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ABSTRACT:	Bipolar	electrochemistry	(BPEC)	is	a	versatile	and	powerful	technique	that	has	found	applications	in	sensing,	
chemical	synthesis,	catalysis,	 fuel	cells	and	batteries,	among	others.	 In	BPEC,	 the	reactions	of	 interest	occur	at	a	wireless,	
bipolar	electrode	(BPE).	BPEC	is	most	commonly	carried	out	in	an	electrochemical	cell	that	contains	an	electrolyte	solution,	
in	which	a	metallic	BPE	is	immersed	and	polarized	when	the	wired	driving	electrodes	are	biased.	In	this	article,	we	demon-
strate	BPEC	in	a	solid	light-emitting	electro-chemical	cell	(LEC)	that	does	not	initially	contain	a	BPE.	Shining	a	focused	laser	
beam	onto	the	mixed	conductor	LEC	film	causes	the	illuminated	spot	to	function	as	a	BPE	from	which	redox	reactions	are	
induced	and	visualized.	Separate	experiments	using	a	photosensitizer	(widely	used	 in	polymer	solar	cells)	confirm	that	a	
BPE	is	formed	on-demand	via	photo-absorption	that	causes	the	illuminated	spot	to	have	elevated	photo-conductivity.	The	
simplicity	of	laser-induced	BPEC	offers	exciting	opportunities	to	explore	sciences	and	applications	of	BPEC	in	the	new	realm	
of	solid-state	organic	photonic	devices.	

In	an	electrochemical	cell,	a	bipolar	electrode	(BPE)	is	a	
wireless	 conductor	 separated	 from	 a	 wired	 driving	 elec-
trode	 (DE)	by	an	electrolyte	 solution.	The	 “bipolar”	name	
stems	 from	 the	BPE’s	ability	 to	 simultaneously	 induce	 re-
duction	 and	 oxidation	 reactions	 at	 its	 two	 opposite	 poles	
when	the	electrochemical	cell	is	polarized.1-2	BPEs	are	par-
ticularly	 useful	 in	 applications	 and	 mechanistic	 studies	
that	 are	 simply	 impossible	 to	 realize	with	 a	 conventional	
wired	 electrode.	 For	 example,	 “micro-swimmers”	 are	 cre-
ated	 when	 suspended	 micro-BPEs	 are	 propelled	 by	 bub-
bles	generated	asymmetrically	at	 the	poles	of	 the	BPEs.3-5	
Electrochemiluminescence	 (ECL)	 can	 be	 generated	 in	 the	
entire	volume	of	an	electrolyte	solution	impregnated	with	
millions	of	micro-BPEs,	each	remotely	addressed	by	bipo-
lar	 electrochemistry	 (BPEC)	and	acts	 as	 an	 individual	mi-
cro-emitter.6	 BPEC	 is	 also	 efficient	 at	 synthesizing	 Janus	
particles	 with	 various	 combinations	 of	 micro-BPE	 and	
deposition	materials	in	bulk,7	or	producing	materials	with	
a	compositional	gradient.8-12	The	versatility	of	BPEC	is	fur-
ther	 evidenced	 by	 its	 application,	 mainly	 in	 the	 form	 of	
BPE	arrays,	in	high	throughput	screening	and	detection	of	
catalysts	or	biomolecules.	13-20		
The	 aforementioned	 BPEC	 applications	 mainly	 utilize	

metal	 or	 carbon	 (fiber,	 beads,	 nanotubes	 or	 graphene)	
BPEs	 immersed	 in	a	 liquid	electrolyte.	Recently,	BPEC	 re-
search	 has	 acquired	 a	 new,	 solid-state	 platform	 in	 light-
emitting	 electrochemical	 cells	 (LECs).21	 LECs	 are	 organic	
EL	devices	 first	developed	 in	 the	90s	 to	overcome	 the	se-
vere	limitations	of	organic	light-emitting	diodes	(OLEDs).22	
LECs	often	employ	the	same	light	emitters	as	those	used	in	

OLEDs,	 which	 can	 be	 conjugated	 polymers	 (CPs),	 small	
organic	molecules	 or	 transition	metal	 complexes.23-26	 Un-
like	OLEDs,	however,	the	active	layer	of	an	LEC	is	a	mixed	
ionic/electronic	conductor.	The	archetypical	PLEC,	 for	ex-
ample,	 contains	both	 a	 solid	polymer	 electrolyte	 (SPE)	 as	
well	 as	 a	 light-emitting	 CP.22	 LECs	 are	 fundamentally	 dif-
ferent	from	OLEDs	in	that	the	mixed	conductor	active	layer	
is	 electrochemically	 p-	 and	 n-doped	 in	 situ	 during	 opera-
tion.	Light	emission	in	an	LEC	occurs	when	the	expanding	
p-	and	n-doped	regions	meet	to	form	a	p-n	homojunction.27		
With	 two	 easily	 accessible	 built-in	 indicators	 in	 photo-

luminescence	(PL)	and	electroluminescence	(EL),	LECs	are	
supremely	suited	for	mechanistic	BPEC	research.	New	BPE	
types,	 such	 as	 serially	 connected	 light-emitting	 p-n	 junc-
tions,	and	electrochemically	doped	CPs,	have	been	demon-
strated	 in	 polymer	 LECs	 (PLECs).28-29	 BPEC,	 in	 return,	 al-
lows	 for	 new	 designs	 and	 functionalities	 to	 realize	 high	
performance	LECs	and	photovoltaic	devices.	For	example,	
BPE	arrays,	in	both	open	and	closed	configurations,	signifi-
cantly	alter	 the	 turn-on	response	and	emission	profiles	of	
PLECs.28, 30	A	bulk	homojunction	is	created	when	thousands	
of	conductive	 indium	tin	oxide	or	metallic	micro-particles	
are	 dispersed	 into	 the	 PLEC	 active	 layer.30-32	 Bulk	 homo-
junction	PLECs	 exhibit	 3D	EL	 that	 is	 orders	of	magnitude	
more	 intense	 than	a	 single-junction	PLEC.	Moreover,	bulk	
homojunction	 PLECs	 exhibit	 a	 giant	 open-circuit	 voltage	
when	operated	as	a	photovoltaic	cell.	
Doping	affects	both	the	electrical	and	optical	properties	

of	 the	 LEC	 active	 layer.	 First,	 it	 renders	 the	 active	 layer	
highly	conductive	and	the	DE/CP	contacts	ohmic,	making	it	
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possible	 to	 fabricate	 planar	 (vs.	 sandwich)	 LECs	 with	 a	
large	 separation	 between	 the	 DEs.33-34	 A	 schematic	 of	 a	
planar	 PLEC	 is	 shown	 in	 Figure	 1(a).	 Second,	 doping	
strongly	quenches	 the	PL	of	 the	CP,	making	 it	 possible	 to	
monitor	 the	 dynamic	 doping	 process	 in	 real-time	 using	
optical	probes.35-37	In	this	study,	we	fully	exploit	these	two	
effects	to	demonstrate	the	world’s	 first	 laser-induced	BPE	
in	the	world’s	largest	planar	PLECs.	We	show	that	by	shin-
ing	a	focused	laser	beam	on	a	mixed	polymeric	conductor,	
the	increase	in	conductivity	as	a	result	of	photo-absorption	
is	 enough	 to	 induce	 redox	 doping	 reactions	 in	 a	 biased	
PLEC	without	 any	 pre-fabricated	 BPE.	 The	 observation	 is	
corroborated	 with	 a	 phenomenological	 model	 based	 on	
optical-induced	permittivity	changes	in	the	polymer	semi-
conductor.	The	discovery	is	further	extended	to	a	material	
system	 commonly	 used	 in	 polymer	 bulk	 heterojunction	
solar	 cells.	 We	 show	 that	 BPEs	 can	 be	 activated	 on-
demand,	 with	 a	 beam	 of	 light	 anywhere	 in	 the	 exposed	
PLEC.	

	
Figure	 1.	 (a)	 Schematic	 of	 the	 experimental	 set-up	 and	 a	

planar	 PLEC	 fabricated	 on	 a	 glass	 substrate.	 The	 pair	 of	 the	
driving	electrodes,	coated	on	top	of	the	polymer	film,	are	sep-
arated	 by	 11	mm.	 The	 planar	 PLEC	was	 tested	 in	 an	 optical	
cryostat	 under	 vacuum.	 The	 planar	 PLEC	 was	 illuminated	
from	 the	 bottom	 using	 a	 blue	 diode	 laser	 and	 imaged	 from	
above	under	UV	illumination.	(b)	Schematic	of	a	biased	planar	
PLEC	 including	a	BPE.	The	 lower	part	 shows	 the	electric	po-
tential	distribution	across	the	PLEC.	Note	that	the	BPE	in	this	
illustration	is	idealized	as	an	equi-potential	body.	

EXPERIMENTAL	DETAILS	
The	active	layer	of	the	PLEC	is	comprised	of	three	mate-

rials:	a	CP,	polyethylene	oxide	(PEO,	Mw=400K)	and	potas-
sium	 trifluoromethanesulfonate	 (KTf).	 The	 solid	 complex	
of	PEO	and	KTf	constitutes	a	polymer	electrolyte	contain-
ing	 solvated	K+	 and	CF3SO3-	 ions.	 Both	PEO	 and	KTf	were	
purchased	 from	 Aldrich	 and	 used	 as	 received.	 The	 CP	 is	
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene],	 or	 MEH-PPV,	 an	 orange	 emitter	
sourced	from	OLEDKing	Optoelectronic	Materials	Ltd,	Chi-
na	with	a	molecular	weight	of	Mw	=	3.3	×	105	and	a	poly-
dispersity	 index	 of	 1.4.	MEH-PPV,	 PEO	 and	KTf	were	 dis-
solved	in	cyclohexanone	with	concentrations	of	1	wt%	(10	
mg	of	solid	per	1	ml	of	solvent),	5	wt%	and	0.24	wt%,	re-
spectively.	 Suitable	 amounts	 of	 the	 three	 solutions	 were	
mixed	 to	 prepare	 a	 solution	with	 a	weight	 ratio	 of	MEH-
PPV:PEO:KTf	 =	 100:125:12.	 100	 µl	 of	 this	 final	 solution	
was	spin	cast	onto	a	glass	substrate	at	2500	rpm	for	60	s	
followed	by	120	s	at	4000	rpm.	The	cast	film	was	left	on	a	
hot	plate	to	dry	at	50	°C	for	five	hours.	Afterwards,	the	cast	
film	was	 annealed	 at	 100	 °C	 for	 30	minutes,	 followed	 by	
rapid	 cooling	 on	 a	 large	 copper	 block.	 The	 polymer	 film	

thickness	 was	 measured	 with	 a	 DekTak	 stylus	 profiler.	
Finally,	 the	 PLEC	 was	 completed	 with	 the	 deposition	 of	
aluminum	driving	electrodes	on	top	of	the	polymer	film.	A	
pair	 of	 Al	 driving	 electrodes	 100	 nm	 in	 thickness	 was	
thermally	evaporated	 through	a	shadow	mask	under	high	
vacuum	 (10-6	 mbar).	 All	 solution	 making,	 spin	 casting	 of	
polymer	 films	and	 thermal	deposition	of	metal	electrodes	
was	 carried	 out	 in	 a	 MBraun	 integrated	 glove	
box/evaporator	system	filled	with	dry	nitrogen.	
The	planar	PLECs	were	tested	in	a	low-profile	microsco-

py	cryostat	under	vacuum.	The	PLECs	were	heated	to	360	
K	 in	 order	 to	 promote	 ion	motion	 during	 operation.	 The	
vacuum	 chamber	 provides	 protection	 from	 the	 environ-
ment	and	optical	access	to	both	the	top	and	bottom	sides	of	
the	PLEC,	as	shown	in	Figure	1(a).	A	blue	laser	diode	emit-
ting	at	473	nm	was	used	as	an	excitation	source.	The	laser	
beam	was	coupled	into	a	single	mode	optical	fiber	using	a	
coupling	lens.	The	output	of	the	fiber	was	collimated	using	
a	Thorlabs	fixed	focus	collimation	lens	package	(F280SMA-
A)	and	steered	towards	the	bottom	of	the	substrate	using	a	
mirror.	The	beam	was	then	focused	on	the	active	film	using	
a	six-centimeter	focal	length	lens	that	was	attached	to	a	z-
axis	 translation	stage	 to	control	 the	 laser	spot	size	on	 the	
film.	A	 computer-controlled	CCD	camera,	mounted	on	 the	
viewing	port	of	a	Nikon	fluorescence	microscope,	was	used	
to	image	the	device.	The	device	was	uniformly	illuminated	
from	 the	 top	using	a	UV	 ring	 light.	A	Keithley	237	 source	
measurement	unit	was	used	to	drive	the	PLEC	with	a	bias	
voltage	 of	 300	 V	 or	 500	 V.	 The	 device	 temperature	 was	
maintained	to	within	0.1	K	via	a	Cryocon	32B	temperature	
controller.	
RESULTS	
The	planar	PLECs	of	this	study	had	an	11	mm	separation	

between	 the	 DEs	 and	 a	 width	 of	 15	 mm.	 These	 are	 the	
largest	 planar	 PLECs	 ever	 reported	 in	 terms	 of	 the	 inte-
relectrode	 gap	 size.	 The	 basic	 premise	 of	 a	 laser-induced	
BPE	 in	 a	 planar	 PLEC	 is	 shown	 in	 Figure	 1(b).	When	 the	
voltage	bias	was	first	applied	to	the	DEs,	the	electric	poten-
tial	 could	be	modelled	approximately	by	a	 linear	 function	
of	 distance	between	 the	DEs.	 In	 an	 interior	 region	 illumi-
nated	with	a	beam	of	laser,	however,	photo-generated	elec-
trons	and	holes	in	MEH-PPV	elevate	the	local	conductivity	
of	the	polymer	film.	If	the	photoconductivity	of	the	illumi-
nated	 region	 is	 sufficiently	high,	 the	potential	drop	 in	 the	
region	 should	 decrease	 and	 approach	 that	 of	 an	 equi-
potential	 conductor.	 Thus,	 we	 expect	 to	 observe	 doping	
reactions	 at	 the	 extremities	 of	 the	 illuminated	 regions,	
where	 the	 potential	 difference	 between	 the	 illuminated	
region	and	the	non-illuminated	region	is	the	largest.	In	the	
following	 discussion,	 we	 call	 such	 a	 laser-induced	 BPE	 a	
laser-BPE	 for	 short.	 Realistically,	 we	 expect	 any	 doping	
reactions	induced	by	a	laser-BPE	to	be	weaker	in	compari-
son	to	those	induced	by	a	pre-fabricated	metallic	BPE.	This	
is	 because	 the	 photoconductivity	 of	 the	 PLEC	 film,	which	
also	contained	over	50%	of	PEO,	cannot	match	the	conduc-
tivity	of	a	metal.	Further	complicating	matters	are	the	fast	
propagating	 DE	 p-	 and	 n-doping,	 which	 can	 easily	 over-
whelm	and	obscure	any	doping	generated	by	the	laser-BPE	
upon	reaching	the	 illuminated	region.	For	this	reason,	 the	
DE	separation	was	designed	to	be	the	largest	possible	(11	
mm)	 for	 the	 given	 substrate	 size	 to	 delay	 this	 encounter.	
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Many	 other	 factors,	 such	 as	 bias	 voltage,	 operating	 tem-
perature,	 imaging	conditions,	 laser	beam	size	and	 intensi-
ty,	 PLEC	 film	 composition	 and	 illumination	direction	 (top	
vs.	 bottom)	 were	 also	 experimented.	 After	many	 trials,	 a	
successful	observation	was	realized	and	is	shown	below.	
Figure	 2(a)	 shows	 a	 slice	 (1.3	mm	 in	 height)	 of	 the	 11	

mm	 planar	 PLEC	 containing	 the	 illuminated	 spot	 in	 two	
consecutive	 images	 taken	 less	 than	 2	 s	 apart.	 One	 image	
has	 the	 laser	 turned	 on	 and	 one	 has	 the	 laser	 turned	 off.	
The	 images	 were	 taken	 when	 the	 PLEC	 had	 been	 under	
bias	 for	 about	 133	 s.	 The	 positive	 and	negative	DE	 edges	
are	indicated	by	the	vertical	dashed	lines.	The	polymer	film	
exhibits	 the	 red/orange	PL	 from	MEH-PPV	under	UV	 illu-
mination	from	the	top.	The	illuminated	spot	is	clearly	visi-
ble	against	the	background	PL.	In	these	images,	significant	
PL	quenching	is	visible	next	to	the	DEs.	The	p-doped	region	
next	 to	 the	 positive	DE	 is	much	 darker	 than	 the	 n-doped	
region	next	to	the	negative	DE.	We	note	that	the	DE	p-	and	
n-doping	 fronts	 are	 still	 a	 large	 distance	 away	 from	 the	
illuminated	spot.	Faint,	 finger-like	darkened	region	is	also	
visible	 to	 the	 left	of	 the	 illuminated	spot,	extending	 in	 the	
direction	of	 the	applied	electric	 field.	This	 is	 the	p-doping	
reaction	expected	from	the	laser-BPE.	An	enhanced	view	of	
the	region	containing	the	illuminated	spot	is	shown	in	Fig-
ure	 2(b).	 The	 intensity	 profile	 of	 the	 excitation	 laser,	
measured	with	 the	 CCD	 camera,	 is	 overlaid	 on	 the	 lower	
image.	100	µW	of	laser	power	was	delivered	to	a	Gaussian	
spot	with	a	1/e2	diameter	of	200	µm.	This	gives	a	peak	la-
ser	intensity	of	6.25	mW/mm2.	Comparing	the	two	images	
in	 Figure	 2(b),	 we	 observe	 that	 the	 dark	 finger	 initially	
originated	at	a	distance	away	 from	the	center	of	 the	 laser	
spot,	as	it	should	be	for	a	BPE-induced	doping	reaction.	In	
other	words,	the	laser-BPE	must	have	a	non-zero	diameter.	
The	displacement	between	 the	 laser	beam	center	and	 the	
right	edge	of	the	BPE	doping	was	determined	to	be	90±20	
µm.	The	uncertainty	of	20	µm	is	attributed	to	the	pixel	size	
in	 the	 device	 images.	 This	 gives	 a	 Laser-BPE	 diameter	 of	
180	µm.	The	presence	of	BPE	p-doping	is	confirmed	in	Fig-
ure	2(c),	which	shows	eight	time-lapsed	images.	The	dark	
finger	 increases	 in	 length	 with	 time,	 behaving	 exactly	 as	
that	from	a	metallic	disc	BPE.	N-doping,	however,	was	not	
observed	from	the	opposite	end	of	the	laser-BPE.	The	pos-
sible	cause	for	this	absence	will	be	discussed	later.	

	

Figure	2.	(a)	Original	photoluminescence	images	of	the	pla-
nar	PLEC	under	test	about	133	s	after	a	500	V	bias	had	been	
applied,	 with	 and	 without	 laser	 illumination.	 (b)	 Expanded	
view	of	 the	 region	 enclosed	by	 the	 green	box	 in	 (a).	 The	 en-
closed	 region	 had	 been	 enhanced	 in	 Photoshop	 by	 applying	
levels	 adjustment	 filter	 (0-0.69-100).	 The	 measured	 laser	
beam	Gaussian	profile	was	overlaid	on	 the	 image	 in	 the	bot-
tom	 image.	 The	 vertical	 dashed	 lines	 denote	 the	 locations	 of	
the	laser	beam	center	and	the	right	edge	of	the	BPE	doping.	(c)	
Time-lapsed	images	of	the	planar	PLEC	in	greyscale.	The	same	
levels	 adjustment	 Photoshop	 filter	was	 applied	 to	 all	 images	
(49-1.61-104).	 The	 time	 delay	 between	 consecutive	 images	
was	13.7	s.	

To	elucidate	the	phenomenon	shown	in	Figure	2,	we	per-
formed	 COMSOL	 simulation	 to	 determine	 the	 electric	 po-
tential	distribution	across	the	laser-BPE.	The	photoconduc-
tivity	of	a	CP	such	as	MEH-PPV	is	proportional	to	the	pho-
to-excitation	level.	Conductivity	(at	frequency	ω)	manifests	
itself	as	an	imaginary	part	in	the	complex	relative	permit-
tivity	constant	of	the	material	according	to:	

𝜀 = 𝜀# + 𝑗𝜀## = 𝜀# + 𝑗 &
'()

             Equation (1) 

Where		𝜀#and	𝜀##	are	the	real	and	imaginary	parts	of	the	
relative	permittivity,	σ	is	the	frequency	dependent	conduc-
tivity	 and	 𝜀*	 is	 the	 vacuum	 permittivity.	 In	 our	 case,	 the	
conductivity	 arises	 from	 photo-excitation	 and	 generation	
of	 free	 carriers.	 The	 photoconductivity	 of	 MEH-PPV	 has	
been	shown	experimentally	 to	be	 linearly	proportional	 to	
light	intensity.38	Hence,	we	can	rewrite	the	imaginary	part	
of	the	relative	permittivity	in	terms	of	the	excitation	beam	
intensity,	Gaussian	in	our	case,	as	the	following:	

𝜀## = 𝜀+##𝑒-. /-/)
0/23

0            Equation (2) 

where	𝜀+##	is	the	imaginary	part	of	the	relative	permittivi-
ty	at	the	point	of	peak	laser	intensity,	𝜌	 is	the	radial	coor-
dinate	in	a	cylindrical	system,	𝜌*	is	the	radial	coordinate	of	
the	beam	center	and	WB	 is	 the	1/e2	Gaussian	beam	width.	
Note	 that	 in	 Equation	 (1)	 𝜀##	 becomes	 infinite	 as	 ω	 ap-
proaches	zero.	Here,	we	assume	that	𝜀##	is	finite	at	an	arbi-
trarily	 low	 frequency.	 The	 spatial	 profile	 of	 𝜀##	 as	 quanti-
fied	 by	 Equation	 (2)	 is	 then	 implemented	 in	 COMSOL	 to	
calculate	the	potential	profile	in	the	PLEC	under	bias.	

 
Figure	3.	(a)	The	electric	potential	profile	of	the	biased	pla-

nar	 PLEC	 in	 the	 vicinity	 of	 the	 illuminated	 spot	 for	 different	
values	of	peak	relative	permittivity	imaginary	part	(𝜀+##)	shown	
in	 the	 legend.	 These	 potential	 profiles	 were	 calculated	 in	
COMSOL	 by	 solving	 Poisson's	 equation	 in	 a	 charge-free	 do-
main	and	boundary	conditions	set	by	the	DEs	voltage	bias.	(b)	
The	potential	difference	profile	 calculated	by	 subtracting	 the	
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potential	 that	corresponds	to	𝜀+##=0	from	the	potential	profile	
with	𝜀+##	assigned	the	values	in	the	legend.	

Figure	 3(a)	 shows	 the	 1D	 potential	 distribution	 across	
the	PLEC	in	the	direction	of	the	applied	electric	field	pass-
ing	through	the	laser-BPE	center	for	different	values	of	𝜀+##.	
When	𝜀+##	is	zero,	the	PLEC	is	a	pure	dielectric.	The	electric	
potential	 increases	 linearly	 from	 the	 negative	 DE	 toward	
the	 positive	 DE.	 When	 the	 laser	 is	 turned	 on,	 photo-
generation	 of	 charged	 carriers	 contributes	 to	 a	 non-zero	
𝜀##	that	 is	 described	by	Equation	 (2).	We	observe	 that	 the	
potential	 line	 is	 flattened	at	 the	 illuminated	spot	as	𝜀+##	 in-
creases.	 This	 is	 an	 expected	 behavior-when	 the	 CP	 be-
comes	more	 conductive	 it	will	 behave	more	 like	 an	 equi-
potential	 conductor.	 In	 Figure	 3(b),	 the	 same	 data	 is	 re-
plotted	with	the	zero	𝜀+##	potential	line	subtracted	from	the	
potential	profiles	under	 laser	 illumination.	This	rendering	
of	 the	data	produced	pairs	of	positive	and	negative	peaks	
in	 potential	 difference	 whose	 height	 and	 separation	 in-
crease	with	𝜀+##.		
The	recovery	of	these	positive	(anodic)	and	negative	(ca-

thodic)	peaks	 in	potential	difference	 justifies	 the	observa-
tion	of	redox	reactions	at	the	extremities	of	a	laser-BPE.	A	
value	of	𝜀+##=15	produces	a	90	µm	separation	between	the	
anodic	or	 cathodic	peak	and	 the	BPE	center	 that	matches	
the	experimentally	observed	separation	of	90	µm	shown	in	
Figure	 2(b).	 The	 validity	 of	 this	 analysis	 is	 further	 en-
hanced	by	the	retrieval	of	a	peak-to-peak	potential	drop	of	
4.35V	 at	 this	 𝜀+##	 value,	 which	 satisfies	 the	 minimum	 re-
quirement	to	induce	redox	reaction	in	MEH-PPV	which	has	
an	energy	gap	of	2.4	eV.39		
In	 the	 creation	of	 a	 laser-BPE,	 the	CP	 is	 responsible	 for	

reaching	the	necessary	conductivity	of	a	BPE	upon	photo-
excitation.	Although	MEH-PPV	is	a	photoconductive	mate-
rial,	the	photo-generated	charge	carriers	recombine	quick-
ly	 via	 both	 radiative	 and	 non-radiative	 pathways.	 This	 is	
evidenced	by	 its	poor	photoelectron	quantum	yield	 (~10-
3).40	Therefore,	 it	 is	very	difficult	and	quite	 remarkable	 to	
have	 observed	 any	 doping	 reaction	 at	 the	 illuminated	 re-
gion.	 The	 photoconductivity	 of	MEH-PPV	 can	 be	 dramati-
cally	enhanced	by	adding	a	stronger	electron	acceptor	such	
as	 the	 buckminsterfullerene,	 C60.41	 In	 the	 MEH-PPV:C60	
composite,	 photo-generated	 electrons	 in	 MEH-PPV	 are	
captured,	in	less	than	a	picosecond,	by	the	low-lying	LUMO	
of	PCBM,	causing	effective	(~100%)	separation	of	the	pho-
to-generated	electrons	and	holes	and	suppression	of	early	
recombination.	 In	 fact,	 it	 is	 the	 discovery	 of	 this	 ultrafast	
photo-induced	 charge	 transfer	 between	 conjugated	 poly-
mers	and	 fullerenes	 that	gave	birth	 to	 the	highly	efficient	
polymer	bulk-heterojunction	solar	cells.42-43	We	apply	this	
concept	to	demonstrate	that	photoconductivity	is	indeed	at	
play	in	the	creation	of	a	Laser-BPE.			
A	 chlorobenzene	 solution	 containing	 equal	 weight	

amounts	 of	 MEH-PPV	 and	 PCBM	 was	 prepared.	 PCBM,	
[6,6]-phenyl-C61-butyric	acid	methyl	ester,	is	a	soluble	C60	
derivative	 commonly	 used	 in	 polymer	 solar	 cells.	 Small	
droplets	of	the	MEH-PPV:PCBM	solution	were	drop-cast	to	
the	exposed	 surface	of	 a	planar	PLEC	 identical	 to	 the	one	
shown	in	Figure	2.	The	droplets	were	allowed	to	dry	on	a	
hot	plate	at	50°	C	for	two	hours	before	the	PLEC	was	acti-
vated.	 Figure	 4(a)	 shows	 time-lapse	 images	 of	 the	 planar	

PLEC	under	a	300	V	bias	and	UV	illumination	from	the	top.	
The	 images	 only	 show	 a	 region	 that	 contained	 two	MEH-
PPV:PCBM	 dots,	 one	 illuminated	 with	 the	 laser	 and	 one	
without	 illumination.	The	 illuminated	MEH-PPV	dot	had	a	
diameter	of	1.04	mm.	The	100	µW	laser	beam	was	expand-
ed	to	730	µm	in	diameter	to	illuminate	the	dot	from	below.	
This	means	that	the	average	beam	intensity	was	about	13	
times	 less	 than	 that	 in	 the	 previous	 device	 without	 any	
MEH-PPV:PCBM	 dots.	 On	 the	 other	 hand,	 it	 has	 been	
shown	that	at	a	one-to-one	MEH-PPV:C60	ratio,	the	steady-
state	 photoconductivity	 enhancement	 at	 473	 nm	 was	
about	 20	 times	 higher	 compared	 to	 pure	 MEH-PPV.	 41	
Therefore,	 the	free	carrier	concentration	is	comparable	to	
the	illuminated	region	in	Figure	2.	
In	Figure	4(a),	the	top	MEH-PPV:PCBM	dot	was	not	illu-

minated	by	laser.	It	appeared	black	under	UV	illumination	
due	to	heavy	PL	quenching.	Note	that	the	PL	quenching	by	
PCBM	or	C60	 is	different	 from	that	caused	by	 in	situ	elec-
trochemical	doping.	In	the	former	case,	the	PL	is	quenched	
due	to	the	afore-mentioned	photo-induced	charge	transfer	
process,	also	known	as	photo-doping.	The	 lower	dot	 is	 la-
ser-illuminated	form	the	bottom	of	the	cell.	Remarkably,	a	
dark,	growing	PL-quenched	region	in	the	shape	of	a	finger	
appeared	 on	 the	 left	 (anodic)	 side	 of	 the	 illuminated	 dot.	
There	is	little	doubt	that	the	dark	finger	is	caused	by	elec-
trochemical	p-doping	originated	from	the	laser-BPE.	Com-
pared	to	the	laser-BPE	doping	shown	in	Figure	2,	the	finger	
here	 is	 much	 darker	 and	 highly	 visible	 without	 any	 en-
hancement.	However,	 unlike	 the	previous	 case,	 the	 actual	
size	of	the	laser-BPE	cannot	be	observed	by	turning	off	the	
laser	 due	 to	 the	 presence	 of	 PCBM	 that	 causes	 heavy	 PL	
quenching	throughout	the	MEH-PPV:PCBM	dot.	

	
Figure	4.	(a)	Original	time-lapsed	photoluminescence	imag-

es	 of	 a	 planar	 PLEC	 in	 the	 region	 that	 contained	 two	 MEH-
PPV:PCBM	(1:1)	dots	coated	on	top	of	the	PLEC	film.	The	bot-
tom	dot	was	illuminated	with	the	blue	diode	laser	from	below.	
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The	 time	 delay	 between	 consecutive	 images	 was	 7.8	 s.	 (b)	
Distance	between	tip	of	the	propagating	laser-BPE	p-doping	to	
the	center	of	the	illuminated	MEH-PPV:PCBM	dot	as	a	function	
of	 time.	 The	data	were	 extracted	 from	10	 images	 in	 (a).	 The	
dashed	 line	 is	 a	 linear	 fit	 to	 the	 data.	 The	 schematic	 shows	
how	 the	 distance	 was	 measured.	 (c)	 Average	 distance	 be-
tween	the	propagating	DE	p-doping	and	the	edge	of	the	posi-
tive	DE.	The	dashed	 line	 is	 a	 linear	 fit	 to	 the	data.	 The	 sche-
matic	shows	electrode-to-electrode	view	of	the	PLEC	and	how	
the	 distance	 was	 measured.	 The	 distance	 value	 (averages)	
were	extracted	in	Matlab.	

To	determine	 the	 size	of	 the	Laser-BPE,	 the	doping	 fin-
gertip	positions	(relative	to	the	dot	center)	were	extracted	
from	the	images	and	plotted	against	time,	as	shown	in	Fig-
ure	4(b).	The	relation	is	highly	linear,	from	which	a	propa-
gation	rate	of	25.3	µm/s	was	calculated.	Time	zero	is	taken	
as	 the	 time	 when	 p-doping	 was	 first	 observed	 from	 the	
positive	 DE	 electrode.	 The	 y	 (position	 axis)	 intercept	 of	
about	320	µm	gives	 the	radius	of	 the	 laser-BPE.	For	com-
parison,	Figure	4(c)	shows	the	average	DE	p-doping	 front	
position	(relative	to	the	edge	of	the	positive	DE)	as	a	func-
tion	of	time.	A	linear	relation	is	again	observed,	from	which	
a	slightly	fast	propagation	rate	of	26.8	µm/s	was	deduced.	
A	 tiny	 protrusion	 is	 also	 visible	 from	 the	 top	 MEH-
PPV:PCBM	 dot	 after	 a	 significant	 delay.	 The	 protrusion	
increased	in	size	and	pointed	to	the	direction	of	the	nega-
tive	 DE.	 This	 suggests	 that	 it	 is	 also	 electrochemical	 p-
doping	 in	 nature.	 Thus,	 the	 top	 dot	 also	 functioned	 as	 a	
BPE,	albeit	a	much	weaker	one	without	laser	illumination.	
The	experimental	 and	modeling	 results	of	Figure	2	and	

Figure	3	offer	 a	proof-of-concept	demonstration	of	 a	new	
type	of	BPE.	BPE	 illumination	has	been	 reported	 in	 some	
recent	studies	where	light	is	applied	as	a	stimulus	to	facili-
tate	 various	 photoelectrochemical	 actions.44-47.	 In	 particu-
lar,	direct	UV	illumination	of	TiO2	nanofibers	or	nanoparti-
cles	allows	 for	 the	generation	of	 Janus	objects	via	electric	
field	assisted	photoelectrochemistry.48-49	The	current	study	
represents	 a	 major	 advancement	 through	 its	 demonstra-
tion	of	BPE	from	illumination	alone.	The	laser	spot	defines	
the	size	and	 location	of	 the	BPE	generated.	The	 laser-BPE	
can	 be	 created	 on-demand,	 anywhere	 between	 the	 DEs,	
and	without	 the	use	of	any	metallic	or	sensitizing	materi-
als.	 This	 is	made	 possible	with	 the	mixed	 conductor	 of	 a	
PLEC.	In	a	planar	PLEC,	the	mixed	conductor	provides	both	
the	counter-ions	needed	 for	 the	doping	reaction	and	a	CP	
that	serves	the	dual	functions	of	a	photoconductor	and	the	
species	to	be	reduced/oxidized.	In	Figure	4,	the	concept	of	
laser-BPE	 is	 extended	 to	 a	well-known	polymer	 solar	 cell	
material	 with	 greatly	 enhanced	 photosensitivity.	 This	 re-
sulted	 in	 faster	 and	 stronger	 doping	 reaction	 from	 the	 il-
luminated	Laser-BPE	at	a	lower	excitation	level.		
In	both	Figure	2	and	Figure	4,	the	expected	electrochem-

ical	 n-doping	 from	 the	 cathodic	 pole	 of	 the	 Laser-BPE	 is	
notably	absent.	Whereas	in	planar	PLECs	with	evaporated	
or	 inkjet-printed	 metal	 disc	 BPEs,	 both	 p-	 and	 n-doping	
have	been	observed	under	 the	 right	 conditions.	 In	 planar	
PLECs	made	with	metallic	BPE	arrays,	the	p-	and	n-doping	
originated	 from	 neighboring	 BPEs	 can	 even	 interact	 to	
form	 strongly	 emitting	 light-emitting	 p-n	 junctions.28	 We	
note	 that	 even	 for	 metallic	 BPEs,	 the	 appearance	 of	 BPE	
doping	 can	 be	 significantly	 delayed	 due	 to	 an	 insufficient	
applied	driving	potential.21	Moreover,	 the	delays	 incurred	

by	 the	 BPE	 p-	 and	 n-doping	 can	 also	 be	 different.	 In	 one	
instance,	only	BPE	p-doping	was	observed	even	when	the	
DE	doping	fronts	had	already	reached	the	BPE.	In	order	to	
satisfy	 the	 fundamental	 requirement	of	 electric	neutrality	
for	any	BPE,	we	must	consider	 the	 following	possibilities:	
(1)	the	BPE	n-doping	is	simply	too	faint	and	small	in	size	to	
be	 imaged	 under	 the	 testing	 conditions.	 In	 planar	 PLECs,	
the	 electrochemical	 n-doping	 of	 a	 CP	 is	 typically	 slower	
and	 fainter	 (less	quenched)	 in	 appearance	 than	p-doping,	
making	 it	 difficult	 to	 observe.	 This	 can	 be	 seen	 in	 Figure	
2(a)	 by	 comparing	 the	 DE	 n-doping	 on	 the	 left	 with	 the	
dark	DE	p-doping	to	the	right.	Near	the	laser-BPE,	the	faint	
n-doping	 can	 easily	 be	 obscured	 by	 the	 strong	 laser-
induced	 PL	 near	 the	 edge	 of	 the	 BPE	 or	 the	 dark	 MEH-
PPV:PCBM	composite.	 (2)	 the	BPE	 itself	or	 the	electrolyte	
has	participated	 in	 the	redox	reaction.	This	has	been	con-
firmed	in	the	doping	reactions	from	BPEs	that	are	electro-
chemically	 p-	 or	 n-doped	 polymers.29	 In	 a	 BPE	 that	 is	 an	
electrochemically	 p-doped	 MEH-PPV,	 only	 p-doping	 was	
observed	 while	 the	 cathodic	 reaction	 took	 the	 form	 of	
dedoping	of	a	p-doped	BPE.	In	the	MEH-PPV:PCBM	compo-
site	 Laser-BPE,	 the	 non-illuminated	 PCBM	 near	 the	 top	
surface	could	be	easily	reduced	due	to	its	low-lying	LUMO.	
For	 the	 well	 illuminated	 regions	 near	 the	 bottom	 of	 the	
film,	photo-doping	should	dominate.		
To	 test	 the	 first	 possibility,	 the	 laser	 power	 was	 in-

creased	to	400	µW	while	the	beam	diameter	decreased	to	
367	µm	to	test	a	planar	PLEC	with	a	MEH-PPV:PCBM	disc	
of	1.15	mm	in	diameter.	The	time-lapse	images	of	this	de-
vice	are	shown	in	Figure	S1	of	the	Supporting	Information	
section.	 In	 the	post-processed	 images,	 a	 small	 bright	pro-
trusion	 is	 visible	 directly	 to	 the	 right	 of	 the	 illuminated	
MEH-PPV:PCBM	 disc.	 This	 is	 consistent	 with	 the	 appear-
ance	of	BPE	n-doping	at	the	cathodic	pole	of	the	laser-BPE.	
The	faint	n-doping	is	only	visible	when	p-doping	from	the	
positive	 DE	 had	 already	 reached	 the	 laser-BPE.	 This	 pre-
vented	 the	 n-doped	 region	 from	propagating	 but	made	 it	
more	visible	due	to	 the	dark	appearance	of	 the	surround-
ing	p-doped	region.	Eventually,	the	n-doping	dot	faded	out.	
This	 ruled	out	 the	possibility	 that	 the	dot	was	a	defect	 in	
the	film.		
CONCLUSION	
We	demonstrate	a	new	type	of	BPEs	in	a	solid-state	elec-

trochemical	 cell	 by	 localized	 laser	 illumination	 only.	 This	
was	realized	in	a	planar	PLEC	that	did	not	initially	contain	
a	 physical	 BPE.	 Shining	 a	 focused	 laser	 beam	 onto	 the	
mixed	conductor	PLEC	film	causes	the	illuminated	area	to	
acquire	sufficient	photoconductivity	to	function	as	a	laser-
BPE.	 The	 planar	 PLEC,	 with	 a	 fully	 exposed	 surface	 be-
tween	 the	 DEs,	 also	 allows	 for	 easy	 visualization	 of	 the	
dynamic	doping	reaction	induced	by	the	laser-BPE.	Model-
ing	and	additional	experiments	with	a	more	efficient	pho-
toconductor	prove	beyond	doubt	the	formation	of	a	laser-
BPE	 via	 photo-excitation.	 The	 simplicity	 of	 laser-induced	
BPEC	promises	exciting	applications	 in	solid-state	organic	
photonic	 devices.	 We	 envision	 the	 formation	 of	 multiple	
laser-BPEs	of	 various	 sizes	 and	 shapes,	 via	 the	manipula-
tion	of	the	excitation	beam	or	beams	and	the	use	of	a	high-
ly	 photoactive	 under-layer	 below	 the	 solid-state	 electro-
chemical	cell.	The	concept	of	laser-BPE	can	also	be	used	as	
a	visual	platform	to	screen	photoconductors	for	photovol-



             6 

taic	applications.	BPEC	 is	poised	 to	have	a	greater	 impact	
due	 to	 its	 intrinsic	 advantages	 and	 new	 opportunities	 of-
fered	by	a	solid-state	electrochemical	cell.		

SUPPORTING INFORMATION 
FigureS1	shows	evidence	of	n-doping	induced	by	a	 laser-BPE	
operated	under	high	laser	illumination	intensity.	
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