	 kesterites	are	
similar	but	not	the	same	material	as	CIGS,	so	they	have	particular	features	that	have	to	
be	 especially	 addressed.	 Therefore,	 customized	 strategies	 and	 solutions	 need	 to	 be	
designed	in	order	to	hopefully	improve	the	performance	of	this	promising	photovoltaic	
material,	and	make	it	a	real	alternative	for	energy	production	in	the	near	future.	
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Figure	5.1.	Evolution	of	IREC’s	record	efficiencies	of	kesterite	CZTSe	solar	cells,	reflecting	
the	 most	 important	 milestones	 achieved	 during	 the	 PhD,	 reported	 in	 internationally	
renowned	high	impact	journals.	

 
Table	5.1.	Comparative	table	of	selected	best	kesterite	devices	reported	in	the	literature,	
including	the	best	device	presented	in	this	thesis.		

Absorber							
(Eg,	eV)	

Eff	(%)	 VOC	(V)	 VOC	deficit*	(V)	
Affiliation	

(Ref)	

CZTSSe	(1.13)	 12.6	 0.513	 0.372	 IBM32	

CZTSe	(1.0)	 11.6	 0.423	 0.337	 IBM41	

CZTS	(1.5)	 11.0	 0.731	 0.504	 UNSW9	

CZTGSe	(1.11)	 12.3	 0.527	 0.337	 AIST54	

CZTSe	(1.04)	 11.8	 0.463	 0.335	 IREC	

			*	Calculated	according	to	the	Shockley-Queisser	limit.	
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