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Flexible	inorganic	light	emitting	diodes	based	on	semiconductor	
nanowires	
Nan	Guan,a	Xing	Dai,a	Andrey	Babichev,a,b,c	François	Juliena	and	Maria	Tchernycheva*a	

The	fabrication	technologies	and	the	performance	of	flexible	nanowire	light	emitting	diodes	(LEDs)	are	reviewed.	We	first	
introduce	the	existing	approaches	for	flexible	LED	fabrication,	which	are	dominated	by	organic	technologies,	and	we	briefly	
discuss	the	increasing	research	effort	on	flexible	inorganic	LEDs	achieved	by	micro-structuring	and	transfer	of	conventional	
thin	films.	Then,	flexible	nanowire-based	LEDs	are	presented	and	two	main	fabrication	technologies	are	discussed:	direct	
growth	on	a	flexible	substrate	and	nanowire	membrane	formation	and	transfer.	The	performance	of	blue,	green,	white	and	
bi-color	flexible	LEDs	fabricated	following	the	transfer	approach	is	discussed	in	more	details.

Introduction		
Flexible	 optoelectronic	 devices	 provide	 many	 novel	
functionalities	and	have	the	potential	to	open	up	a	new	branch	
of	industry.	In	particular,	flexible	light	emitting	diodes	(LEDs)	are	
today	 a	 topic	 of	 intense	 research,	 motivated	 by	 their	
economically	relevant	applications	(rollable	displays,	wearable	
intelligent	 electronics,	 deformable	 light	 sources,	 bio-medical	
devices	e.g.	 lighting	systems	that	can	be	ultimately	 integrated	
on	a	soft	surface	for	biological	and	optogenetic	purposes,	etc).	
Presently,	flexible	devices	mainly	use	organic	materials	integrated	on	
lightweight	and	flexible	plastic	substrates.	Thanks	to	the	 flexibility,	
relative	 ease	 of	 processing,	 compatibility	 with	 various	 flexible	
substrates,	low	cost,	and	their	potential	for	large-scale	manufacture,	
organic	 LEDs	 (OLEDs),	 are	 today	 the	 key	 technology	 for	 flexible	
displays.1	However,	organic	devices	are	facing	instabilities	caused	by	
oxidation,	 recrystallization	 and	 temperature	 variations,	 which	
degrade	the	electrical	conductivity	of	organic	layers	and	interfaces	in	
the	active	regions.2,	3	An	extensive	review	of	the	OLEDs	degradation	
can	be	found	in	Ref	[4].	Moreover,	organic	LEDs	present	limitations	
in	the	short	visible	wavelength	range.	Indeed,	blue	OLEDs	suffer	from	
a	 rather	 low	 luminance	 (around	 102−104	 cd/m2)5,6,	 low	 external	
quantum	efficiency	(EQE)	(e.g.,	2−30%)7,	and	a	limited	lifetime	(e.g.,	
up	 to	 3700	 h	 for	 T50,	 time	 to	 50%	 of	 initial	 luminance	 of	 1000	
cd/m2).)8,9	 These	 problems	 of	 blue	 OLEDs	 have	 a	 detrimental	
influence	 on	 the	 color	 balance	 of	 displays.	More	 generally,	OLEDs	
suffer	 from	 differential	 aging,	 i.e.	 the	 reduction	 of	 luminance	 of	

particular	 pixels,	 especially	 for	 different	 colors.10.	 Today,	 the	
technology	providing	 the	best	 performance	 in	 terms	of	 luminance	
and	external	quantum	efficiency	in	the	blue	spectral	range	relies	on	
nitride	 semiconductors.	 Indeed,	 InGaN/GaN	 LEDs	 demonstrate	 a	
high	luminance	of	several	106	cd/m2,11,12,	an	EQE	above	80%	13	and	a	
lifetime	of	more	than	100,000	h12.	It	is	therefore	advantageous	to	use	
inorganic	 semiconductors	 as	 the	 active	 material	 in	 flexible	 LEDs.	
Today	a	strong	research	effort	is	focused	on	flexible	inorganic	LEDs	
using	different	approaches.		

Flexible	LEDs	based	on	two-dimensional	films		
Conventional	inorganic	LEDs	are	based	on	a	p-n	junction	with	a	
quantum	well	region	inserted	between	the	p	and	n	layers.	They	
are	 characterized	 by	 a	 long	 lifetime	 and	 high	
brightness.	14,15	However,	rigid	supporting	substrates	limit	their	
widespread	 application	 in	 deformable	 optoelectronics	 and	
medical	devices	due	to	the	geometrical	and	mechanical	design	
constraints.	Flexible	LEDs	based	on	thin-film	and	micro-pyramid	
inorganic	 materials	 can	 be	 produced	 by	 micro-transfer	
printing.16	This	technique	allows	to	integrate	different	classes	of	
structured	materials	with	dimensions	ranging	from	nanometers	
to	 centimeters	 into	 organized	 layouts	 on	 nearly	 any	 type	 of	
substrate.	It	relies	on	a	soft	stamp	which	serves	as	a	medium	for	
removing	 patterned	 elements	 from	 a	 source	 substrate	 and	
transferring	them	to	a	foreign	substrate,	while	laser	lift-off	(dry	
technique)17–21	 or	 epitaxial	 lift-off	 (selective	 wet	 etch	 of	 a	
sacrificial	 layer22,23	 or	 of	 the	 entire	 substrate24)	 are	 used	 to	
separate	 the	 active	 layers	 from	 their	 growth	 substrates.	
Alternatively,	 the	mechanical	 transfer	of	a	whole	 layer	can	be	
facilitated	 by	 inserting	 a	 quasi-2D	 layered	 structure	 (e.g.	
graphene,	hexagonal	boron	nitride)	and	by	taking	advantage	of	
the	weak	binding	or	Van	der	Waals	forces.25,26	
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The	first	flexible	III-V	LEDs	were	demonstrated	by	Kim	et	al.	
27	 by	 printing	 arrays	 of	 micro-structured	 layers	 containing	
AlInGaP	quantum	wells	(QWs)	onto	ultrathin	plastic	and	rubber	
substrates.	The	process	 included	the	following	steps:	epitaxial	
growth	 of	 active	 layers,	 lateral	 delineation	 and	 lift-off	 from	
source	wafer,	transferring	thin-films	to	designated	locations	on	
a	 foreign	 substrate,	 fabrication	 of	 electrical	 interconnects,	
integration	 of	 the	 LEDs	 into	 flexible	 and	 stretchable	 displays.	
This	 type	 of	 structures	 has	 also	 been	 implemented	 in	
waterproof	 light-emitting	sutures	(Fig.	1a),	 implantable	sheets	
(Fig.	 1b),	 illuminated	 plasmonic	 crystals	 and	 optical	 proximity	
sensors	(Fig.	1c),	which	illustrates	their	suitability	for	biomedical	
applications.28	In	addition	to	the	infrared	and	red	light	emitted	
from	AlInGaP	QWs,27-30	blue	emitters	made	from	InGaN	layers	
add	 new	 functionality	 in	 both	 solid-state	 lighting18,20,31,32	
and	implantable	 biomedical	 devices.19,33,34	 Recently,	 an	
injectable	class	of	cellular-scale	optoelectronics	is	developed	to	
provide	 a	 completely	 wireless	 and	 programmed	 behavioral	
control	 over	 freely	 moving	 animals.34	 This	 flexible	
multifunctional	 system	 consists	 of	 light	 sources,	 detectors,	
thermal	 and	 electrophysiological	 sensors	 respectively	 on	
different	 layers	 that	 are	 joint	 by	 a	 thin	 layer	 of	 epoxy	 in	 a	
stacked	 configuration	 (Fig.	 1c-e).	 The	 performance	 of	 micro-
LEDs	is	comparable	to	state-of-the-art	conventional	GaN	LEDs.	
They	are	able	to	provide	enough	power	to	drive	the	optogenetic	
constructs,	possibly	replacing	the	conventional	approach	(laser,	
bulk	 LEDs	 and	 fiber	 coupling	 systems)	 for	 optogenetic	
purposes.34	

Fabrication	of	flexible	devices	from	conventional	thin	films	
is	quite	challenging	and	requires	additional	processing	steps	to	
micro-structure	 the	 active	 layers.	 Moreover,	 the	 emission	
wavelengths	are	shifting	with	the	bending	radii	due	to	the	strain	
induced	 shifts	 of	 the	 bandgap.23,29	 To	 overcome	 these	 issues	

and	further	improve	the	flexibility,	it	is	advantageous	to	shrink	
the	 active	 element	 dimensions	 and	 to	 use	 bottom-up	
nanostructures.	 For	 example,	 flexibles	 LEDs	 based	 on	
transferred	 bottom-up	 micro-pyramid	 arrays	 were	
demonstrated.35	 The	 transfer	 was	 facilitated	 by	 formation	 of	
nano-voids	 at	 the	 hetero-interface	with	 the	 substrate.	 In	 this	
study,	the	micro-pyramid	diameter	was	close	to	tens	of	microns.	
Following	 this	approach,	even	 smaller	active	elements	 can	be	
used,	such	as	bottom-up	nanowires.	

Flexible	LEDs	based	on	inorganic	bottom-up	
nanowires		
Nanowires	 show	 remarkable	 mechanical	 and	 optoelectronic	
properties	 stemming	 from	 their	 anisotropic	 geometry,	 high	
surface-to-volume	 ratio,	 and	 crystalline	 perfection.	 They	 are	
mechanically	flexible	and	can	stand	high	deformations	without		
plastic	relaxation,36	which	paves	the	way	for	their	incorporation	
into	flexible	devices.	

Nanowires	reduce	the	lattice	matching	requirement	existing	
in	conventional	thin	film	growth	thanks	to	the	strain	relaxation	
by	 their	 free	 lateral	 surface.37	 For	 light	 emitting	 devices,	 the	
nanowires	also	offer	their	wave	guiding	properties	to	facilitate	
light	 extraction.38	 The	 bottom-up	 synthesis	 of	 nanowires	
provides	 a	 good	 control	 over	 the	 morphology,	 doping	 and	
material	 composition,	 and	 in	 particular	 allows	 to	 grow	 the	
active	 layers	 in	 either	 axial	 or	 radial	 directions.	 Radial	
heterostructures	 present	 the	 advantage	 for	 LEDs	 since	 they	
increase	the	active	area	and	thus	reduce	the	current	density.39	
Finally,	 availability	 of	 compound	 semiconductors	 enables	
bandgap	 engineering	 and	 allows	 the	 realization	 of	 nanowire	
LEDs	of	any	color	of	the	visible	spectrum.	Therefore,	nanowires	

	
	
	
Fig.	 1	 (a)	 Optical	 images	 of	 an	 array	 of	 micro	 LEDs	 on	 polydimethylsiloxane	 (PDMS)	
twisted	to	different	angles.	(b)	Light-emitting	suture	on	a	thread	(diameter	∼700	µm)	in	
an	animal	model	with	a	 conventional	 suture	needle.	 (c)	 Stretchable	 optical	proximity	
sensor	made	of	an	array	LEDs	and	photodetectors	mounted	on	the	fingertip	of	a	glove	
after	immersion	into	soapy	water.	(d)	An	injectable	cellular-scale	optoelectronic	device	
consists	 of	 various	 components.	 (e)	 SEM	 of	 the	 injectable	 array	 of	 LEDs	 with	 total	
thickness	of	8.5	µm.	(f)	Photograph	of	the	integrated	system	emitting	blue	light.	Adapted	
with	permission	from	ref.	28	(fig.	1	a-c),	and	from	ref.	34	(fig.	1	d-f),	respectively.		

	

Fig.	2	(a)	Illustration	of	a	flexible	LED	structure	fabricated	on	an	as-grown	substrate	with	
ITO	and	p-type	polymer	serving	as	back	and	top	contacts	respectively.	(b)	ZnO	nanowires	
grown	 in	electrodeposition	on	a	planar	 transparent	 substrate	as	mentioned	 in	 (a).	(c)	
Design	 scheme	of	 a	 LED	display	on	plastic	 consisting	of	 a	 crossed-nanowire	array.	 (d)	
SEM	image	of	two	p-type	Si	nanowires	crossed	with	an	n-type	GaN	nanowire	to	form	
two	LEDs.	Adapted	with	permission	from	ref.	41	(fig.	2	a,b),	and	from	ref.	53	(fig.	2	c,d),	
respectively. 
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offer	 an	 elegant	 solution	 to	 create	 flexible	 optoelectronic	
devices,	which	combine	the	high	efficiency	and	the	long	lifetime	
of	inorganic	semiconductor	materials	with	the	high	flexibility	of	
polymers.		

Direct	nanowire	growth	on	flexible	substrates	

One	 straightforward	 method	 of	 nanowire	 integration	 into	
flexible	devices	is	to	grow	wires	directly	on	flexible	substrates,	
followed	by	encapsulation	 in	an	 insulating	polymer	 layer.	This	
method	can	be	applied	to	several	semiconductor	materials,	e.g.	
ZnO	nanostructures	can	be	grown	in	solution	on	any	substrates	
at	low	temperature.40	ZnO	nanowire	arrays	grown	directly	on	a	
flexible	substrate	have	been	used	to	demonstrate	LEDs	with	a	
broad	 visible	 emission	 band.	 In	 2008,	 Nadarajah	 et	 al.41	
reported	 single-crystalline	 ZnO	 nanowires	 grown	 on	 flexible	

polymer-based	 indium-tin-oxide	 (ITO)	 substrates	 and	 then	
encapsulated	 in	 a	 polystyrene	 film	 and	 top-contacted	 by	 a	
highly-doped	polymer	covered	with	an	Au	film	(Fig.	2a-b).	The	
nanowires	 were	 used	 for	 electron	 injection	 while	 the	
polystyrene	 film	 provided	 holes.	 The	 device	 showed	
electroluminescence	over	almost	the	whole	visible	spectrum	at	
a	moderate	forward	bias.41	Similar	approach	has	been	applied	
to	 fabricate	 a	 piezo-phototronic	 pressure	 mapping	 sensor	
matrix	based	on	ZnO	nanowire/p-polymer	LED	array.42	Another	
configuration	 with	 ZnO	 nanorods	 grown	 on	 a	 conductive	
polymer	coated	plastic	substrate,	acting	as	the	back	electrode,	
has	been	developed	as	a	fully	flexible	white	LED.43		

The	direct	growth	of	nanowires	on	flexible	materials	eases	
the	process	of	integration,	however,	it	is	limited	to	few	kinds	of	
semiconductors.	 For	 plastic	 substrates,	 the	 restriction	mainly	
comes	from	the	limited	thermal	budget	that	can	be	tolerated.	
Therefore,	this	approach	is	mainly	limited	to	growth	in	solution	
like	 electrodeposition44	 or	 hydrothermal	 deposition45.	 There	
have	been	also	 studies	of	 a	direct	nanowire	growth	on	metal	
foils	 by	 MBE	 (e.g.	 GaN	 nanowires	 on	 Ti46	 or	 Ta47).	 Recently,	
AlGaN	nanowire	flexible	LEDs	grown	directly	on	a	flexible	Ta	foil	
were	demonstrated.	47	

In-plane	transferred	nanowire	LEDs		

As	 an	 alternative	 to	 the	 direct	 growth,	 one	 can	 transfer	
nanowires	 to	 a	 flexible	 substrate	 to	 form	 either	 in-plane	 or	
vertical	devices.	Regarding	in-plane	transfer,	mass-produced	n-
type	ZnO	nanowires	were	roller-pressed	on	a	flexible	substrate	
coated	with	a	p-type	organic	semiconductors	layer	and	a	hole-
injection	 layer	 (PEDOT:PSS)	 to	 form	 a	 simple	 hybrid	 LED.48	
Furthermore,	 the	 advances	 in	 the	 alignment	 of	 dispersed	
nanowires	 with	 the	 assistance	 of	 electric	 field,49	 magnetic	
field,50	 fluid	 flow,51	 capillary	 force52	 and	 so	 on	 offer	 new	
opportunities	for	the	bottom-up	approach	to	nanoelectronics.	
As	 shown	 in	Fig.	2c-d,	 Lieber	et	al.53	demonstrated	a	 crossed-
nanowire	ultraviolet	LED	assembled	from	n-type	GaN	NWs	and	
p-type	 Si	 NWs,	 which	 are	 sequentially	 dispersed	 on	 a	 plastic	
substrate	through	the	orthogonal	fluid-directed	assembly.	This	

nanowire	 LED	 maintains	 its	 emissive	 property	 after	 multiple	
bending	cycles.53	However,	the	complexity	in	positioning	single	
nanowires	and	the	integration	with	nonconventional	substrates	
restrict	the	widespread	application	of	in-plane	nanowire	LEDs.		

Vertical	transferred	nanowire	LEDs		

Nanowire	arrays	can	also	be	transferred	to	 flexible	substrates	
preserving	 their	 vertical	 orientation.	 Nanowire	 arrays	
embedded	 in	 a	 flexible	 film	 and	 lifted-off	 from	 their	 native	
substrate	 can	 sustain	 large	 deformations	 thanks	 to	 the	 high	
flexibility	 of	 individual	 nanowires	 and	 to	 their	 footprint	much	
smaller	 than	 the	 typical	 bending	 curvature	 radius.54-57	

Moreover,	 the	 lift-off	 and	 transfer	 procedure	 enables	 the	
assembly	 of	 free-standing	 layers	 of	 nanowire	 materials	 with	
different	 bandgaps	 without	 any	 constraint	 related	 to	 lattice-
matching	 or	 growth	 conditions	 compatibility.	 This	 concept	
therefore	 allows	 for	 a	 large	 design	 freedom	 and	 modularity	
since	 it	 enables	 combination	 of	 materials	 with	 very	 different	
physical	 and	 chemical	 properties,	 which	 overcomes	 the	
limitations	of	monolithic	growth.	

Fabrication		

	

Fig.	3	Schematic	of	the	fabrication	process	flow	of	flexible	LEDs	based	on	vertical	nitride	nanowire	arrays.	Panels	(a)-(c)	illustrate	the	fabrication	steps	for	semitransparent	LEDs	
with	Ti/Au	and	Ag	nanowires	as	the	back	and	top	contacts,	respectively.	(d)	Photograph	of	a	semitransparent	LED.	Panels	(e)-(g)	show	the	process	of	fully	transparent	LEDs	with	
Ag	nanowires	as	both	back	and	top	contacts.	(h)	Photograph	of	a	transparent	LED.	Adapted	with	permission	from	ref.	58.
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A	 typical	 process	 flow	 to	 produce	 flexible	 devices	 is	 the	
following.58	 First,	 the	 nanowire	 array	 is	 embedded	 into	 a	
polymer	 (PDMS)	 layer.	 Plasma	 etching	 is	 used	 to	 expose	 and	
clean	the	top	of	the	nanowires.	Then,	the	whole	layer	is	peeled	
off	to	form	a	composite	membrane	with	nanowires	maintaining	
their	 orientation	 and	 positions	 as	 illustrated	 in	 Fig.	 3a	 and	 e.	
Two	types	of	devices	can	be	fabricated	following	this	protocol:	
semitransparent	LEDs	(Fig.	3a-d)	and	fully	transparent	LEDs	(Fig.	
3e-h).	In	the	case	of	a	semitransparent	device,	the	membrane	is	
flipped	onto	 an	 arbitrary	 receiver	 for	 the	metallization	of	 the	
nanowire	bottom	part.	After	that,	a	flexible	substrate	(e.g.	PET	
or	metal	foil)	is	brought	in	contact	with	the	backside	metal	layer	
which	 is	 mounted	 using	 silver	 epoxy.	 The	 top	 transparent	
electrode	consists	of	spin-coated	Ag	nanowires	 (Fig.	3c).	With	
this	method,	vertical	nanowire	array	LEDs	were	fabricated	on	a	
copper	 tape	 as	 shown	 in	 Fig.	 3d).	 For	 the	 fully	 transparent	
devices,	Ag	nanowires	are	used	for	both	back	and	top	contacts.	
Fig.	 3f	 shows	 a	 flexible	 membrane	 back-contacted	 with	 Ag	
nanowires	 and	 further	 encapsulated	 with	 another	 PDMS	
capping	layer	for	backside	electrical	insulation	and	supporting.	
Ag	 nanowire	 coating	 is	 then	 applied	 on	 the	 front	 side	 of	 the	
layer,	as	illustrated	in	Fig.	3g.	The	full	device	is	displayed	in	Fig.	
3h,	which	 shows	 a	 good	 transparency	 except	 for	 the	metallic	
tape	cross	for	the	back	contacting.	

It	should	be	noted,	that	new	functionalities	can	be	added	to	
the	device	by	stacking	several	layers	with	different	functions	or	
by	 modifying	 the	 polymer	 layer.	 In	 particular,	 PDMS	 can	 be	
doped	with	YAG:Ce	phosphors	to	down-convert	blue	light	and	
realize	a	flexible	white	nanowire	LED.59		

Blue	and	green	flexible	nanowire	LEDs		

There	 have	 been	 several	 reports	 on	 light	 emitters	 based	 on	
polymer-embedded	 nanowire	 arrays,	 where	 active	 nanowire	
components	 are	 first	 embedded	 in	 a	 flexible	 film	 and	 then	
lifted-off	 from	 their	 native	 substrate.58-61	 The	 works	 mainly	
focus	on	nitride	materials.	In	all	these	realizations,	the	polymer	
only	acted	as	a	mechanical	support	while	the	active	p-n	junction	
was	 located	 in	 the	nanowires.	 First	 realizations	used	GaN	p-n	
junction	 micro-rods60	 and	 p-GaN/n-ZnO	 coaxial	 nanorod	
heterostructures61	synthesized	on	graphene	films,	which	acted	
as	back	contacts.	As	shown	in	Fig.	4,	active	nanorods	grown	on	
graphene-covered	 Si/SiO2	 substrate	 are	 encapsulated	 in	 an	
insulating	polymer	layer.	Then	a	lift-off	process	of	the	nanorods	
embedded	in	a	polymer	layer	is	realized	by	wet	etching	of	the	
Si/SiO2	substrate.	Finally,	the	whole	layer	is	transferred	onto	a	
metal	coated	flexible	substrate.61	 	In	 these	 realizations,	 a	
Ni/Au	 semi-transparent	 conductive	 layer	 was	 used	 as	 a	 top	
electrode,	but	the	low	transmittance	of	this	layer	is	detrimental	
for	light	extraction.	
	

	

Fig.	4	Schematic	illustration	of	the	process	used	to	fabricate	flexible	LEDs	using	GaN/ZnO	
coaxial	nanorod	heterostructures	grown	on	graphene	 films.	Adapted	with	permission	
from	ref.	61.	

	

Later,	 flexible	 LEDs	 were	 fabricated	 using	 coaxial	 p-n	
junction	nanowires	containing	InGaN/GaN	quantum	wells	with	
a	different	 In	content	to	tune	the	emission	color	from	blue	to	
green	 (Fig.	 5).58	 LEDs	 present	 a	 typical	 diode	 current-voltage	
characteristic	with	a	turn-on	voltage	around	3	V,	corresponding	
to	the	appearance	of	the	electroluminescence	(EL)	(cf	Fig.	5	d).	
The	 voltage-dependent	 EL	 spectra	 (shown	 in	 inset	 to	 Fig.	 5d)	
present	 two	 peaks	 at	 447	 nm	 and	 415	nm	 with	 an	 intensity	

Fig.	5	Mechanical	properties	of	the	flexible	LED	based	on	vertical	nanowire	arrays.	
Photograph	of	the	LED	emitting	blue	light	at	curvature	radii	of	(a)	∞,	(b)	3.5	mm,	and	
(c)	 -2.5mm.	 (d)	 I-V	 characteristic	of	 the	 flexible	 LED	normalized	 to	 the	number	of	
contacted	nanowires	(left	 scale)	or	to	the	device	surface	(right	scale).	 Inset	shows	
the	room-temperature	EL	spectra	at	various	applied	biases	from	4	V	to	8	V.	Adapted	
with	permission	from	ref.	58.	
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varying	 with	 bias,	 which	 are	 attributed	 to	 the	 spectral	
contribution	 of	 axial	 and	 radial	 QWs.62	 At	 low	 voltage,	 the	
injection	current	preferentially	goes	through	the	nanowire	tips	
into	axial	QWs	where	the	In-rich	region	located.62-64	Because	of	
the	non-negligible	resistance	of	the	p-doped	GaN	shell,	at	high	
injection	the	hole	transport	 in	 the	shell	 toward	the	axial	QWs	
leads	 to	 a	 potential	 drop	 and	 becomes	 unfavorable.64	 The	
injection	 takes	 place	 under	 the	 contact	 thus	 favoring	 the	
emission	from	the	radial	QWs.62	Consequently,	the	EL	peak	at	
shorter	 wavelength	 becomes	 more	 evident	 and	 a	 broad	
emission	 covering	 the	 400-500	 nm	 range	 is	 detected.	 Similar	
phenomenon	 has	 been	 observed	 in	 previous	 realizations	 of	
flexible	LEDs	based	on	GaN	micro-rods.60		

Possible	 degradation	 of	 the	 LED	 after	 bending	 has	 been	
evaluated.	Fig.	5	a),	b)	and	c)	show	images	of	LEDs	in	operation	
under	different	bending	conditions.	No	degradation	of	the	 I-V	
curve	and	of	the	EL	intensity	has	been	found	after	10	bending	
cycles,	which	suggests	a	good	electrical	reliability	of	the	meshed	
Ag	 nanowire	 networks.	 In	 addition,	 no	 appreciable	 change	 in	
the	EL	characteristics	has	been	noticed	after	storage	in	ambient	
conditions	for	more	than	30	days58.	Quantitative	evaluation	of	
the	impact	of	bending	on	the	properties	of	flexible	LEDs	based	
on	 ZnO/GaN/InGaN	nanowires	has	been	 conducted	by	 Lee	et	
al.61	Fig.	6a	shows	EL	spectra	obtained	at	different	bending	radii.	
There	is	no	significant	change	in	the	emission	peak	wavelength	
and	intensity,	suggesting	a	good	reliability	of	flexible	nanowire	
LEDs	even	under	large	bending	curvature.		

		

	

Fig.	 6	 (a)	 EL	 spectra	 as	 a	 function	 of	 the	 bending	 radius.	 (b)	 Integrated	 emission	
intensities	as	a	function	of	bending	cycle.	Inset	shows	the	EL	spectra	at	different	bending	
cycles.	Adapted	with	permission	from	ref.	61.	

The	constant	peak	position	implies	that	the	active	regions	in	
individual	 nanostructures	 are	 not	 under	 strain	 because	 strain	
generally	 induces	 a	 shift	 of	 the	 emission	 wavelength	 as	
observed	 in	 thin	 film	 flexible	 LEDs.	 Fig.	 6b	 presents	 the	
evolution	 of	 the	 device	 after	 100	 bending	 cycles,	 showing	
almost	 identical	 integrated	EL	 intensity	and	 spectra	at	a	 fixed	
current.	

Two-color	nanowire	flexible	LEDs		

Taking	advantages	of	the	above-mentioned	design	modularity,	
multi-layer	flexible	nanowire	LEDs	can	be	achieved	by	stacking	
fully	 transparent	 LEDs	 of	 different	 colors.58	 The	 assembly	 of	
nanowire	 materials	 with	 different	 emission	 wavelengths	 is	 a	
prerequisite	for	flexible	display	applications.	Fig.	7a	illustrates	a	
vertically	integrated	device	consisting	of	two	layers	of	nanowire	
LEDs	 with	 emission	 wavelengths	 in	 the	 blue	 and	 green,	
respectively.	 The	 nanowires	 are	 contacted	 with	 transparent	

electrodes	 and	 assembled	 on	 a	 flexible	 substrate	 with	 an	
intermediate	 PDMS	 layer.	 The	 EL	 spectra	 of	 this	 two-layer	
device	under	different	biasing	conditions	are	shown	in	Fig.	7b.	
Independent	voltage	sources	V1	and	V2	are	connected	to	the	top	
and	bottom	layers.		

By	 biasing	 the	 top	 LED,	 the	 bottom	 LED	 or	 both	 LEDs	
simultaneously,	different	spectra	are	obtained	as	shown	in	Fig.	
7b.	The	optical	transmittance	of	the	top	transparent	LED	layer	
is	 above	 60%	 in	 the	 green	 spectral	 range	 and	 allows	 for	 an	
efficient	 extraction	 of	 the	 green	 luminescence	 of	 the	 bottom	
layer.	As	a	result,	the	feasibility	of	multi-layer	flexible	LEDs	by	a	
mechanical	 stacking	 technique	 is	 demonstrated	 with	 no	
limitations	 for	 the	 number	 of	 layers	 except	 for	 the	 residual	
absorption.	Such	configuration	enables	the	vertical	integration	
of	 nanowire	 layers	 of	 different	 semiconductor	materials	 (e.g.	
nitrides	 with	 phosphides	 or	 arsenides)	 as	 well	 as	 a	 hybrid	
integration	of	blue	inorganic	LED	with	organic	LEDs	to	achieve	
RGB	emission	and	white	LEDs.	

	

	

Fig.	 7	 (a)	 Schematic	 of	 a	 2-color	 nanowire	 flexible	 LED.	 (b)	 EL	 spectra	 of	 a	 two-layer	
flexible	LED	with	a	top	transparent	layer	and	a	bottom	semi-transparent	layer.	Adapted	
with	permission	from	ref.	58.	

White	nanowire	flexible	LEDs	
A	vertical	integration	of	red,	green	and	blue	LEDs	allows	for	the	
realization	of	white	LEDs,	however,	it	requires	a	careful	balance	
between	 colors	 in	 order	 to	 achieve	 a	 stable	 white	 light.	
Alternatively,	a	white	LED	can	be	achieved	by	combining	a	blue	
nitride	 LED	 and	 yellow	 phosphors,	 down-converting	 a	 part	 of	
the	blue	 light.	Recently,	 a	 rigid	white	nanowire	 LED	has	been	
demonstrated	by	combining	blue	nanowire	LEDs	with	phosphor	
down	 conversion.65	 The	 same	 principle	 can	 be	 applied	 to	
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flexible	 white	 LEDs	 by	 doping	 the	 encapsulating	 PDMS	 layer	
with	 YAG:Ce	 nanophosphors	 (Fig.	 8a).59	 White	 LED	 emits	 a	
broad	spectrum	from	400	to	700	nm.	The	XYZ	tristimulus	values	
of	 the	 Commission	 International	 de	 l’Eclairage	 (CIE)	 1931	 is	
estimated	from	the	EL	spectrum.	As	shown	in	Fig.	8b,	The	LED	
color	 locates	at	x	=	0.3011,	y=0.4688	corresponding	to	a	cool-
white	light	with	a	correlated	color	temperature	(CCT)	of	6306	K	
and	with	a	color	rendering	index	(CRI)	of	54.	Fig.	8d-f	presents	
photographs	 of	 the	 white	 LED	 under	 different	 bending	
conditions.	 Based	 on	 the	 measured	 emission	 power,	 EQE	 is	
calculated	 as	 a	 function	 of	 the	 injection	 current	 density.	 The	
maximum	 EQE	 of	 9.3%	 is	 obtained	 at	 a	 current	 density	 of	
14.6	A/cm2,	after	which	a	droop	is	observed.		
	

Conclusions	and	perspectives	
In	 conclusion,	 to	 break	 through	 the	 limitations	 of	 opto-
electronic	 stability,	 efficiency	 and	 lifetime	 of	 OLEDs,	 many	
efforts	are	dedicated	to	inorganic	semiconductor	flexible	LEDs	
by	micro-transfer	 printing	 of	 conventional	 thin	 film	 LEDs	 and	
micro-pyramid	array	LEDs.	As	an	elegant	alternative,	bottom-up	
nanowire	 LEDs	 can	be	used	as	 the	active	material	 for	 flexible	
LEDs.	 This	 technology	 combines	 the	 high	 efficiency	 of	 III-V	
semiconductors	and	the	mechanical	flexibility	of	nanowires	and	
of	 the	 flexible	 substrates.	 Different	 LED	 architectures	 were	
proposed	 for	 flexible	 nanowire	 LEDs.	 The	 most	 promising	
appears	 to	 be	 the	 vertical	 transferred	 configuration.	 Blue,	
green,	 white	 flexible	 LEDs	 as	 well	 as	 a	 blue-green	 bi-color	
flexible	 LED	 were	 demonstrated	 using	 this	 concept.	 These	
devices	 are	 characterized	 by	 a	 good	 flexibility,	 reliability	 and	
time	stability.	The	large	design	freedom	and	modularity	offered	
by	 free-standing	 nanowire/polymer	 membranes	 provide	 the	
possibility	 to	 integrate	 materials	 with	 different	 physical	 and	
chemical	properties.	 In	particular,	 this	opens	new	possibilities	
for	efficient	flexible	LED	displays.	Other	nanowire-based	flexible	
devices	 can	 also	 be	 realized	 with	 this	 strategy,	 e.g.,	
photodetectors51,	solar	cells,	piezoelectric	generators,	etc.	
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