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n-Type	doped	transparent	conducting	binary	oxides:	an	overview	
Sebastian	C.	Dixon,a	David	O.	Scanlon,b,c	Claire	J.	Carmalta	and	Ivan	P.	Parkina,*		

This	 article	 focuses	 on	 n-type	 doped	 transparent	 conducting	 binary	 oxides	 –	 namely,	 those	 with	 the	 general	 formula	
MxOy:D,	 where	 MxOy	 is	 the	 host	 oxide	 material	 and	 D	 is	 the	 dopant	 element.	 Such	 materials	 are	 of	 great	 industrial	
importance	 in	modern	materials	chemistry.	 In	particular,	 there	 is	a	 focus	on	the	search	for	alternatives	to	 indium-based	
materials,	 prompted	 by	 indium’s	 problematic	 supply	 risk	 as	 well	 as	 a	 number	 of	 functional	 factors.	 The	 important	
relationship	 between	 computational	 study	 and	 experimental	 observation	 is	 explored,	 and	 an	 extensive	 comparison	 is	
made	between	the	electrical	properties	of	a	number	of	the	most	interesting	experimentally-prepared	materials.	In	writing	
this	article,	we	aim	to	provide	both	an	accessible	tutorial	of	the	physical	descriptions	of	transparent	conducting	oxides,	and	
an	 up-to-date	 overview	 of	 the	 field,	 with	 a	 brief	 history,	 some	 key	 accomplishments	 from	 the	 past	 few	 decades,	 the	
current	state	of	the	field	as	well	as	postulation	on	some	likely	future	developments.	

1 Introduction	
1.1 Transparent	Conducting	Oxides	

1.1.1 Background	

Transparent	conducting	oxides	 (TCOs)	are	materials	which	
have	attracted	much	attention	in	recent	decades	on	account	of	
their	 unique	 and	 hugely	 useful	 properties.	 These	 materials	
might	 have	 once	 been	 considered	 unusual	 due	 to	 their	
exhibition	 of	 both	 transparency	 and	 conductivity,	 properties	
which	 according	 to	 the	 simplest	 description	 of	 band	 theory	
ought	 to	 be	mutually	 exclusive.1,2	 Band	 theory	 considers	 that	
when	 atoms	 combine	 to	 form	 a	 compound,	 their	 atomic	
electronic	 orbitals	 overlap	 to	 form	 molecular	 orbitals	 –	 the	
countless	 permutations	 of	 the	 bonding	 and	 antibonding	
combinations	of	atomic	into	molecular	orbitals	in	a	solid	result	
in	 the	 blurring	 of	 discrete	 energy	 levels	 into	 a	 continuous	
‘band’.	 In	a	semiconductor,	 the	energy	 level	corresponding	to	
the	highest	occupied	molecular	orbital	 (HOMO)	 in	the	ground	
state	is	referred	to	as	the	valence	band	maximum	(VBM),	while	
the	 lowest	unoccupied	molecular	orbital	 (LUMO)	 is	 called	 the	
conduction	 band	 minimum	 (CBM).	 Traditionally,	 in	 order	 for	
electrical	 conduction	 to	 occur	 within	 the	 semiconductor	
material,	 ground	 state	 electrons	 must	 be	 excited	 from	 the	
VBM	 to	 the	 CBM,	 across	 an	 energy	 difference	 referred	 to	 as	
the	band	gap.	This	excitation	requires	energy	input	–	one	way	
this	can	occur	is	via	the	absorption	of	a	photon.	A	wider	band	
gap	 requires	 a	 higher-energy	 photon	 in	 order	 for	 an	 electron	

to	 become	 excited	 into	 conduction.	 Therefore,	 according	 to	
this	simplistic	model,	widening	the	band	gap	to	greater	than	Eg	
=	 3.1	 eV	 in	 a	 material	 permits	 transparency	 to	 the	 visible	
portion	 of	 the	 spectrum,2	 yet	 places	 greater	 separation	
between	 the	 VBM	 and	 CBM	 of	 the	 material,	 thereby	
decreasing	 the	 probability	 of	 exciting	 an	 electron	 into	
conduction.	

TCOs	have	been	developed	to	sidestep	this	conundrum	by	
doping	the	material	in	order	to	facilitate	the	creation	of	charge	
carriers.	 In	 a	 more	 sophisticated	 description	 of	 the	 band	
model,	 there	 is	 an	 important	 distinction	 between	 the	
fundamental	 band	 gap	 such	 as	 that	 described	 above	 (i.e.	 the	
energy	 separation	 of	 the	 bulk	 HOMO	 and	 LUMO),	 and	 the	
optical	 band	 gap,	 which	 corresponds	 to	 the	 lowest-energy	
allowed	 optical	 transition.	 For	 a	 TCO	 to	 be	 useful,	 it	 is	 this	
optical	 band	 gap	 which	 becomes	 important	 for	 the	
transparency	 of	 the	material,	 which	means	 that	 in	 an	 n-type	
TCO,	 electrons	 can	 be	 injected	 from	 a	 nearby	 defect	 donor	
level	 directly	 into	 the	 conduction	 band	 in	 order	 to	 permit	
conductivity.	 In	 n-type	 TCOs,	 lattice	 defects	 in	 a	 metal	 oxide	
crystal,	 such	 as	 oxygen	 vacancies,	 proton	 interstitials	 and	
certain	 substitutional	 defects,	 effectively	 create	 an	 excess	 of	
electrons	 close	 to	 the	 defect	 site.	 If	 there	 is	 sufficient	 orbital	
overlap,	 it	permits	delocalisation	of	electrons	 from	the	defect	
sites	such	that	electronic	states	at	the	CBM	become	filled,	 i.e.	
the	Fermi	level	shifts	above	the	CBM	(see	Figure	1).	This	leads	
to	 an	 effect	 known	 as	 the	 Moss-Burstein	 shift,	 which	
effectively	widens	the	optical	band	gap	from	simply:3	

	
𝐸" = 	𝐸%&' − 𝐸)&' Equation	1	

to:	
	
𝐸*+," = 	𝐸'&" + 	𝐸" = 	𝐸. − 	𝐸)&' Equation	2	
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Figure	1	Diagram	of	the	optical	widening	effect	of	the	Moss-Burstein	shift.		

since	the	Moss-Burstein	shift	is:	
	

	𝐸'&" = 	𝐸. − 	𝐸%&' Equation	3	

where	Eg	 is	 the	 fundamental	 energy	 gap	 separating	 the	 VBM	
and	 CBM,	 Eoptg	 is	 the	 optical	 band	 gap	 corresponding	 to	 the	
smallest	allowed	optical	transition	from	the	VB	to	the	CB,	EMB

g	
is	the	Moss-Burstein	shift	and	EF	is	the	Fermi	level.	In	this	way,	
lattice	 defects	 in	 TCOs	 are	 able	 to	 simultaneously	 promote	
both	electrical	conductivity	and	optical	transparency.	

The	band	structure	 is	a	key	aspect	 in	designing	a	TCO;	the	
optical	band	gap	 is	 just	one	such	consideration.	Other	 factors	
include	 the	 separation	 of	 the	 CBM	of	 the	 host	material	 from	
the	vacuum	 level,	 i.e.	 the	CBM	depth	or	electron	affinity	 (EA),	
which	affects	 the	 ‘dopability’	of	 the	TCO.	A	higher	value	of	EA	
indicates	 greater	 ease	 of	 introducing	 charge	 carriers,	 i.e.	 a	
greater	dopability.4,5	A	 large	separation	(Eg	>	3.1	eV)	between	
the	Fermi	 level	 in	 the	CB	and	the	next	electronic	energy	 level	
(‘CBM+1’	 here)	 helps	 to	 prevent	 excitation	 of	 electrons	 to	
higher	 states	 within	 the	 conduction	 band,	 which	 might	
otherwise	produce	unwanted	optical	absorption.6	This	effect	is	
often	 referred	 to	 as	 free	 carrier	 absorption	 (FCA).	 These	
factors	are	clearly	visible	in	Figure	2,	in	which	the	doping	by	Sn	
of	 In2O3	 raises	 the	 Fermi	 level	 above	 the	 CBM	 (i.e.	 the	
conduction	band	becomes	partially	filled),	while	the	separation	
of	 the	CBM	from	the	CBM+1	 level	appears	to	be	around	3	eV	
after	doping	(noting	also	that	the	fundamental	band	gaps	tend	
to	be	underestimated	by	the	density	functional	theory).	

The	 conductivity	 of	 a	 TCO	 is	 related	 to	 the	 number	 of	
charge	 carriers	 and	 their	 ability	 to	 move	 through	 its	 crystal	
lattice,	i.e.	their	mobility.	The	mobility	of	electrons	within	an	n-
type	TCO	is	inversely	proportional	to	their	effective	mass.	This	
is	 a	 quantity	 used	 to	 express	 the	 mass	 that	 the	 electrons	
appear	 to	have	when	moving	within	a	periodic	solid,	 in	which	
their	 mobility	 is	 affected	 by	 their	 response	 to	 local	 forces	
within	 the	 crystal,	 expressed	 relative	 to	 their	 true	mass	 (me).	
The	 key	 factor	 here	 is	 the	 orbital	 overlap	 between	 the	metal	
cation	in	a	host	lattice	and	the	oxygen,	since	it	has	been	shown	
computationally	 that	 the	 CB	 in	 TCOs	 has	 significant	 oxygen	
character.	 It	 has	 been	 observed	 that	 metal-oxide	 structures	
with	predominant	s-character	of	the	cation	at	the	CBM	are		

	
	
	
	
	
	
	
	
	

	
Figure	2	Band	structures	of	(a)	undoped	and	(b)	Sn-doped	In2O3.	The	Fermi	level	is	set	
at	E	=	0	eV.	The	Brillouin	zone	centre	is	denoted	by	Γ,	while	H,	N	and	P	denote	points	at	
the	Brillouin	surface	along	high	symmetry	k-vectors	in	the	reciprocal	crystal	lattice.	The	
energy	 lines	 represent	 allowed	 electronic	 states	 at	 given	 k-points.	 Adapted	 with	
permission	from	Freeman	et	al..6	Copyright	2011	Cambridge	University	Press.	

correlated	 with	 the	 lowest	 electron	 effective	 masses,	
suggesting	that	the	degree	of	cation-oxide	orbital	hybridisation	
is	a	key	factor.7	 It	 is	therefore	likely	that	for	this	reason,	TCOs	
based	on	an	e.g.	 TiO2	host	 structure	 (where	 the	CBM	has	3d-
character)	 are	 generally	 observed	 to	 have	 higher	 effective	
masses	 than	 SnO2-hosted	 TCOs.

8,9	 The	 calculated	 CB	 with	 a	
lower	 effective	mass	 is	 described	 as	 having	 higher	dispersity,	
and	 appears	 visually	 as	 having	 higher	 curvature	 at	 the	 band	
edges.2,10	 This	 relationship	 can	 be	 easily	 demonstrated;	 to	 a	
parabolic	 approximation,	 the	 energy	 E(k)	 of	 the	 CB	 at	
wavevector	 k	 close	 to	 the	 Brillouin	 zone	 centre	 can	 be	
expressed	as:	

	

𝐸 𝑘 = 𝐸0 +
ℏ2𝑘2

2𝑚∗  Equation	4	

where	 E0	 is	 a	 constant	 representing	 the	 energy	 at	 the	 band	
centre	 and	 m*	 is	 the	 electron	 effective	 mass.	 Then,	 the	
curvature	of	the	CB	is:	
	
𝑑2𝐸(𝑘)
𝑑𝑘2

=
ℏ2

𝑚∗ Equation	5	

Thus,	a	CB	with	a	high	curvature	corresponds	to	a	low	electron	
effective	mass,	which	in	turn	facilitates	high	electron	mobility.	
By	 computational	 modelling	 of	 TCO	 band	 structures,	 it	 is	
possible	 to	 predict	 the	 electronic	 properties	 of	 prospective	
TCO	formulations	by	calculation	of	the	electron	effective	mass.	
The	 electron	 mobility,	 electron	 density	 and	 (therefore)	
conductivity	 of	 inorganic	materials	 are	 linearly	 related	by	 the	
Boltzmann	formulation:		

	
𝜎 = 𝑛𝑒𝜇 Equation	6	

	
where	σ	 is	 the	electrical	conductivity	expressed	 in	S	cm-1,	n	 is	
the	density	of	 free	 charge	 carriers	 (i.e.	 electrons	 in	 an	n-type	
TCO),	e	 is	the	electronic	charge	and	μ	 is	the	electron	mobility.	
The	electrical	resistivity,	expressed	in	Ω	cm,	is	simply:	
	

𝜌 =
1
𝜎

 Equation	7	

Eg

EF

> 3.1 eV

Eg
MB

Eg
opt

CBM+1	

	

	

CBM	

	

VBM	

CBM+1	
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Page 2 of 17Journal of Materials Chemistry C



Journal	of	Materials	Chemistry	C	 	REVIEW	

This	journal	is	©	The	Royal	Society	of	Chemistry	20xx	 J.	Name.,	2013,	00,	1-3	|	3 	

In	 order	 for	 a	 TCO	 material	 to	 be	 suitable	 for	 most	
electrode	 applications,	 it	 is	 desirable	 to	maximise	 the	 charge	
carrier	mobility	 (typically	μ	 =	 50-70	 cm2	V-1	 s-1),	minimise	 the	
electrical	 resistivity	 (ideally	 ⍴ 	 =	 10-4-10-5)	 while	 keeping	 the	
carrier	 concentration	 below	 2	 x	 1021	 cm-3	 to	 minimise	
undesired	 optical	 absorption.	 It	 is	 clear	 from	 Figure	 3	 that	
there	are	three	somewhat	distinct	domains	amongst	inorganic	
materials	 regarding	 electrical	 properties:	 namely	 the	
semimetals	 (high	 carrier	 density,	 low	 electron	 mobility;	 top-
left),	 highly	 conductive	metals	 (both	 high	 carrier	 density	 and	
mobility;	 top-right)	 and	 semiconductors	 (low	 carrier	 density,	
high	mobility;	 lower-right).	While	 the	 introduction	of	 a	donor	
level	close	to	the	conduction	band	permits	a	wide	optical	band	
gap	 from	 the	 VBM	 to	 the	 CBM,	 the	 optical	 absorption	
associated	with	 the	 promotion	 of	 electrons	 from	 the	 CBM	 to	
higher	states	places	an	upper	limit	on	the	carrier	concentration	
in	the	CBM,	such	that	the	absorption	coefficient	α	of	the	TCO	
is	proportional	to	the	density	of	free	electrons	n	by:		
	
𝛼 = 𝜎𝑛 Equation	8	

where	σ	 is	the	absorption	cross-section.	Thick	or	highly	doped	
TCO	 films	 therefore	 give	 rise	 to	 a	 pronounced	 optical	
absorption,	which	needs	to	be	factored	in	when	designing	TCO	
components.11	 Aside	 from	 this,	 increasing	 the	 dopant	
concentration	 of	 the	 TCO	 film	 also	 introduces	 an	 increasing	
density	 of	 defect	 (dopant)	 sites;	 in	 doing	 so,	 the	 increased	
conductivity	 conferred	 by	 the	 dopant’s	 donor	 characteristics	
gradually	becomes	outweighed	by	an	electron	scattering	effect	
from	 the	 increased	 number	 of	 defects.	 The	 mean	 free	 path	
length	 of	 charge	 carriers	 and	 therefore	 the	 free	 carrier	
relaxation	 time	 becomes	 reduced,	 which	 increases	 film	
resistivity.2,6,10,12	 The	 effect	 of	 film	 thickness	 on	 transmission	
and	resistivity	is	depicted	in	Figure	4,	and	a	similar	relationship	
can	be	inferred	for	increasing	the	dopant	concentration.		
	
	

	

	

	

	

	

	

	

	

	

Figure	3	Boltzmann	relation	of	electron	density,	mobility	and	hence,	conductivity.	The	
latter	is	displayed	as	straight-line	contours.	Adapted	with	permission	from	Edwards	et	
al..10	Copyright	2004	Royal	Society	of	Chemistry.	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
Figure	4	Effect	on	optical	transmission	and	resistivity	of	increasing	thickness	of	ITO	film	
on	PET	substrate.	Adapted	with	permission	from	Wong	et	al..12	Copyright	2004	Elsevier.	

The	 demand	 for	 TCOs	 has	 soared	 in	 recent	 years	 due	 to	
them	 being	 key	 components	 in	 liquid	 crystal	 displays,	 touch-
screen	 technology	 and	 photovoltaic	 cells,	 usually	 as	
electrodes.13	 Other	 applications	 amongst	 a	 growing	 number	
include	 antireflective	 coatings,14	 waveguides	 in	 plasmonic	
devices,15	 organic	 light-emitting	 devices12	 and	 ‘lab-on-a-chip’	
or	 bioanalytical	 devices.16	 The	 current	 highest	 dollar-value	
market	 for	 TCOs	 is	 as	 transparent	 electrodes	 in	 flat-panel	
displays	 (FPDs),	 a	 market	 valued	 at	 US$	 97	 Bn	 in	 2014	 and	
forecasted	 to	 reach	 US$	 135	 Bn	 by	 2020.17	 Meanwhile,	 low-
emissivity	 (‘low-e’)	 TCO	 window	 coatings	 account	 for	 the	
greatest	 amount	 of	 TCO	 deposited	 annually.18	 Current	
European	 and	 US	 legislation	 requires	 that	 all	 new	 buildings	
must	feature	solar	control	window	coatings,	which	has	assisted	
such	 products	 as	 fluorine-doped	 tin	 oxide	 (FTO)	 coatings	 on	
glass	 to	 contribute	 to	 a	 multi-billion	 dollar	 market	 for	 low-e	
glass	 coatings.19	 Ongoing	 social	 and	 technological	
development	 such	 as	 the	 increasing	 adoption	 of	 renewable	
energy	 sources	 and	 the	 continual	 growth	 of	 emerging	
economies	 therefore	 means	 that	 demand	 for	 TCOs	 is	 set	 to	
increase	further	and	faster	still.20	
	
1.1.2 Historical	Perspective	

TCOs	were	first	reported	 in	1907	by	German	physicist	Karl	
Baedeker,	 who	 sputter-coated	 cadmium	 onto	 a	 substrate	
followed	 by	 heat	 treatment	 in	 air	 to	 yield	 a	 cadmium	 oxide	
TCO.	Incomplete	oxidation	of	Cd	in	the	heat	treatment	step	led	
to	 a	 nonstoichiometric	 cadmium	 oxide,	 inevitably	 leaving	
oxygen	 vacancies	 within	 its	 crystal	 structure.	 The	 resulting	
pentavalent	Cd2+	ions	led	to	occupation	of	an	electronic	defect	
energy	 level	 close	 to	 the	 cadmium	 oxide	 conduction	 band	
minimum,	 facilitating	 easy	 promotion	 of	 electrons	 into	 that	
band.21	As	 the	earliest	 recorded	 instance	of	a	TCO,	 it	was	not	
optimal	and	did	not	exhibit	 resistivities	anywhere	near	as	 low	
as	pure	metals,	and	would	 fully	oxidise	with	 time	to	yield	 the	
insulating	 wide	 band-gap	 semiconductor.	 Today,	 while	 Cd-
based	TCOs	continue	to	be	investigated	such	as	CdO:In,	which	
has	resistivities	an	order	of	magnitude	lower	than	the	current	
market-leading	 TCOs,22	 the	 extreme	 toxicity	 of	 Cd	 largely	
precludes	its	use	on	an	industrial	scale.		
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Later,	 in	 1947,	 American	 inventor	 Harold	 McMaster	
patented	 a	 transparent	 conductive	 SnO2	 coating	 which	 could	
be	applied	to	glass	via	chemical	vapour	deposition	(CVD)	from	
stannous	 chloride,	which	 became	 useful	 for	 planes	when	 de-
icing	 their	 windows	 at	 high	 altitude.23	 Such	 TCO	 materials	
depend	 on	 oxygen	 vacancies	 and	 metal	 atom	 interstitials	 to	
lend	 conductivity,	 which	 are	 therefore	 not	 in	 practical	 use	 in	
modern	TCOs	due	 to	 the	 instability	of	 such	defects	on	 longer	
timescales	(i.e.	gradual	oxidation	and	interstitial	migration).	In	
1954,	 Rupprecht	 discovered	 tin-doped	 indium	 oxide	 (ITO),	 a	
binary	TCO	material	which	to	this	day	remains	one	of	the	most	
important	and	best-performing	TCO	materials	on	the	market.24		

In	 the	 decades	 that	 followed,	 countless	 transparent	
conducting	oxide	materials	emerged	from	this	fascinating	field;	
in	 particular,	while	 zinc	 oxide	 had	 long	 been	 known	 to	 be	 an	
intrinsic	 n-type	 semiconductor,	 its	 potential	 as	 a	 transparent	
conductor	came	to	be	recognised	in	research	pioneered	in	the	
later	 1970’s	 to	 early	 1980’s	 by	 a	 fast-growing	 number	 of	
research	groups,	perhaps	the	most	prolific	of	which	being	that	
of	Minami	et	 al..25	Work	 quickly	moved	 on	 from	 intrinsically-
doped	 ZnO,	 in	which	 conductivity	 is	 owed	 to	 defects	 such	 as	
oxygen	 vacancies	 and	 hydrogen	 or	 zinc	 interstitials,	 to	
extrinsically-doped	materials	 such	as	 indium-doped	zinc	oxide	
(IZO).26	 It	 was	 not	 long	 before	 the	 field	 exploded	 with	many	
more	 n-type	 doped	 binary	 oxide	 systems	 for	 transparent	
conducting	 applications.	 Many	 of	 the	 most	 notable	
developments	 of	 this	 now	 expansive	 field	 shall	 be	 explored	
herein.	

	
1.1.3 Choosing	a	Synthetic	Route	 	

Any	two	given	transparent	conducting	oxide	films	with	the	
same	chemical	compositions	can	possess	significantly	different	
properties	 depending	 on	 their	 means	 of	 deposition.	 For	
instance,	applications	such	as	photovoltaic	(PV)	cells	where	the	
TCO	layer	meets	a	photon-absorbing	layer	at	a	heterojunction	
must	have	very	low	surface	roughness,	in	order	to	make	good	
contact.	 Deposition	 techniques	 such	 as	 DC	 magnetron	
sputtering	would	 therefore	be	preferable	 in	such	an	 instance,	
where	a	smooth	film	is	deposited	on	the	substrate;27	whereas	
we	 might	 expect	 that	 an	 inkjet-printed	 film,	 which	 deposits	
nanoparticles	 on	 the	 substrate	 and	 therefore	 has	 a	 high	
surface	 roughness	 (even	 after	 sintering),	 would	make	 poorer	
contact	 at	 a	 heterojunction.	 However,	 inkjet	 printing	 is	 an	
inexpensive	 process,	 which	minimises	 precursor	wastage	 and	
offers	 a	 means	 of	 scalable	 high-throughput	 production	 of	
patterned	TCO	films	for	certain	applications.28		

The	 relatively	 small	 concentration	 of	 dopant	 in	 the	 host	
material	 (typically	 1-5	 at%)	 is	 optimised	 by	 the	 trade-off	
between	 dopant	 carrier	 concentration	 versus	 increasing	
electron	scattering	effects	at	the	dopant	sites.	This	means	that	
since	 free	carrier	densities	 in	TCOs	are	 low	relative	to	metals,	
the	 mobility	 of	 the	 electrons	 within	 the	 TCO	 becomes	 the	

crucial	factor	in	determining	the	conductivity	of	the	material.29	
It	 is	also	 for	 this	 reason	 that	TCO	preparation	methods	which	
do	not	 involve	 crystalline	growth	ultimately	 yield	 films	with	a	
high	 electrical	 resistance,	 i.e.	 that	 there	 is	 an	 abundance	 of	
physical	boundaries	which	charge	carriers	must	overcome	and	
therefore	 their	mobility	 is	 low.	 For	 example,	 indium-tin-oxide	
(ITO)	 thin	 films	 printed	 from	 a	 dispersion	 of	 25	 nm	 ITO	
nanoparticles,	 while	 achieving	 good	 optical	 transmittance	 at	
84%,	were	only	able	to	reach	a	minimum	resistivity	of	1.5	x	10-
2	Ω	 cm.28	 Compare	 this	with	 a	 typical	 polycrystalline	 ITO	 film	
grown	 by	 DC	 magnetron	 sputtering	 at	 200°C,	 which	 has	 a	
transmittance	over	92%	in	the	visible	region	and	a	much	lower	
resistivity	of	1.5	x	10-4	Ω	cm.27	The	reason	for	the	discrepancy	
becomes	more	apparent	in	the	scanning	electron	micrographs	
displayed	in	Figure	5;	 it	 is	evident	that	the	polycrystalline	film	
contains	 large	 (200-400	nm)	well-oriented	domains,	while	 the	
inkjet-printed	 film	 of	 annealed	 nanoparticles	 contains	 a	
randomly-aligned	 physical	 boundary	 at	 the	 edge	 of	 each	
nanoparticle	 (i.e.	 every	 25	 nm).	 Therefore,	 due	 to	 the	
resistance	 faced	 by	 charge	 carriers	 at	 these	 physical	
boundaries,	 it	 would	 be	 expected	 that	 their	 mobility,	 and	
consequently	 the	 conductivity	 of	 the	 material,	 would	 be	
hampered	 in	 the	 annealed	 inkjet-printed	 film.	 As	 such,	 in	
choosing	 a	 synthetic	 procedure	 for	 a	 TCO	 product	 it	 is	
important	 to	 weigh	 the	 benefits	 of	 the	 technique	 against	 its	
cost,	 simplicity	 and	 safety,	 and	 the	 desired	 properties	 of	 the	
TCO	material.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
Figure	5	Scanning	Electron	Micrographs	from	(a)	an	ITO	thin	film	inkjet-printed	from	25	
nm	 nanoparticles	 and	 annealed	 at	 450°C,28	 and;	 (b)	 conventional	 DC	 magnetron	
sputtered	polycrystalline	ITO	film	deposited	at	200°C.27	Adapted	with	permission	from	
Jeong	et	al.	and	Betz	et	al..27,28	Copyright	(a)	2010	and	(b)	2006	Elsevier.	 	

(a)		 																		nanoparticles		

	

	

	

(b)	Polycrystalline	ITO	
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It	 is	possible	 to	 tune	the	physical	properties	of	 the	TCO	 in	

order	 to	 suit	 the	 application.	 For	 the	 PV	 heterojunction,	 to	
facilitate	 efficient	 charge	 transfer	 from	 the	 photo-absorbing	
layer	 to	 the	 TCO,	 there	 must	 also	 be	 optimal	 overlap	 of	 the	
energy	 levels	 of	 both	 layers,	 as	 determined	 by	 the	 TCO	work	
function	 –	 this	 can	 be	 tuned	 by	 adjusting	 the	 relative	
concentration	 of	 components	 within	 a	 multi-component	
TCO.30	 For	 instance,	 it	 was	 recently	 demonstrated	 by	
computation	 that	 the	 band	 gap	 of	 SnO2,	 which	 is	 sufficiently		
wide	for	visible	transparency,	can	be	controllably	narrowed	by	
alloying	with	isoelectronic	PbO2,	which	has	a	narrow	band	gap	
but	 a	 large	 CBM	 to	 CBM+1	 gap	 and	 low	 electron	 effective	
mass.	The	properties	of	the	alloying	materials	can	combine	to	
compliment	one	another,	and	in	doing	so,	the	CBM	is	lowered	
(i.e.	 the	 electron	 affinity	 is	 increased)	 to	 facilitate	 band	
alignment	 and	Ohmic	 contact	with	 other	materials,	while	 the	
Fermi	level	becomes	positioned	above	the	CBM	to	enable	TCO	
functionality.	The	authors	invite	experimental	verification.2	
	
1.2 Indium-Tin-Oxide	and	the	Search	for	an	Alternative		

1.2.1 Indium:	Cost	and	Supply	Risk	 	

Currently,	 the	most	effective	and	utilised	TCO	material	 for	
electronic	 applications	 is	 tin-doped	 indium	 oxide	 (ITO),	
preferred	 on	 account	 of	 possessing	 both	 a	 high	 optical	
transmittance	in	the	visible	range,	whilst	also	having	a	very	low	
resistivity	(typically	1-2	x	10-4	Ω	cm	for	polycrystalline	ITO).18,30	
However,	 issues	 arise	 with	 ITO	 on	 account	 of	 the	
unpredictable	nature	of	the	cost	per	unit	mass	of	indium,	due	
to	 its	 very	 low	 natural	 abundance	 and	 its	 subsequent	
production	only	as	a	by-product.		

Limited	 global	 supply	 has	 led	 to	 competition	 over	 the	
control	 of	 the	 resource	 and	 therefore	 limited	 availability	 of	
indium.	The	EU	 in	particular	 is	entirely	dependent	on	 imports	
for	 its	 indium	 supply,	 meaning	 that	 TCO	 manufacture	 within	
the	 EU,	 as	 well	 other	 indium-dependent	 low-carbon	
technologies	such	as	nuclear	control	rod	manufacture,	suffers	
severely	from	the	indium	supply	risk	(see	Figure	6).20	
	

1.2.2 The	Demand	for	Flexible	TCOs		

The	 interest	 in	 recent	 years	 for	 flexible	 transparent	
conductive	materials	 (TCMs),	driven	by	 their	ease	of	handling	
(lightweight,	 easier	 to	 transport,	 less	 prone	 to	 fracture)	 and	
low-cost	 manufacture	 (roll-to-roll	 continuous	 mass	
fabrication),	has	further	spurred	the	search	for	alternatives	to	
ITO.31	The	high	temperatures	required	to	obtain	polycrystalline	
ITO	 (generally	 T	 >	 400°C)	 preclude	 its	 deposition	 on	 flexible	
substrates,	which	are	generally	polymers	such	as	polyethylene	
terephthalate	 (PET)	 and	 cannot	be	processed	above	 the	glass	
transition	 temperature.	While	 some	 progress	 has	 been	made	
in	 low-temperature	 deposition	 of	 amorphous	 ITO	 films	 onto	
PET	 substrates	 using	 techniques	 such	 as	 radiofrequency	 (RF)	
magnetron	 sputtering12	 and	 pulsed	 laser	 deposition,32	
amorphous	 TCO	 films	 generally	 have	 inferior	 electronic	
properties	to	the	polycrystalline	films	(⍴	=	5-7	x	10-4	Ω	cm	vs	⍴	
=	1-2	x	10-4	Ω	cm	for	amorphous	vs	polycrystalline	ITO),	though	
nitrogen-doped	 tin	 oxide	 may	 be	 an	 important	 exception	 to	
this	 trend.33	 It	 has	 also	 been	 demonstrated	 recently	 that	
amorphous	ITO	films	on	flexible	substrates	will	sustain	a	lesser	
degree	of	bending	with	fewer	bending	cycles	before	failure,	as	
compared	 with	 polycrystalline	 films	 of	 the	 same	 material.34	
Some	work	has	 gone	 into	 remedying	 this	 issue	by	 fabrication	

Figure	6	European	Commission	report	for	raw	material	criticality	(2013	data,	revised	&	published	2014).69	Adapted	with	permission	from	the	European	Commission.	
Copyright	2014	European	Commission,	DG	Internal	Market,	Industry,	Entrepreneurship	and	SMEs	(DG	GROW).	
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of	 TCO-metal-TCO	multilayer	 surface	 structures,	which	makes	
feasible	 the	 use	 of	 amorphous	 semiconductors	 deposited	 at	
low	 temperatures	 on	 flexible	 substrates	 by	 enhancing	 their	
electronic	properties	with	a	sandwiched	thin	metal	 layer	such	
as	 Ag.	 The	 ductility	 of	 the	 metal	 layer	 enables	 continued	
operation	of	the	device	even	when	beyond	the	failure	strain	of	
the	 TCO.31	 Crucially	 however,	 ITO	 is	 a	 brittle	material	 with	 a	
critical	 strain-to-failure	 of	 just	 1.5%	 (for	 both	 bending	 and	

stretching	tests);31	cracks	develop	irreversibly	in	ITO	thin	films	
from	 36°	 up	 to	 a	 maximum	 bending	 angle	 of	 60°,	 which	
gradually	 reduces	 the	 conductivity	 across	 three	 orders	 of	
magnitude	as	the	bend	approaches	its	maximum.	On	the	other	
hand,	graphene	for	example	 is	able	to	operate	efficiently	as	a	
transparent	 conductor	 under	 bending	 angles	 of	 up	 to	 138°,	
with	 minimal	 loss	 to	 its	 operational	 characteristics.35

	
	
	

	 	 	 EPITAXIALLY-GROWN	FILMS	 POLYCRYSTALLINE	FILMS	

Dopant	
class	 Species	 Type	

ρ	/10-4	
Ω	cm	

T	
/%	

Preparation	
Method	 Reference	

ρ	/10-4	Ω	
cm	

T	
/%	

Preparation	
Method	 Reference	

Halides	 SnO2:F	(DC-MS)	 n	 		 		 		 	 		 70.0	 85	 dc-MS	 36	 Mientus	1998	

		 SnO2:F	(AACVD)	 n	 		 		 		 	 		 2.2	 80	 AACVD	 37	 Bhachu	2011	

		 SnO2:F	(APCVD)	 n	 		 		 		 	 		 5.2	 80	 Commercial	
APCVD	

37	 Bhachu	2011	

		 TiO2:F	 n	 16	 95	 PLD	 38	 Mohri	2012	 2.2x103	 40	 APCVD	 39	 Kafizas	2014	

		 ZnO:F	(PLD)	 n	 		 		 		 	 		 4.8	 90	 PLD	 40	 Cao	2011	

		 ZnO:F	(APCVD)	 n	 		 		 		 	 		 4.0	 90	 APCVD	 41	 Hu	1991	

		 ZnO:Cl	 n	 6.1	 92	 PLD	 42	 Lee	2013	 122.0	 88	 ALD	 43	 Choi	2015	

Gp	XIII	 ZnO:B	(RF-MS)	 n	 		 		 		 	 		 56.5	 90	 rf-MS	 44	 Wong	2015	

		 ZnO:B	(Spr.	Pyr.)	 n	 		 		 		 	 		 45.0	 95	 Spray	pyrolysis	 45	 Pawar	2009	

		 ZnO:B	(AACVD)	 n	 		 		 		 	 		 15.0	 90	 AACVD	 46	 Shirahata	2015	

		 ZnO:Al	 n	 0.85	 88	 PLD	 47	 Agura	2003	 2.0	 80	 rf-MS	 	 Minami	1984	

		 ZnO:Ga	 n	 0.51	 85	 Buffer-assisted	
PLD	

48	 Ajimsha	2015	 2.7	 85	 rf-MS	 49	 Assuncao	2003	

		 ITO	 n	 0.77	 85	 PLD	 50	 Ohta	2000	 1.5	 92	 dc-MS	 27	 Betz	2006	

Gp	III	 ZnO:Sc	 n	 1.91	 92	 Sol-gel	 51	 Sharma	2010	 3.1	 85	 dc-MS	 52	 Minami	2000	

		 ZnO:Y	 n	 		 		 		 	 		 7.9	 85	 dc-MS	 52	 Minami	2000	

Gp	XV	 SnO2:N	 p	 		 		 		 	 		 9.1	 80	 rf-MS	 33	 Fang	2015	

		 SnO2:P	 n	 		 		 		 	 		 7.0	 83	 APCVD	 53	 Upadhyay	1989	

		 TiO2:P	 n	 		 		 		 	 		 1.7x104	 70	 APCVD	 54	 Sotelo-Vazquez	2015	

		 SnO2:As	 n	 		 		 		 	 		 460.0	 80	
Vacuum	
thermal	

evaporation	

55	 Dakhel	2012	

		 SnO2:Sb	(RF-MS)	 n	 6.7	 -	 Plasma-assisted	
MBE	

56	 White	2009	 20.0	 85	 rf-MS	 57	 Ma	2003	

		 SnO2:Sb	(APCVD)	 n	 		 		 		 	 		 15.0	 80	 APCVD	 58	 Kane	1976	

		 SnO2:Sb	(Spr.	Pyr.)	 n	 		 		 		 	 		 9.0	 80	 Spray	pyrolysis	 29	 Shanthi	1999	

		 ZnO:Sb	(p-type)	 p		
(Sb	III)	 2000	 -	 MBE	 59	 Xiu	2005	 1.9x107	 -	 APCVD	 60	 Liang	2015	

		 ZnO:Sb	(n-type)	 n		
(Sb	V)	 		 		 		 	 		 4.2x103	 -	 APCVD	 60	 Liang	2015	

Gp	V	 TiO2:V	(p-type)	 p	 		 		 		 	 		 8.0x108	 81	 Reactive-MS	 61	 Sieradzka	2009	

		 TiO2:V	(n-type)	 n	 		 		 		 	 		 6.0x106	 81	 Reactive-MS	 61	 Sieradzka	2009	

		 TiO2:Nb	 n	 2.3	 95	 PLD	 62	 Furubayashi	2005	 4.6	 70	 PLD	 63	 Hitosugi	2007	

		 TiO2:Ta	 n	 2.5	 95	 PLD	 64	 Hitosugi	2005	 8.7	 80	 PLD	 65	 Wu	2011	

Other	 Graphene	 n	 18.2	 65	
Mechanical	

exfoliation	and	
reduction	

66	 Wang	2008	 		 		 		 	 		

		 Carbon	nanonets	 p	 1.5	 70	
Vacuum	

membrane	
deposition	

67	 Wu	2004	 		 		 		 	 		

Table	1	Comparison	of	some	important	binary	TCOs,	including	all	those	reviewed	and	some	key	carbon	TCMs.	Abbreviations:	resistivity	(⍴),	visible	transmittance	(T),	direct-current	
or	radiofrequency	magnetron	sputtering	(dc-MS	or	rf-MS),	aerosol-assisted	or	atmospheric-pressure	chemical	vapour	deposition	(AACVD	or	APCVD),	pulsed	laser	deposition	(PLD),	
atomic	layer	deposition	(ALD),	molecular	beam	epitaxy	(MBE).	Visible	transmittance	values	are	approximate	and	typically	given	within	the	range	400-800	nm;	estimates	of	these	
have	been	made	from	spectra	where	averages	are	not	reported	in	the	text.	
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1.2.3 Improving	the	Conductivity	 	

Further	motivation	for	replacing	ITO	exists	 in	order	to	find	
TCOs	 with	 improved	 resistivity	 characteristics	 -	 there	 is	
currently	an	upper	limit	to	the	size	of	flat-panel	displays	(FPDs)	
set	 by	 the	 TCO	 resistivity,	 due	 to	 the	 visible	 change	 in	
brightness	across	the	display	as	it	becomes	larger.	The	demand	
for	 increasingly	 large	 FPDs	 for	 applications	 such	 as	 active	
signage	 and	 bigger	 televisions	 creates	 a	 need	 for	 improved	
TCO	 formulations.	 In	 particular,	 FPD	 technology	 such	 as	 the	
now-widely	 popular	 OLED	 is	 highly	 current-dependent	 and	
requires	 transparent	 electrodes	 with	 both	 much	 greater	
conductivity18	 and	 higher	work	 function	 (in	 order	 to	 improve	
band	alignment	with	hole	injection	or	extraction	layers	in	OLED	
devices).31	 It	 is	 also	 well	 known	 that	 the	 work	 function	 and	
chemical	composition	of	ITO	at	its	surface	is	highly	dependent	
on	 the	method	 of	 cleaning,	 indicating	 that	 ITO	 is	 unstable	 to	
oxidation	–	this	becomes	particularly	apparent	when	fluorine-
doped	tin	oxide	(FTO)	exhibits	no	such	dependence,	therefore	
further	 supporting	 that	 there	 is	 still	 room	 to	 improve	on	 ITO.	
Likewise,	FTO,	as	well	as	other	alternative	TCOs	such	as	ZnO:Al	
and	 ZnO:Ga,	 does	 not	 suffer	 greatly	 from	 the	 thermal	 or	
chemical	 instability	 that	 affects	 the	 electrical	 properties	 of	
ITO.68	

Therefore,	 investigation	 into	 alternatives	 to	 the	 highly	
successful	 ITO	 as	 a	 TCO	 material	 has	 become	 necessary,	 in	
order	 to	 find	 cheaper,	 more	 capable,	 more	 earth-abundant	
materials.	The	search	for	a	viable	alternative	seeks	to	optimise	
a	number	of	figures	of	merit	such	as	optical	transmission,	haze,	
resistivity,	 charge	 carrier	 concentration	 and	 mobility,	
etchability,	 ‘green’	 processability	 and	 affordability.	 This	 wide	
range	of	desirable	properties	has	 led	to	some	TCOs	becoming	
preferable	 over	 others	 depending	 on	 the	 context	 of	
application,	 for	example	etchability	 in	 transparent	 circuitry	or	
band	 alignment	 of	 a	 new	 TCO	 with	 other	 existing	 materials	
within	 an	 established	 device,	 with	 no	 single	 TCO	 formula	
therefore	being	universally	ideal.7	

2 n-Type	Doping	of	Binary	Oxides	
2.1 Background	

As	 it	 stands,	 the	 industry	 standard	 TCOs	 used	 are	 largely	
limited	 to	 the	 post-transition	 metal	 oxides	 ZnO,	 In2O3	 and	
SnO2,	 and	 subsequent	mixtures	 of	 these	 such	 as	 tin-	 or	 zinc-
doped	indium	oxide	(ITO	and	IZO).18	The	excellent	metal-oxide	
orbital	 overlap	 in	 these	 structures	 gives	 rise	 to	 low	 electron	
effective	 masses	 (see	 Figure	 8)	 and	 therefore	 high	 electron	
mobilities.	 This,	 together	 with	 their	 deep	 CBMs	 (high	
dopability)	and	wide	band	gaps	(see	Figure	7),2	 is	what	makes	
these	 three	 important	 host	 structures	 for	 TCOs.	 Doped	 zinc	
oxide	 and	 tin	 oxide	 TCO	 materials	 have	 received	 particular	
attention	 in	 recent	 years	 on	 account	 of	 the	 indium	 supply	
risk,69	 often	 with	 such	 dopants	 as	 to	 yield	 n-type	 TCOs	 (e.g.	
SnO2:F,

36,37	 SnO2:Sb,
29,56–58	 ZnO:F,40,41	 ZnO:B,44–46	 ZnO:Ga,48,49	

ZnO:Al,47,70	 etc.).	 In	 particular,	 the	 heavy	 focus	 on	 n-type	
doping	of	SnO2	 is	probably	owing	in	part	to	doubts	within	the	

community	as	to	whether	efficient	p-type	doped	SnO2	can	ever	
be	 realised.4	 Much	 research	 has	 gone	 into	 investigating	 a	
number	of	dopant	elements;	in	n-type	TCOs,	these	are	usually	
substitutional	dopant	atoms	which	are	selected	 in	such	a	way	
that	 excess	 electrons	 become	 available	 at	 the	 dopant	 site.	 A	
comparison	 of	 a	 number	 of	 experimentally-prepared	 n-type	
doped	 TCOs	 is	 given	 in	 Table	 1,	 and	 can	 be	 referred	 to	 as	 a	
summary	of	the	materials	reviewed	here.	While	the	traditional	
‘look-and-see’	approach	of	doping	aliovalent	atoms	into	crystal	
sites	 (e.g.	 Al3+	 on	 a	 Zn2+	 site	 or	 F-	 on	 an	 O2-	 site	 in	 ZnO)	 has	
been	 reasonably	 effective	 in	 the	 past	 for	 screening	 TCO	
materials,	 the	 seemingly	 endless	 range	 of	 possible	
permutations	of	metal-oxide	host	 structures	and	dopants	has	
more	recently	been	narrowed	significantly	with	the	aid	of	high-
throughput	computational	analysis.7	

Computational	 simulations	 of	 hypothetical	 TCO	 materials	
have	enabled	 screening	of	 a	wide	 range	of	possible	materials	
and	their	properties,	enabling	us,	with	more	power	 than	ever	
before,	 to	 narrow	 the	 search	 of	 the	 many	 possible	
combinations	 of	 metal-oxide	 host	 and	 p-type	 or	 n-type	
dopants	 and	 their	 concentrations.	 It	 is	 possible	 to	model	 the	
band	 structures,	 electron	 effective	 masses	 and	 mobilities	 in	
this	 way.	 Perhaps	 unfortunately,	 in	 one	 particular	 landmark	
high-throughput	 computational	 study,	 one	 of	 the	 most	
effective	TCO	materials	amongst	thousands	of	alternatives	was	
found	to	remain	the	tin-doped	indium	oxide	(ITO),	the	present	
industry	 standard	 TCO,	 though	 there	 are	 of	 course	 errors	
associated	 with	 computational	 modelling	 techniques;	 in	
particular,	 that	 Generalised	 Gradient	 Approximation	 (GGA)	
functionals	 in	 density	 functional	 theory	 (DFT)	 are	 known	 to	
strongly	 underestimate	 band	 gaps,	 and	 electron	 effective	
masses	 are	 generally	 underestimated	 within	 DFT	 itself.	 Still,	
the	 error	 appears	 to	 be	 systematic,	 meaning	 this	 remains	 a	
useful	tool	for	comparative	screening	of	materials	at	the	early	
stages.7	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
Figure	7	Calculated	band	gaps	of	common	TCO	host	structures.	The	vacuum	level	is	set	
at	E	=	0	eV.	Adapted	from	Ganose.2		
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2.2 Group	IIIA-	and	IIIB-doped	ZnO	

2.2.1 Aluminium	and	Gallium	 	

Zinc	 oxide	 is	 a	 non-toxic,	 refractory,	 hexagonal	 wurtzite-
type	semiconductor	with	a	wide	direct	band	gap	of	3.37	eV,71	
as	 well	 as	 being	 thermally	 and	 chemically	 stable	 under	
hydrogen	 plasma	 conditions	 used	 in	 solar	 cell	 production.72	
Crucially	 however,	 zinc	 and	 oxygen	 are	 two	 of	 the	 most	
abundant	elements	in	the	earth’s	crust,	present	at	70	ppm	and	
4.61	x	105	ppm	for	Zn	and	O	respectively;	indium	on	the	other	
hand	has	an	elemental	 abundance	 in	 the	earth’s	 crust	of	 just	
0.25	ppm.73	Also	known	as	AZOs,	aluminium-doped	zinc	oxides	
have	 arisen	 as	 an	 earth-abundant	 alternative	 to	 ITO.	 In	 the	
mid-1990s,	 Islam	 et	 al.	 synthesised	 some	 of	 the	 earliest	
transparent	conductive	AZO	films,	which	exhibited	resistivities	
of	 2.2	 x	 10-4	 Ω	 cm	 vs	 3.2	 x	 10-3	 Ω	 cm	 for	 the	 Al-doped	 and	
undoped	ZnO	respectively,	as	synthesised	by	spray	pyrolysis.74	
It	 had	 long	 been	 known	 that	 introduction	 of	 impurities	 or	
vacancies	 into	 ZnO	 conferred	 conductivity	 to	 the	 transparent	
film,75	 however	 it	 was	 only	 in	 the	 1990s	 that	 its	 practical	
potential	as	a	TCO	material	had	begun	to	be	explored.	By	the	
year	 2000,	 it	 had	 been	 found	 that	 Al	 and	Ga	 dopants	 in	 ZnO	
produced	 the	 lowest	 resistivities,	 which	 by	 this	 point	 were	
down	 to	1.4	 x	 10-4	Ω	 cm	and	1.2	 x	 10-4	Ω	 cm	 respectively,	 as	
compared	with	other	dopants	such	as	B,	Y,	In,	Sc,	Si,	Ge,	Ti,	Zr,	
Hf	 and	 F.76,77	 Both	 the	 AZO	 (ZnO:Al,	 1.6-3.2	 at%	 Al)	 and	GZO	
(ZnO:Ga,	 1.7-6.1	 at%	 Ga)	 n-type	 materials	 had	 carrier	
concentrations	of	approximately	1.5	x	1021	cm-3,	as	compared	
with	 concentrations	 of	 around	 0.5	 x	 1021	 cm-3	 for	 the	 other	
listed	doped	materials.	Resistivities	of	polycrystalline	AZO	and	
GZO	 films	 have	 improved	 little	 since	 then.	 The	 best	 quality	
polycrystalline	 ITO	 films	 synthesised	by	magnetron	 sputtering	
methods	 typically	have	 resistivities	of	around	1-2	x	10-4	Ω	cm	

with	 carrier	 concentrations	 of	 around	 1021	 cm-3	 and	 no	
colouring.27,30	

GZOs	 have	 attracted	 particular	 attention	 due	 to	 the	 close	
matching	 of	 Ga3+	 and	 Zn2+	 ionic	 radii,	 while	 Ga	 also	 effects	 a	
lower	electron	effective	mass	 in	 the	TCO	 (see	Figure	8);	 both	
of	 these	 factors	 are	 therefore	more	 likely	 to	 result	 in	 higher	
electron	mobilities	 in	 n-type	 GZO	 TCOs.	 However,	 while	 GZO	
and	AZO	films	are	competitive	with	each	other	in	terms	of	TCO	
properties,	 the	 affordability	 and	 natural	 abundance	 of	 Al	
makes	 this	 a	 particularly	 attractive	 dopant	 material	 in	 TCO	
production,	whereas	 in	2014	the	supply	risk	of	Ga	was	closely	
comparable	with	that	of	In	(see	Figure	6).69	

AZOs	 have	 been	 synthesised	 by	 a	 number	 of	 means	
including	 atmospheric-pressure	 (thermal)	 chemical	 vapour	
deposition,72	 RF	 and	 DC	 magnetron	 sputtering,78,79	 atomic	
layer	 deposition,80	 pulsed	 laser	 deposition,81	 sol-gel82	 and	
spray	pyrolysis	techniques.71	AZOs,	 like	any	trivalent-doped	n-
type	ZnO	TCO,	work	by	substituting	an	Al3+	ion	into	a	Zn2+	site,	
leaving	an	excess	electron	at	the	substituted	site	and	therefore	
leading	to	n-type	conductivity.	In	principle,	the	conductivity	of	
the	doped	 films	 can	 therefore	be	 improved	by	 increasing	 the	
dopant	 concentration	 (and	 therefore	 the	 free	 carrier	
concentration).	 However,	 the	 trouble	 with	 minimising	
resistivity	 by	 ramping	 up	 the	 carrier	 concentration	 is	 that	
having	a	carrier	concentration	anywhere	over	ca.	2	x	1021	cm-3	
causes	a	 shift	of	 the	plasma	edge	 in	 the	absorption	spectrum	
from	the	 infrared	 into	the	visible	region,	resulting	 in	coloured	
films	 in	 extreme	 cases,31	 while	 also	 reducing	 the	 free	 carrier	
relaxation	 time	 due	 to	 an	 increase	 in	 the	 concentration	 of	
scattering	sites.	The	negative	 impact	on	resistivity	and	optical	
transmission	 of	 increasing	 the	 dopant	 concentration	 beyond	
its	 optimum	 is	 similar	 to	 that	 of	 increasing	 film	 thickness	
(Figure	 4),	 since	 an	 increased	 number	 of	 scattering	 sites	 and	

Figure	 8	 Computation	 of	 the	 elements	which	 exhibit	 the	 lowest	 electron	 effective	 masses	 in	 their	 respective	 binary	 oxides.	 Adapted	with	 permission	 from	Hautier	 et	 al..7	
Copyright	2014	American	Chemical	Society.	
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charge	 carriers	 leads	 to	 decreased	 mobility	 and	 a	 more	
pronounced	free	carrier	absorption	(FCA)	effect.	

Perhaps	the	upper	limit	of	a	TCO’s	potential	optoelectronic	
properties	can	be	 represented	by	 the	monocrystalline	 film,	 in	
which	 the	 major	 obstacle	 to	 carrier	 mobility	 is	 simply	 the	
dopant	 concentration	 rather	 than	 the	 grain	 boundaries,	 the	
latter	 being	 the	 case	 with	 the	 more	 practical	 polycrystalline	
films.	 A	 comparison	 of	 the	 conductivities	 of	 epitaxially-grown	
monocrystalline	 TCOs	 is	 given	 in	 Figure	 9,	 while	 the	
polycrystalline	 films	 are	 compared	 in	 Figure	 10.	
Monocrystalline	 AZO	 grown	 epitaxially	 using	 pulsed	 laser	
deposition	 (PLD)	exhibits	a	 resistivity	of	ρ	=	8.5	x	10-5	Ω	cm;47	
polycrystalline	 AZO	 has	 been	 deposited	 by	 RF	 magnetron	
sputtering	(rf-MS)	with	around	ρ	=	2	x	10-4	Ω	cm.70	Commercial	
polycrystalline	ITO	grown	by	DC	magnetron	sputtering	(dc-MS)	
typically	 exhibits	ρ	 =	 1.5	 x	 10-4	 Ω	 cm,27	 so	 from	 this	 point	 of	
view,	 AZO	 appears	 to	 be	 a	 very	 competitive	 alternative.	
However,	 an	 issue	 encountered	 in	 the	 past	 with	 magnetron	
sputtering	 deposition	 of	 electrically	 conductive	 doped	 ZnO	
films	has	been	the	relative	sensitivity	of	Zn	 to	 the	strength	of	
the	oxidising	environment	in	which	the	films	are	deposited,	on	
account	 of	 the	 increased	 chemical	 activity	 of	 Zn	 in	 such	
environments	as	compared	with	deposition	of	In	or	Sn	oxides.	
The	result	is	an	uneven	distribution	of	electrical	conductivity	in	
large-area	AZO	films,	which	places	limitations	on	their	utility.76	

It	 is	 important	 to	 note	 that,	 while	 epitaxial	 methods	 for	
growing	 films	 on	 crystalline	 substrates	 are	 useful	 for	
demonstrating	the	upper	limits	of	the	properties	of	a	particular	
TCO	material,	most	 industrial	deposition	techniques	are	more	
likely	 to	 yield	 polycrystalline	 films,	 in	 particular	 atmospheric-
pressure	 (thermal)	 chemical	 vapour	 deposition	 (APCVD)	 and	
dc-MS.	 By	 its	 nature,	 PLD	 is	 generally	 not	 easily	 scalable	 for	
industrial	large-area	film	deposition	where	hundreds	of	square	
metres	 rather	 than	 a	 few	 square	 centimetres	 need	 to	 be	
covered	 at	 an	 appreciable	 rate	 of	 film	 growth.83	 Therefore,	
while	 epitaxial	 PLD	 films	 may	 be	 representative	 of	 the	 ideal	
case	 for	 a	 film,	 providing	 an	 upper	 limit	 to	 the	 properties	
achievable	 for	a	given	TCO	 formula,	 it	 is	perhaps	more	useful	
for	us	to	compare	the	properties	of	TCOs	deposited	by	scalable	
methods	such	as	APCVD	or	magnetron	sputtering.	

	
2.2.2 Scandium	and	Yttrium		

Group	IIIB	metal-doped	films	such	as	ZnO:(Sc,	Y)	have	been	
investigated	 in	 recent	 years,	 deposited	 by	 magnetron	
sputtering	 and	 yielding	 good	 optoelectronic	 properties;	 for	
ZnO:Sc	and	ZnO:Y	 respectively,	⍴	 =	3.1	 x	10−4	Ω	cm	and	7.9	 x	
10−4	 Ω	 cm	 with	 ~85%	 visible	 transmittance	 for	 each.52	 The	
discrepancy	 between	 the	 two	 is	 thought	 to	 be	 due	 to	 the	
closer	 matching	 between	 ionic	 radii	 of	 Sc3+	 with	 Zn2+	 as	
compared	with	 Y3+	 (see	Table	 2).52	While	 the	majority	 of	 the	
rare	earth	metals	are	considered	to	have	a	high	supply	risk,	Sc	
metal	 is	 thought	 to	 be	 the	 exception.69	 It	 is	 likely	 that	 the	
lesser	 interest	 in	 ZnO:Sc	 as	 compared	 with	 other	 trivalent-	
doped	 n-type	 TCOs	 is	 due	 to	 the	 apparently	 superior	
properties	of	the	cheaper	and	more	widely	available	ZnO:Al.	

	
Figure	9	Comparison	of	conductivities	of	epitaxially-grown	monocrystalline	transparent	
conducting	oxides,	as	compared	with	current	conventional	carbon-based	TCMs.	The	full	
data	set	with	author	references	is	given	in	Table	1.	

	
Figure	 10	 Comparison	 of	 conductivities	 of	 polycrystalline	 TCOs	 deposited	 by	 various	
means,	 as	 also	 compared	 with	 current	 carbon	 TCMs.	 The	 full	 data	 set	 with	 author	
references	is	given	in	Table	1.	Abbreviations:	Aerosol-assisted	or	atmospheric	pressure	
chemical	 vapour	 deposition	 (AA-	 or	 AP-CVD),	 radiofrequency	 or	 direct	 current	
magnetron	sputtering	(RF-	or	DC-MS),	spray	pyrolysis	(Spr.	Pyr.).	

	
2.3 Group	VA-	and	VB-doped	TiO2	and	SnO2	

2.3.1 Tantalum	and	Niobium	 	

As	well	as	to	maximise	optical	transmittance	and	charge	carrier	
mobility,	 the	 search	 for	 new	 TCO	 materials	 also	 seeks	 to	
optimise	efficiency	in	cases	such	as	solar	cells,	in	which	proper	
band	alignment	with	the	existing	active	components	is	highly		
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Table	2	 Ionic	 radii	 of	 TCO	host	 ions	 and	 common	dopants,	 for	 given	oxidation	 states	
(O.S.)	 and	 coordination	 numbers	 (C.N.).	 Data	 from	 Ginley	 et	 al.30	 and	 Shannon	 &	
Prewitt.85	

desirable.	 TiO2,	 while	 possessing	 unfavourably	 high	 electron	
effective	 masses	 (see	 Figure	 8),	 is	 known	 for	 its	 chemical	
stability	in	a	reducing	atmosphere,	whilst	its	thin	films	are	also	
largely	 transparent	 to	 visible	 light.	 Crucially	 however,	 it	 is	
commonly	 employed	 as	 a	 photoanode	 in	 dye-sensitised	 solar	
cells	for	its	band	alignment	with	the	active	components	of	the	
cell.84		

Recent	work	has	found	that	substitution	of	Ti	atoms	in	the	
anatase	 TiO2	 tetragonal	 cell	with	 group	VB	metal	 atoms	 such	
as	 Nb	 or	 Ta	 transforms	 the	 intrinsically	 semiconducting	 TiO2	
into	 an	 effective	 TCO	 with	 previously	 recorded	 resistivities	
reaching	as	low	as	ρ	=	2-3	x	10-4	Ω	cm	for	both	the	Ta-	and	Nb-	
doped	anatase	films	epitaxially	grown	by	PLD,62	while	the	best	
apparent	polycrystalline	films	synthesised	have	ρ	=	4.6	x	10-4	Ω	
cm	 and	 8.7	 x	 10-4	 Ω	 cm	 for	 TiO2:Nb	 and	 TiO2:Ta	
respectively.63,65	 Computational	 studies	 have	 disagreed	 on	
which	of	Ta	or	Nb	shows	more	promise	as	a	dopant	in	anatase	
TiO2,	since	while	the	two	have	similar	ionic	radii	(see	Table	2),	
the	 studies	differ	on	 the	discussion	of	 Ta	doping.	On	 the	one	
hand,	Ta	 is	 reported	to	effect	a	greater	 local	distortion	of	 the	
crystal	 lattice	 than	 Nb,	 potentially	 impeding	 both	 charge	
carrier	mobility	 and	 crystal	 growth;	 on	 the	 other	 hand,	 Ta	 is	
also	reported	to	have	both	higher	solubility	in	anatase	than	Nb	
and	 a	 lower	 effective	 mass	 band	 structure	 (see	 Figure	 8),	
which	 leads	to	 increased	mobilities.9,86	 In	any	case,	 in	spite	of	
TiO2:(Nb,	 Ta)	 having	 very	 similar	 properties	 in	 the	 epitaxial	
films,	 experimental	 results	 consistently	 indicate	 that	 the	 Nb-
doped	 TiO2	 are	 the	 better-performing	 of	 the	 polycrystalline	
films;	the	fact	that	TiO2:Nb	accounts	for	a	significantly	greater	
portion	 of	 recent	 research	 than	 its	 Ta-doped	 counterpart	 is	

reflective	 of	 this.84	 However,	 while	 Nb	 is	 considered	 by	 the	
European	 Commission	 to	 have	 a	 critical	 supply	 risk	 (greater	
even	than	In),	Ta	was	removed	in	2013	from	the	category	due	
to	 a	 reduction	 in	 the	 supply	 risk,	 on	 account	 of	 increased	
global	supply	from	Australia	and,	more	recently,	Brazil.69	

The	earliest	examples	of	studies	detailing	the	syntheses	of	
TiO2:Ta	 and	 TiO2:Nb	 are	 a	 pair	 of	 2005	 papers	 in	 which	 the	
films	were	grown	epitaxially	on	SrTiO3	 (001)	and	LaAlO3	 (001)	
crystalline	 substrates	 by	 PLD.62,64	 These	 films	 formed	 a	 new	
class	 of	 TCO	 whose	 conductivity	 was	 dependent	 on	 d-
electrons,	in	contrast	to	typical	TCO	materials	in	which	s-	or	p-
electrons	 are	 more	 commonly	 responsible	 for	 conductivity,64	
due	 to	 TiO2	 being	 the	 only	 widely	 investigated	 transition-
metal-oxide	 (i.e.	d-block)	host	material	 for	TCOs.	 It	 is	 thought	
that	 the	 spins	 associated	 with	 d-electrons	 may	 lead	 to	 new	
applications	for	this	class	of	TCOs	in	spintronic	devices.87	

One	issue	with	Ti1-xNbxO2	is	the	strong	optical	absorption	in	
the	 red	 proportional	 to	 dopant	 concentrations	 over	
approximately	 x	 =	 0.03.	 The	 result	 is	 strongly	 blue-coloured	
films.62,88,89	 The	 origin	 of	 this	 effect	 is	 the	 narrow	 band	 gap	
between	 the	 occupied	 CBM	 and	 CBM+1	 in	 the	 doped	 films,	
which	is	evident	in	Figure	11,	giving	rise	to	a	pronounced	free	
carrier	 absorption	 (FCA)	 effect.89	 Unfortunately,	 in	 order	 that	
polycrystalline	 Ti1-xNbxO2	 should	have	 competitive	 resistivities	
(i.e.,	ρ	<	10-3	Ω	cm),	it	is	necessary	to	have	x	≥	0.06,	which	gives	
rise	 to	 a	 significant	 blue	 colouration	 effect.63,88	 This	 is	 a	
desirable	 property	 in	 certain	 applications	 such	 as	 some	
window	coatings,	however	it	does	preclude	the	use	of	TiO2:Nb	
TCOs	 in	 applications	 where	 transmission	 of	 a	 full	 visible	
spectrum	 is	 required	 e.g.	 mainstream	 flat	 panel	 displays	
(FPDs).	 In	 general,	 TiO2-based	 TCOs	 tend	 to	 possess	 a	 high	
refractive	index,	which	has	also	been	linked	to	colouration	due	
to	 intrinsic	 interference	 effects.87	 On	 the	 other	 hand,	 a	
reduced	 optical	 band	 gap	 appears	 to	 be	 preferable	 in	
photocatalytic	 applications,	 in	 which	 the	 absorption	 of	 light	
both	in	the	UV	and	in	the	visible	promotes	catalytic	efficiency.	
Certain	circumstances	may	therefore	call	for	a	film	which	is	at	
once	 transparent,	 conducting	 and	 photocatalytically	 active.	
Indeed,	 much	 research	 presently	 investigates	 the	 doping	 of	
TiO2	 in	order	 to	 increase	photocatalytic	activity	by	absorption	
of	visible	light.90,91		

In	 the	 case	 of	 Ta-doped	 SnO2,	 while	 the	 low	 electron	
effective	masses	in	the	SnO2	host	are	attractive	(see	Figure	8),	
the	ability	 to	 tailor	 conductivity	of	SnO2:Ta	by	varying	dopant	
levels	 is	 restricted	 somewhat	 by	 the	 thermodynamic	
competition	 of	 the	 pseudo-binary	 phase	 SnO2:TaO2	 with	 the	
ternary	phase	SnTa2O6,	as	well	as	the	trapping	of	electrons	at	
Ta5+	 sites	 due	 to	 local	 Jahn-Teller	 distortion,	 also	 associated	
with	 high	 dopant	 levels.	 A	 combination	 of	 these	 two	 key	
factors	 places	 an	 upper	 limit	 on	 the	 conductivity	 of	 SnO2:Ta,	
with	 a	 maximum	 conductivity	 predicted	 using	 first-principles	
computation	 at	 a	 dopant	 concentration	 of	 approximately	 1	
at%	 Ta.	 The	 same	 is	 also	 true	 of	 Nb-doped	 SnO2,	 where	 the	
optimal	doping	level	lies	around	2	at%	Nb.92		

	
	
	

	

Class Element O.S. C.N.
Ionic	
Radius	/Å

Host O -2 2/3/4 1.4
Sn +4 6 0.69
Zn +2 4 0.60
Ti +4 6 0.61

Halides F -1 2/3/4 1.3
Cl -1 4 1.81

Gp	XIII B +3 4 0.12
Al +3 4 0.39
Ga +3 4 0.47
In +3 6 0.79

Gp	III Sc +3 6 0.73
Y +3 6 0.89

Gp	XV N -3 4 1.32
P +5 4 0.17
As +5 6 0.50
Sb +3 4 0.77
Sb +5 6 0.61

Gp	V V +3 6 0.64
V +5 6 0.54
Nb +5 6 0.64
Ta +5 6 0.64
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Figure	11	Calculated	electronic	band	structures	of	(a)	TiO2	and	(b)	TiO2:Nb.	The	Brillouin	
zone	 centre	 is	 denoted	 by	 Γ,	 while	 X,	 R,	 Z,	M	 and	 A	 denote	 points	 at	 the	 Brillouin	
surface	 along	 high	 symmetry	 k-vectors	 in	 the	 reciprocal	 crystal	 lattice.	 The	 lines	
represent	allowed	electronic	energy	states	at	given	k-points.	Adapted	with	permission	
from	Hitosugi	et	al..89	Copyright	2008	The	Japan	Society	of	Applied	Physics.	

2.3.2 Phosphorus	and	Antimony		

Other	 pentavalent	 cations	 such	 as	 P5+	 and	 Sb5+	 have	 also	
been	 used	 as	 substitutional	 dopants	 in	 TCO	 materials.	 For	
instance,	SnO2:Sb	(ATO)	has	been	studied	since	the	1970s,	 far	
longer	than	the	Ta	or	Nb-doped	SnO2,	which	have	only	become	
apparent	as	viable	TCO	materials	within	the	past	decade.	ATO	
is	 interesting	 in	 part	 because	 its	 optical	 absorption	 profile	 is	
relatively	 broad,	 typically	 dropping	 below	 80%	 transmission	
only	 above	 wavelengths	 of	 1500	 nm,93	 –	 this	 is	 contrast	 to	
other	popular	 TCOs	 such	as	 FTO,94	 ITO95	 and	AZO,47	which	all	
see	 transmission	 fall	 dramatically	 above	 1000	 nm,	 and	which	
usually	have	<10%	transmission	at	1500	nm	in	the	cases	of	ITO	
and	AZO,	and	30%	in	FTO.	ATO	may	find	its	niche	on	account	of	
this.	One	of	 the	best-performing	polycrystalline	 SnO2:Sb	 films	
reported	was	deposited	by	spray	pyrolysis	by	Shanthi	et	al.	 in	
1999	 (ρ	 =	 9.0	 x	 10-4	 Ω	 cm).29	 Other	 studies	 have	 deposited	
good	quality	polycrystalline	ATO	by	RF	magnetron	sputtering57	
and	APCVD.58	Monocrystalline	ATO	films	have	reached	ρ	=	6.7	
x	10-4	Ω	cm,	as	deposited	by	molecular	beam	epitaxy	(MBE).56	
These	 values	 indicate	 that,	while	 being	workable	 TCOs,	 ATOs	
are	 not	 as	 competitive	 with	 ITO	 or	 AZOs	 in	 terms	 of	
conductivity,	but	its	characteristically	high	optical	transmission	
at	long	wavelengths	could	lead	to	special	applications	for	ATO	
such	 as	 antireflective	 coatings,	 akin	 to	 AgO	 films.96	 Another	
application	 in	 which	 ATO	 has	 performed	 notably	 well	 is	 the	
sensing	 of	 ethanol,	 due	 to	 quick	 response	 and	 recovery	
times.97	 While	 ATO	 is	 a	 widely	 used	 TCO	material,	 antimony	
also	suffers	 similarly	 to	 indium	 in	 terms	of	 its	 supply	 risk	 (see	
Figure	 6).	 In	 contrast	 to	 SnO2:Sb,	 antimony-doped	 ZnO,	 like	
other	 group	 VA-doped	 ZnO	 TCOs,	 suffers	 from	 self-
compensation	 of	 native	 point	 defects	 VO	 and	 Zni,	 meaning	
control	 over	 p-	 or	 n-type	 conduction	 is	 complicated	 by	 its	
preparation	 conditions	 and	 often	 leads	 to	 internal	
neutralisation	 of	 charge	 carriers	 (see	 Figure	 12).	 Because	 of	
this,	 ZnO:Sb	 does	 not	 exhibit	 resistivities	 which	 are	
competitive	with	other	modern	TCO	formulations	(ρ	=	4184	Ω	
cm	for	n-type	ZnO:Sb).60		
Perhaps	 more	 electrically	 competitive	 is	 the	 arsenic-doped	
SnO2:As,	which	was	deposited	 in	 the	 late	1980s	via	APCVD	to	
yield	films	which	claimed	ρ	=	1.5	x	10-4	Ω	cm,98	although	efforts	
since	then	have	been	unable	to	achieve	such	 low	resistivity.55	
Around	the	same	time,	that	group	found	that	SnO2:P		
	

	
	
	
	
	
	
	

	
Figure	12	Calculated	band	structure	for	ZnO	supercells	with	(a)	oxygen	vacancy	and	(b)	
zinc	 interstitial.	Note	 the	direct	 competition	of	 (a)	p-type	and	 (b)	n-type	 conductivity	
between	the	two	defect	species.	The	valence	band	maximum	is	defined	at	zero	energy.	
The	highest	occupied	state	is	 indicated	by	an	arrow	in	each.	Adapted	with	permission	
from	Oba	et	al.99	Copyright	2001	AIP	Publishing	LLC.	

deposited	 in	a	similar	manner	was	capable	of	ρ	=	7.0	x	10-4	Ω	
cm.53	

A	recent	computational	study	has	found	that	of	the	group	
VA	dopants	 (P,	As,	Sb,	Bi)	 in	SnO2,	only	P	and	Sb	are	effective	
n-type	donors	due	to	the	change	in	oxidation	state	from	V	to	III	
of	As	and	Bi	substituted	sites	as	the	Fermi	level	approaches	the	
CBM.8,100	 However,	 another	 experimental	 study	 has	 shown	
that	 P	 can	 also	 exhibit	 multiple	 oxidation	 states	 (namely	 P5+	
and	 P3-)	 in	 a	 TiO2:P	 TCO	 depending	 on	 the	 conditions	 of	 the	
deposition,	and	that	P3-	incorporation	is	overall	detrimental	to	
its	electronic	and	photocatalytic	properties.54	

	
2.3.3 Nitrogen	Doping	 	

Amongst	 the	 group	 VA	 dopants,	 nitrogen-doped	 SnO2	 films	
behave	 differently	 to	 SnO2:(P,	 Sb	 or	 As),	 due	 to	 the	 anionic	
nature	of	 the	dopant;	N3-	 is	 thermodynamically	 favourable	on	
an	O2-	lattice	site,	when	compared	with	N5+	on	an	Sn4+	site.	As	
such,	SnO2:N	films	tend	to	adopt	p-type	behaviour,	rather	than	
the	 n-type	 conductivity	 observed	 in	 SnO2	 films	 substituted	
with	 pentavalent	 cations.	 Such	 films	 have	 been	 synthesised	
recently;	 SnO2:N	 thin	 films	 deposited	 via	 RF	 magnetron-
sputtering	 on	 heated	 substrates	 (quartz,	 400°C)	 are	
polycrystalline	 and	 somewhat	 conductive	 (ρ	 =	 5.86	 x	 10-3	 Ω	
cm).101	 Curiously	 however,	 the	 same	 group	 found	 that	 low-
temperature	 deposition	 by	 similar	 means	 upon	 an	 unheated	
PET	 polymer	 substrate	 yields	 an	 amorphous	 film	 with	
electronic	 properties	 superior	 to	 those	 of	 the	 polycrystalline	
film	 (ρ	 =	 9.1	 x	 10-4	 Ω	 cm),	 with	 similar	 optical	 transmittance	
around	 80%.33	 This	 breaks	 the	 trend	 for	 TCO	 materials,	 in	
which	 a	 higher	 degree	 of	 crystallinity	 usually	 results	 in	
improved	 optoelectronic	 properties.65,84,86,87	 The	 discrepancy	
in	the	case	of	SnO2:N	could	be	a	result	of	difficulties	 faced	by	
other	groups	 in	synthesising	crystalline	p-type	nitrogen-doped	
TCOs	in	the	past,	where	self-compensation	of	NO	(p-type)	with	
diatomic	 (NN)O	 and	 VO	 (n-type)	 substitutional	 dopants	 in	 the	
TCO	 leads	 to	 competition	 between	 p-type	 or	 n-type	
conductivity,	hindering	preference	for	either	and	resulting	in	a	
carrier	 concentration	 three	 to	 six	 orders	 of	magnitude	 lower	
than	 the	 dopant	 concentration.102	 Indeed,	 one	 study	 directly	
observed	 that	 increasing	 the	 annealing	 temperature	 of	
amorphous	 Sn3N4,	 while	 producing	 more	 highly	 crystalline	
films,	resulted	in	a	gradual	decrease	of	conductivity.103	

	

(a)		 	 	 	 	 	 	 				 				(b)	
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2.4 Halide	Dopants	

Unlike	 cation	 dopants	 which	 substitute	 metal	 ion	 sites,	
halide	dopants	substitute	at	the	oxygen	sites	and	are	therefore	
more	widely	dopable	into	metal-oxide	TCO	hosts	to	produce	n-
type	SnO2:F,	ZnO:F	and	TiO2:F.

37,38,41	The	most	widespread	TCO	
material	containing	a	halide	dopant	is	fluorine-doped	tin	oxide	
(FTO),	 which	 is	 widely	 produced	 industrially	 as	 an	 important	
low-emissivity	 window	 coating	 due	 to	 its	 reflectivity	 in	 the	
infrared	 region	 (see	Figure	 13).	Of	 the	 halides,	 F-	 is	 the	most	
effective	dopant	for	TCOs	due	to	its	excellent	matching	of	the	
O2-	 ionic	 radius	 (see	 Table	 2).	 For	 this	 reason,	 larger	 halide	
dopants	 such	 as	 Cl-	 are	 less	 stable	 substitutional	 defects	 in	 a	
metal	oxide	crystal	on	account	of	the	exertion	of	strain	on	the	
local	 environment	 –	 such	 strains	 restrict	 charge	 carrier	
mobility	 and	 phonon	 propagation,	 as	 well	 as	 encouraging	
unstable	 interstitial	 Cl-	 and	 thermal	 ion	 migration.43	 FTO	 is	
therefore	 the	 favoured	 halide-doped	 TCO,	 with	 excellent	
thermal	 and	 chemical	 stability,	 transmissivity	 in	 the	 visible	
exceeding	 85%,	 excellent	 IR	 reflectivity	 as	 well	 as	 being	
inexpensive	and	chemically	robust.36,37,104		

The	most	electrically	conducting	FTO	thin	film	deposited	by	
magnetron	sputtering	methods	has	achieved	7.0	x	10-3	Ω	cm,36	
though	in	more	recent	years,	aerosol-assisted	chemical	vapour	
deposition	 methods	 have	 reached	 resistivities	 an	 order	 of	
magnitude	lower,	down	to	2.2	x	10-4	Ω	cm.37	Currently	one	of	
the	 best-performing	 mass-produced	 FTO	 thin	 films	 on	 the	
market,	 as	 delivered	 by	 on-line	 atmospheric-pressure	 CVD	
(APCVD),	 is	TEC-8	 (Pilkington	NSG)	with	ρ	=	5.2	x	10-4	Ω	cm.37	
The	generation	of	aerosols	 in	AACVD	as	a	means	of	precursor	
transport	 has	 shown	 much	 promise	 in	 recent	 years	 as	 an	
alternative	to	 ‘traditional’	thermal-	or	AP-CVD,	which	requires	
that	the	precursor	has	sufficient	vapour	pressure	in	order	to	be	
transported	 in	 the	 vapour	 phase.105,106	 By	 instead	 generating	
an	 aerosol	 from	 the	 precursor,	 the	 vapour	 pressure	
requirement	 is	 sidestepped	 as	 well	 as	 producing	 some	
interesting	 morphologies,	 and	 therefore	 properties,	 in	 the	
deposited	 films.37	 FTO	 studies	 in	 recent	 years	 have	 therefore	
investigated	 alternatives	 to	 the	 commercial	 APCVD	 process	
such	 as	 AACVD37	 and	 also	 spray	 pyrolysis,104	 both	 of	 which	
have	produced	highly	competitive	FTO	films.		

More	 recently,	 F-doped	 anatase	 TiO2	 has	 also	 attracted	
some	attention,	whose	mediocre	electronic	properties	(⍴ 	=	1.6	
x	 10-3	Ω	 cm	 in	 the	epitaxial	 film,38	⍴ 	=	2.2	 x	 10-1	Ω	 cm	 in	 the	
polycrystalline	 film39)	 are	 compensated	 by	 its	 exhibition	 of	
promising	photocatalytic	behaviour.90,91	The	resistivity	of	these	
films	 is	 several	 times	 higher	 than	 Nb-	 or	 Ta-	 doped	 anatase,	
and	 has	 been	 attributed	 to	 a	 combination	 of	 the	 low	 doping	
efficiency	 of	 F	 in	 anatase	 (20-30%	 for	 F	 compared	 with	 70-
100%	for	Nb	and	Ta	in	anatase)	and	the	high	effective	mass	of	
free	 electrons	 in	 an	 F-doped	 crystal.	 It	 has	 been	 postulated	
that	 the	 fluoride	 sites	 act	 to	 trap	 the	 electrons,	 limiting	 their	
mobility.38	 On	 the	 other	 hand,	 the	 F	 dopant	 also	 serves	 to	
narrow	 the	 optical	 band	 gap	 by	 stabilisation	 of	 Ti3+	 and	 VO	
sites,	producing	a	donor	level	at	the	CBM	and	limiting	electron-
hole	 recombination.	 This	 facilitates	 a	 broader	 optical	
absorption	profile,	so	that	the	films	are	able	to	utilise	the		

	
Figure	13	Optical	transmittance	(%T)	and	reflectance	(%R)	spectra	of	SnO2:F	lab-grown	
by	combinatorial	aerosol-assisted	chemical	vapour	deposition	(c-AACVD)	as	compared	
with	 an	 industrial	 SnO2:F	 product	 (TEC	 15,	 Pilkington	NSG).	 Adapted	with	 permission	
from	Bhachu	et	al..37	Copyright	2011	Wiley.	

visible	 portion	 of	 the	 spectrum	 for	 indoor	 photocatalytic	
applications.	 As	 such,	 the	 TiO2:F	 films	 have	 been	 found	 to	
perform	 significantly	 better	 than	 pure	 anatase	 in	 a	
photocatalytic	 test	 (photoinduced	 degradation	 of	 methylene	
blue	dye).90	

Also	 interesting	 are	 F-doped	 ZnO	 films	 (FZO),	which	were	
successfully	 deposited	 by	 APCVD	 in	 the	 early	 1990s	 with	
excellent	 optoelectronic	 properties	 (ρ	 =	 4.0	 x	 10-4	 Ω	 cm,	
mobilities	up	to	µ	=	40	cm2/V.s,	90%	visible	transmittance,	85%	
IR	 reflectance	and	up	 to	90%	quantum	efficiency	 in	 a-Si	 solar	
cells).41	The	lack	of	 interest	 into	FZOs	since	then	could	be	due	
to	 the	 far	 more	 widespread	 research	 into	 AZOs,	 which	 are	
more	 competitive	 as	 earth-abundant	n-type	 ZnO-based	TCOs.	
On	 the	 other	 hand,	 recent	 authors	 have	 noted	 that	 the	
shortage	in	FZO	study	is	in	part	due	to	difficulties	with	finding	
suitable	precursors	for	FZO	deposition.107	
	
2.5 Carbon	Competitors	

Transparent	electrode	materials	other	than	TCOs	have	also	
arisen	in	recent	years;	for	instance,	atom-thick	graphene	layers	
have	 been	 used	 for	 their	 similarly	 excellent	 optical	
transmission	 properties	 (~2.3%	 visible	 light	 absorbed	 per	
graphene	 layer),	 their	 exceedingly	 high	 electron	 mobilities	
coupled	with	low	carrier	concentration	(~103	-	104	cm2/V.s	and	
~1013	 cm-2	 respectively)108	 and	 their	 mechanical	 flexibility.	
Graphene	electrodes	are	operable	 in	a	solar	cell	device	under	
bending	 at	 138°,	 compared	with	maximum	 operable	 bending	
angle	 of	 60°	 in	 the	 more	 brittle	 indium	 tin	 oxide	 (ITO)	 TCO	
cell.35	 However,	 for	 the	 sheet	 resistance	 of	 graphene	 to	 be	
competitive	with	ITO,	at	least	four	monolayers	of	graphene	are	
required,	 which	 results	 in	 a	 significant	 loss	 of	 optical	
transmission	 in	 the	 graphene	 (typically	 about	 10%	 less	
transmittance	 than	 ITO).109	 Furthermore,	 optical	 transmission	
in	the	graphene	drops	off	dramatically	at	light	incidence	angles	
greater	 than	 about	 30°,	 which	 is	 a	 concern	 not	 only	 for	
information	 displays	 but	 also	 for	 the	 efficiency	 of	 graphene-
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based	organic	photovoltaic	devices	(OPVs),	where	ITO	remains	
the	 most	 effective	 electrode	 material,	 which	 suffers	 virtually	
no	 drop-off	 in	 transmission	 from	 an	 increased	 incidence	
angle.109	 A	 further	 issue	 arises	 in	 graphene-based	 OPVs	 on	
account	 of	 its	 hydrophobicity;	 this	 makes	 aqueous	 solution	
processing	problematic,	particularly	in	binding	the	graphene	to	
the	 hole-transporting	 layer	 (HTL)	 material	 poly(3,4-
ethylenedioxythiophene):poly(styrene	 sulfonate)	 (PEDOT:PSS)	
which	 consequently	 impacts	 the	 power	 conversion	 efficiency	
(PCE)	of	the	OPV.110	As	such,	graphene	OPVs	can	only	achieve	a	
maximum	PCE	of	approximately	60%	 that	of	 ITO-based	OPVs.	
Nevertheless,	some	work	has	gone	towards	resolving	this	issue	
by	 doping	 the	 graphene	 electrode111	 as	 well	 as	 trialling	
alternative	HTL	materials.112	Carbon	nanonet	thin	films,	on	the	
other	 hand,	 comprise	 stacks	 of	 randomly	 oriented	 single-
walled	 carbon	 nanotubes	 (SWCNTs)	 to	 a	 thickness	 of	
approximately	 50	 nm,	 which	 have	 demonstrated,	 like	
graphene	TCMs,	excellent	 transmission	 in	 the	 infra-red,	while	
ITO	and	other	TCOs	are	often	 reflective	 in	 this	 region;	on	 the	
other	hand,	this	IR	transmissivity	comes	at	the	expense	of	the	
visible	 region	 of	 the	 spectrum,	 in	 which	 the	 carbon-based	
TCMs	 have	 only	 ~70%	 transmittance,	 compared	with	 80-95%	
visible	 transmittance	 in	 TCOs.	 Therefore,	 as	 it	 stands,	 it	
appears	 that	 the	 carbon-based	 films	might	 be	 useful	 in	more	
niche	 situations	 than	 the	TCOs,	 such	as	 flexible	electronics	or	
military	applications.67	

3 Transparent	Electrodes	in	Application	
Myriad	 modern	 devices	 adopt	 transparent	 conducting	

oxide	 thin	 films,	 in	 virtually	 every	 and	 any	 optoelectronic	
context	 from	 solar	 power	 generation	 to	 information	 displays.	
In	many	 of	 these	 cases,	 ITO	 seems	 to	 be	 the	most	 prevalent	
TCO	 material	 adopted,	 which	 is	 problematic	 for	 the	 reasons	
discussed	thus	far,	with	indium’s	high	supply	risk	at	the	fore.	It	
has	 become	 generally	 desirable	 to	move	 away	 from	 ITO	 and	
begin	 adopting	 alternative	 TCO	 materials.	 However,	 new	
demand	 for	 TCO	 development	 is	 arising	 in	 the	 field	 of	
transparent	 electronics,	 in	 which	 alternatives	 to	 ITO	 are	 not	
only	 desirable	 from	 a	 cost	 perspective,	 but	 also	 preferable	
from	the	technical	perspective.		

	
3.1 Transparent	Information	Displays	

Development	 in	 the	 fields	of	 both	 transparent	 conducting	
thin	 films	 and	 active	 matrix	 organic	 light	 emitting	 diode	
(AMOLED)	displays	has	resulted	in	their	 joining	to	form	a	new	
and	 exciting	 kind	 of	 product:	 transparent	 AMOLED	 displays.	
While	 transparent	 OLED	 (TOLED)	 displays	 have	 been	 in	
development	 since	 the	 mid-1990s,113	 early	 devices	 were	
comprised	 of	 a	 high	 work	 function	 TCO	 anode	 (usually	 ITO)	
with	a	low	work	function	metal	cathode	(e.g.	Ca,	Au	or	Ag-Mg)	
sandwiching	 an	 organic	 semiconductor	 layer	 with	 hole	 (HTL)	
and	 electron	 (ETL)	 transport	 layers	 in	 the	 intermediate	 (see	
Figure	 14).	 However,	 the	 adoption	 of	 even	 a	 thin	 metallic	
cathode	layer	sets	an	upper	limit	to	the	optical	transparency	of	
only	around	50%.114	While	prototype	transparent	televisions		

	
Figure	 14	 Schematic	 illustrating	 the	 construction	 of	 a	 transparent	 AMOLED	 device	
adopting	TCOs	for	both	electrodes.	

have	now	been	developed	and	showcased	by	tech	giants	such	
as	 Samsung,	 these	 seem	 to	 adopt	 twin	 ITO	 electrodes,115	
wherein	the	challenge	remains	to	find	a	cathode	material	with	
comparable	 optical	 transmittance	 and	 electrical	 resistivity	 to	
ITO	 but	 a	 lower	 work	 function	 for	 more	 efficient	 electron	
injection.	Work	is	ongoing	to	meet	this	challenge;	for	instance,	
it	 has	 been	 observed	 both	 experimentally116	 and	
computationally117	that	extrinsic	doping	of	zinc	oxide	with	e.g.	
Al	 or	 Ga,	 such	 that	 the	 surface	 charge	 carrier	 density	 is	
increased,	 will	 effectively	 lower	 its	 work	 function	 at	 the	
interface.	 Likewise,	 recent	 work	 has	 also	 sought	 to	 raise	 the	
work	 function	 of	 the	 ITO	 anode,	 in	 order	 to	 improve	 band	
alignment	with	the	HTL	 layer	and	thus	overall	 improve	device	
efficiency.118	

Aside	 from	 this,	 the	 usual	 means	 of	 depositing	 an	 ITO	
cathode	 industrially	 via	 sputtering	 is	 damaging	 to	 the	
underlying	organic	 layers	of	the	OLED	device;119	this	 issue	has	
thus	far	been	addressed	by	deposition	of	additional	protective	
buffer	 layers	 via	 e.g.	 thermal	 evaporation	 prior	 to	 the	
sputtering	 stage,115	 however	 this	 perhaps	 adds	 needless	
complication	 and	 expense	 when	 an	 alternative	 deposition	
means	 (e.g.	 chemical	vapour	deposition)	 for	 the	TCO	cathode	
can	be	 sought.	 Indeed,	 it	 has	 been	 seen	 that	with	many	 TCO	
films	 including	 ZnO:B,	 SnO2:Sb	 and	 SnO2:F,	 the	 chemical	
vapour	deposition	route	will	actually	often	produce	films	with	
superior	 optoelectronic	 properties	 to	 those	 obtained	 via	
sputtering.36,37,44,46,57,58	

Much	 has	 been	 learned	 in	 recent	 years	 through	
computational	 modelling	 and	 experimental	 verification	
regarding	 the	 tuneability	 of	 the	 work	 function	 of	 doped	
transparent	 conducting	 oxide	 materials,2,118,117	 and	 it	 is	
anticipated	 that	 the	 continuing	 relationship	 between	
computational	and	experimental	methods	will	deliver	tangible	
development	to	this	rapidly	evolving	field.	

	
3.2 Transparent	Photovoltaic	Cells	

The	 design	 of	 a	 conventional	 photovoltaic	 (PV)	 cell	 bears	
much	resemblance	to	that	of	an	AMOLED	device;	that	is,	that	a	
TCO	anode	is	deposited	upon	a	glass	substrate,	followed	by	an		

             Glass substrate
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Hole transport layer

Organic emitting layer

Electron transport layer

TCO cathode

             Glass substrate

Light emitted & transmitted

Light emitted & transmitted
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Figure	15	Schematic	of	a	hypothetical	transparent	organic	photovoltaic	device	adopting	
TCO	materials	for	both	electrodes.	

HTL	 (e.g.	 poly(3,4-ethylenedioxythiophene)	 polystyrene	
sulfonate,	 ‘PEDOT:PSS’).	 Upon	 the	 HTL	 is	 deposited	 the	
photoactive	layer,	which	is	at	last	bound	directly	to	a	reflective	
metallic	cathode;	where	a	low-work	function	metallic	cathode	
is	used,	there	is	sometimes	no	need	for	an	intermediary	ETL.120	
Again,	ITO	is	the	most	commonly	adopted	TCO	anode	material	
in	a	PV	cell,	and	therefore	PV	design	is	yet	another	technology	
which	 stands	 to	benefit	 from	shifting	away	 from	 ITO	 towards	
more	 affordable	 and	 earth-abundant	 TCO	 electrodes.	 But	 as	
AMOLED	displays	now	strive	for	transparency,	so	too	does	the	
conventional	PV	cell.		

By	 combining	 solar	 energy	 generation	 with,	 for	 example,	
architectural	 glass	 applications,	 there	 suddenly	 arises	 the	
exciting	 new	 prospect	 of	 self-sustaining	 cities	 designed	 and	
built	 to	 meet	 their	 own	 energy	 demands,	 or	 mobile	 phones	
which	charge	themselves	in	open	daylight.	True,	efficiency	in	a	
transparent	 PV	 device	 as	 compared	with	 an	 opaque	 one	will	
inevitably	 suffer	 due	 to	 the	 sacrifice	 of	 the	 visible	 portion	 of	
the	 spectrum	 (and	 therefore	 the	 increased	 dependence	 on	
incident	 UV	 intensity);	 however,	 should	 these	 become	 cheap	
enough	 to	 manufacture,	 they	 should	 be	 able	 in	 principle	 to	
become	 far	more	pervasive	 than	 their	opaque	analogues	due	
to	 their	 ability	 to	 be	 installed	 almost	 anywhere	 and	 on	 any	
device.		

Similar	 technical	 obstacles	 face	 transparent	 PVs	 as	 do	
TOLEDs	 –	 that	 is,	 that	 the	 metallic	 cathode	 ought	 to	 be	
replaced	 with	 a	 highly	 optically	 transmissive	 material	 with	 a	
sufficiently	 low	work	function	and	resistivity	so	as	to	facilitate	
electron	 injection	 and	 distribution	 (see	 Figure	 15).	 Currently	
transparent	PVs	appear	to	be	adopting	thin	metal	films	for	this	
purpose,	 which	 limits	 their	 transparency	 and	 therefore	 their	
utility.121	This	is	just	one	issue	amongst	many	more	which	may	
be	tackled	by	the	continued	development	of	n-type	doped	TCO	
electrodes,	 which	 serves	 to	 illustrate	 the	 unique	 utility	 and	
value	of	these	ubiquitous	and	powerful	materials.	

4 Summary	
In	 this	 state-of-the-art	 review,	both	prominent	and	 lesser-

known	 doped	 binary	 oxide	 systems	 have	 been	 reviewed	 for	
their	 utility	 as	 transparent	 conducting	 electrodes	 and	 other	
important	 roles.	 Such	 materials	 are	 of	 great	 importance	 to	

modern	 technology,	 and	 play	 a	 particularly	 significant	 role	 in	
the	 global	 economy.	 As	 such,	 these	 materials	 have	 been	
considered	 from	 both	 a	 functional	 and	 economic	 standpoint,	
given	that	both	factors	have	equal	weight	as	stimuli	for	further	
research.	 Given	 the	multi-functional	 roles	 of	 these	materials,	
there	 are	 a	 number	 of	 factors	 to	 be	 optimised	 depending	 on	
the	application;	for	this	reason,	there	is	no	‘catch-all’	material,	
and	the	individual	benefits	and	shortfalls	of	each	material	have	
been	 discussed,	 while	 a	more	 general	 visual	 review	 of	 about	
thirty	 materials	 compares	 their	 resistivities	 and	 visible	
transmittances.	 The	mechanism	 for	 the	 functionality	 of	 these	
materials	has	been	discussed,	with	regard	to	the	chemical	and	
physical	 factors	 which	 combine	 to	 produce	 the	 observed	
phenomena,	 with	 particular	 focus	 on	 the	 now-indispensable	
dialogue	 between	 experimental	 and	 computational	 study.	 A	
number	 of	 systems	 have	 been	 identified	 from	 both	
computational	 and	 experimental	 studies	 with	 potential	 for	
further	 investigation,	 as	 well	 as	 placing	 a	 brief	 spotlight	 on	
some	 ongoing	 technological	 challenges	 which	 may	 yet	 be	
solved	 by	 further	 development	 of	 transparent	 conducting	
oxide	thin	films.	
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This	article	focuses	on	n-type	doped	transparent	conducting	binary	oxides	–	namely,	those	with	the	general	formula	MxOy:D,	where	MxOy	is	
the	host	oxide	material	and	D	is	the	dopant	element.	Such	materials	are	of	great	industrial	importance	in	modern	materials	chemistry.	In	
particular,	there	is	a	focus	on	the	search	for	alternatives	to	indium-based	materials,	prompted	by	indium’s	problematic	supply	risk	as	well	
as	a	number	of	functional	factors.	The	important	relationship	between	computational	study	and	experimental	observation	is	explored,	and	
an	extensive	comparison	is	made	between	the	electrical	properties	of	a	number	of	the	most	interesting	experimentally-prepared	materials.	
In	writing	this	article,	we	aim	to	provide	both	an	accessible	tutorial	of	the	physical	descriptions	of	transparent	conducting	oxides,	and	an	up-
to-date	overview	of	the	field,	with	a	brief	history,	some	key	accomplishments	from	the	past	few	decades,	the	current	state	of	the	field	as	
well	as	postulation	on	some	likely	future	developments.	
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