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Organic Electronic Devices Based on 
Polymeric Material and 
Tunable Photonic Crystal

The	historical	 background	 and	 recent	

progress	 in	 the	 development	 of	 organic	

electronics	 and	photonic	 crystals,	 particu-

larly	 tunable	photonic	 crystals	 realized	by	

combining	photonic	 crystal	 structure	with	

functional	organic	molecules,	are	discussed.	

The	novel	characteristics	of	organic	electronic	

devices	with	mainly	 conducting	polymers,	

which	are	related	to	the	optical	effects,	and	

the	 tunable	photonic	 crystals	 composed	of	

periodic	structures	of	optical	wavelength	order	

combined	with	 functional	organic	materials	

are	demonstrated.

KEYWORDS:	organic	material,	 conducting	

polymer,	photonic	crystal,	liquid	

crystal

�. Introduction
Organic	electronics,	which	utilize	the	novel	

electrical	 and	optical	properties	of	organic	

materials,	 such	as	π-conjugated	molecules	

and	polymers	called	conducting	polymers,	and	

photonic	 crystals	 (PCs)	with	periodic	 struc-

tures	of	optical-wavelength	order,	are	consid-

ered	 to	be	key	 technologies	 for	 sustaining	

the	highly	advanced	 Information	Society	of	

the	21st	century.	The	ubiquitous	computing	

for	sustaining	such	a	society	must	be	based	

on	portable	electronics	and	opto-electronics	

devices	 with	 light	 weight,	 flexibility,	 low	

energy	consumption,	low	fabrication	cost	and	

high	reliability.

In	 this	paper,	we	discuss	 the	historical	

background	and	recent	progress	in	the	devel-

opment	of	organic	 electronics	 and	PCs.	 In	

particular,	 tunable	PCs	realized	by	combining	

the	PC	structure	with	functional	organic	mole-

cules,	as	proposed	by	us,	will	be	discussed	in	

detail.	In	other	words,	in	this	article	we	discuss	

organic	electronic	devices	based	mostly	on	

conducting	polymers,	 restricting	ourselves	

to	 fields	 related	 to	 the	photonic	effect	and	

tunable	PCs.

�. Organic Electronics
We	can	trace	the	origin	of	organic	elec-

tronics	back	 to	 the	 fundamental	pioneering	

study	of	the	electronic	conducting	character-

istics	of	aromatic	molecules	such	as	anthra-

cene	and	pentacene	by	Akamatu,	 Inokuchi,	

and	Matsunaga.1)	Since	then,	these	aromatic	

molecules	 cal led	 organic	 semiconduc-

tors	with	 conjugated	π-electrons	and	 their	

charge	 transfer	complex	have	been	studied	

in	detail.	On	the	other	hand,	in	1970,	studies	

of	conducting	polymers	with	highly	extended	

π-conjugated	electron	 systems	 in	 the	main	

chain	of	linear	polymers	became	highly	devel-

oped	after	the	discovery	of	superconductivity	

in	 (SN)x2)	and	 the	 insulator–metal	 transition	

in	polyacetylene	 (CH)x.3)	These	π-conjugated	

polymers	called	conducting	polymers,	attracted	

great	interest	from	both	scientific	and	practical	

industrial	 viewpoints.	Subsequently,	 various	

novel	 applications	of	 conducting	polymers	

have	been	proposed,	which	also	stimulated	

fundamental	studies	of	conducting	polymers	

and	the	development	of	new	conducting	poly-

mers.	Conducting	polymers	can	be	considered	

to	partially	have	the	graphite	structure	which	

is	 the	first	carbon	materials	used	 in	electrical	

engineering	by	Edison,	 for	example,	as	 the	

filament	of	an	incandescent	lamp.

On	 the	other	hand,	based	on	detailed	

studies	of	 the	unique	dynamical,	electrical,	

and	optical	properties	of	 liquid	crystals	 (LCs),	

LC	display	(LCD)	devices	have	been	extensively	

developed,	and	now	cathode	ray	tube	(CRT)	

display	devices	have	been	mostly	replaced	by	

LCDs.	The	low	energy	consumption	and	light	

weight	of	LCDs	are	essential	for	portable	elec-

tronic	devices.	This	success	of	LCDs	utilizing	

organic	LCs	in	electronics	triggered	the	devel-

opment	of	organic	electronic	and	optoelec-

tronics	devices.

Simple	and	 low-cost	processes	 for	 the	

fabrication	of	organic	devices	are	also	attrac-

tive	 to	 engineers.	 For	 example,	 solution	

methods	can	be	applied	for	large-area	devices	

without	 the	need	 for	 a	 vacuum	system.	 It	

should	also	be	noted	 that	 various	 types	of	

organic	materials	with	desired	electronic	band	

schemes	 can	be	molecularly	designed	and	

fabricated.

Organic	devices	 can	also	be	 fabricated	

on	various	kinds	of	substrates,	 such	as	 flex-

ible	polymers.	That	 is,	mechanical	flexibility	 is	

another	key	advantages	of	organic	devices.

There	are	so	many	fields	in	which	organic	

devices	may	play	important	roles,	but	we	will	

restrict	ourselves	to	several	examples	such	as	

organic	light-emitting	diodes	(OLEDs),	organic	

photodetectors	(OPDs)	and	organic	solar	cells	

and	organic	thin	film	transistors.

Indeed,	 the	applications	of	organic	 inte-
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grated	devices,	 such	as	organic	 transistors,	

OLEDs	and	OPDs,	 in	display	panels	and	 inte-

grated	plastic	 ICs,	and	organic	sensor	devices	

have	been	greatly	progressing.	The	potential	

for	commercialization	is	high	for	these	organic	

devices	because	they	are	seen	to	compete	 in	

application	areas	where	the	market	can	incur	

costs	 in	development.	 In	portable	and	wear-

able	 electronic	 and	optoelectronic	devices	

and	computers	which	are	 important	devices	

in	ubiquitous	systems,	organic	devices	would	

play	the	most	important	role.

OLEDs	 utilizing	 fluorescent	 dyes	 or	

conducting	polymers	 are	 capable	of	 emis-

sion	over	a	wide	visible	range	with	high	effi-

ciency,	and	require	only	a	low	driving	voltage.	

Recently,	OLEDs	that	have	a	long	lifetime	and	

excellent	durability	have	been	realized	for	flat-

panel	display	applications.	 There	are	 some	

demands	 for	 the	use	of	OLEDs	not	only	 in	

display	applications	but	also	as	various	 light	

sources.

There	are	two	types	of	devices,	LEDs	and	

lasers,	 for	transmitting	optical	signals	and /or	

energy.	LEDs	have	lower	power	but	are	much	

less	expensive	than	laser	devices,	and	are	used	

for	short	distances	and	multimode	paths.	The	

nanosecond	transient	electroluminescence	of	

the	blue	OLED	has	also	been	reported.	OLEDs	

can	be	expected	 to	be	applied	 to	electro-

optical	conversion	devices	for	generating	high-

speed	optical	pulses.	OPDs	utilizing	copper	

phthalocyanine	have	been	demonstrated	 to	

have	a	high-speed	response.	OPDs	can	also	be	

applied	to	optoelectrical	conversion	devices	for	

receiving	high-speed	optical	pulses.

�.� OLEDs
OLEDs	have	attracted	great	 interest	 for	

thin	 film	 flat-panel	display	 and	 solid	 state	

lighting	device	 applications.	An	additional	

advantage	of	polymeric	organic	LEDs	(PLEDs)	

utilizing	 conducting	 polymer	 is	 that	 they	

can	be	 simply	 fabricated	by	wet	processes,	

including	ink-jet,	and	screen-printing	methods,	

and	other	solution	processes	on	various	kinds	

of	 substrates	 including	polymeric	 substrates	

for	flexible	devices.4)

Both	 PLEDs	 and	 emissive	 low-weight-

molecule-based	OLED	have	been	developed	

by	extensive	utilization	of	 initially,	 fluorescent	

materials	and,	 later,	phosphorescence	mate-

rials.

For	PLEDs,	the	introduction	of	side	chains	

to	 linear	conducting	polymers	was	ground-

breaking,	 because,	 with	 this	 introduc-

tion,	 conducting	polymers	became	 soluble	

and	 fusible,	 and	 their	 emission	 intensity	

was	enhanced	depending	on	 the	 length	of	

side	chains.5-7)	 In	 this	 respect,	 it	 should	be	

mentioned	that	the	synthesis	of	poly(9,9-dial-

kylfluorene)	with	a	 large	band	gap8)	and	the	

first	observation	of	blue	electroluminescence	

(EL)	 in	a	PLED	utilizing	 this	material9)	 stimu-

lated	the	synthesis	of	this	type	of	conducting	

polymer.	That	 is,	 conducting	polymers	with	

desired	band	gaps	 could	be	designed	and	

prepared	to	realize	red,	green	and	blue	emis-

sion	of	PLEDs.10-12)	Particular	effort	has	been	

expended	for	obtaining	blue-emission	PLEDs.

It	should	also	be	mentioned	that	the	intro-

duction	of	SP3	carbon	or	hetero-atoms	such	as	

Si	and	Sn	in	the	main	chain,	as	shown	in	Fig.	1,	

was	found	to	be	effective	 for	 increasing	the	

band	gap	in	order	to	realize	blue	emission	and	

for	enhancing	emission	 intensity	by	exciton	

confinement.13,14)

The	 matching	 of	 the	 bottom	 of	 the	

conduction	band	and	the	top	of	the	valence	

band	of	the	conducting	polymer	to	the	Fermi	

energy	 levels	of	 the	cathode	and	the	anode,	

respectively,	 in	PLED	devices	 is	also	important	

for	achieving	carrier	injection.	In	particular,	the	

introduction	of	nitrogen	atoms	to	the	struc-

ture	was	successful	 lowering	 the	bottom	of	

the	 conduction	band	 to	 facilitate	 electron	

injection.15,16)

To	 realize	 strong	emission,	 it	has	been	

found	 to	be	 effective	 to	use	phosphores-

cent	materials.17,18)	That	 is,	 it	 is	effective	 to	

enhance	EL	 emission	 intensity	by	 emissive	

recombination	of	 triplet	excitons.	Here,	we	
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4-(1’-naphthyl)-5-phenyl-1,2,4-triazole	 (TAZ)	

has	been	 reported	 to	 show	a	peak	 internal	

quantum	eficiency	of	nearly	100%.21)

Poly(n-vinylcarbazole)	 (PVCz)	 is	used	as	

a	host	material	 for	PLEDs	because	of	 its	high	

triplet	level	for	some	emitting	phosphorescent	

complexes,	and	 it	shows	high	device	perfor-

mance.	The	starburst	molecule,	1,3,5-tris[4-

(diphenylamino)phenyl]benzene	(TDAPB),	has	

good	hole	transport	characteristics	owing	to	

its	highest	occupied	molecular	orbital	(HOMO)	

levels,	and	is	expected	to	have	triplet	energy	

levels	suitable	as	the	host	for	the	phosphores-

cent	material	Ir(ppy)3.	TDAPB	is	reported	to	be	

a	starburst	molecule	with	excellent	hole-trans-

porting	characteristics	for	organic	EL	devices.22)	

In	addition,	TDAPB	 is	 resistant	 to	crystalliza-

tion	because	of	 its	 steric	hindrance;	 it	 also	

possesses	excellent	wet-process	 film-forming	

will	only	report	recent	results	as	examples.	A	

low-molecular-weight	phosphorescent	OLED	is	

usually	fabricated	by	evaporation	or	molecular	

deposition	in	vacuum.	However,	for	a	practical	

low	cost	device,	a	wet	process	 is	desirable.	

Here,	we	will	explain	one	of	 the	trials	as	an	

example.19,20)

Phosphorescent	organic	LEDs	(PHOLEDs),	

fabricated	 using	 heavy-metal-containing	

phosphorescent	 compounds,	 exhibit	 high	

external	 quantum	 efficiencies	 and	 their	

radiative	 emission	 comes	 from	 the	 triplet	

states.	 In	order	to	achieve	high	device	perfor-

mances,	host	materials	with	 suitable	 triplet	

levels	are	needed	 to	 realize	efficient	energy	

transfer	 from	 the	host	 to	 the	dopants.	 For	

example,	 the	green	phosphorescent	dye	of	

bis(2-phenylpyridine)iridium(III)	 acetylaceto-

nate	 [(ppy)2Ir(acac)]	 doped	 into	3-phenyl-

properties.	Starburst	molecules	are	useful;	they	

combine	the	superior	characteristics	of	small	

molecules	and	polymers	such	as	sublimation	of	

materials	and	wet-process	film	formation,	and	

are	expected	to	yield	high-efficiency	devices	

fabricated	by	solution	processes.

The	phosphorescent	dye	tris(1-phenyliso-

quinoline)iridium(III)	 [Ir(piq)3]	has	been	 inves-

tigated	 for	 red	PLEDs.	We	have	used	poly-

meric	 PVCz	 and	 starburst	 low-molecular-

weight	TDAPB	as	host	materials	 in	order	 to	

improve	device	performance	by	combining	the	

advantages	of	a	polymer	and	a	low	molecular	

weight.	 In	addition,	using	 the	red	phosphor	

results	 in	exciplex	emission	between	the	host	

and	carrier	 transport	material	 (Fig.	2).	We	

have	employed	 two	 types	of	host	materials	

for	the	efficient	red	PLEDs	and	have	discussed	

the	energy	transfer	from	the	host	blend	to	the	

Fig.2	 Photograph	of	flexible	PLED	with	Ir(piq)3.
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dopant	and	the	confinement	triplet	energy	in	

the	dopant.23)

Usually,	 OLED	 is	 applied	 to	 flat	 panel	

displays.	However,	there	are	many	other	possi-

bilities,	for	example,	a	light	source	in	place	of	

incandescent	 lamps	or	fluorescent	 lamps	and	

also	in	optical	communication.	Here,	we	briefly	

mention	 that	because	of	 the	 wet-process	

fabrication	 technology	of	OLED,	 it	 can	be	

fabricated	directly	on	 the	 end	 terminal	 of	

optical	fibers.	High-speed	optical	communica-

tion	of	video	signals	utilizing	 the	OLED	and	

the	OPD	with	Cu–phthalocyanine	have	been	

successfully	demonstrated.24)

�.� Conducting polymer laser
We	have	demonstrated	 that	electronic	

energy	schemes	of	conducting	polymers	best	

fit	 lasers	because	 they	are	 typical	 four-elec-

tronic-energy-level	 systems,	with	which	we	

can	 realize	population	 inversion	and	 lasing	

with	low	threshold	excitation.25)

Indeed,	even	without	outer	cavity	mirrors,	

super-radiation	was	observed	upon	optical	

excitation	 in	conducting	polymers.26)	By	 the	

introduction	of	 fluores-

cent	 conducting	 poly-

mers	 in	 cavit ies,	 low	

threshold	 lasing	can	be	

realized.26)

We	 examined	 the	

microring	 structure	 of	

la ser s 	 by 	 immers ing	

optical	fibers	 in	solutions	

of	 conducting	polymer.	

Then	 we	 were	 able	 to	

prepare	microring	struc-

tures	surrounding	optical	

fibers.27)	 A	 microring	

lasing	 device	 was	 also	

prepared	 by	 uti l iz ing	

the	microdisk	 structure	

on	 the	 substrate.28,29)	

H o w e v e r, 	 h e r e , 	 w e	

res t r ic t 	 ourse lves 	 to	

microring	fibers.

As	 shown	 in	 Fig.	

3(a),	 the	spectral	width	

decreases	 drast ical ly	

above	a	certain	threshold	

excitation	 intensity.	 It	

should	also	be	mentioned	

that	 upon	 decreasing	

the	diameter	of	the	fiber,	

single	mode	 laser	emis-

sion	 was	 observed,	 as	

shown	in	Fig.	3(b).

We	proposed	the	formation	of	microring	

structures	 utilizing	 glass	 pipes	 instead	 of	

fibers.30)	 In	 the	case	of	pipes	microrings	can	

be	 formed	not	only	on	the	outer	surface	of	

the	pipe	but	also	on	 its	 inside	 surface.	The	

spectrum	shown	in	Fig.	4(a)	was	obtained	by	

optical	excitation	on	 the	double-ring	device	

made	 of	 poly(2-methoxy-5-dodecyloxy-p-

phenylenevinylene)	(MDDOPPV).

By	the	analysis	of	Fig.	4(a),	 the	emission	

was	confirmed	to	originate	from	both	outside	

and	inside	rings.	It	should	also	be	stressed	that	

by	utilizing	a	different	 conducting	polymer	

on	the	 inside	surface	from	that	on	the	outer	

surface,	 two-color	 lasing	can	be	realized,	as	

shown	in	Fig.	4(b).30)

�.� Organic solar cells
There	are	two	types	of	organic	solar	cells,	

donor–acceptor	solar	cells	based	on	electron	

transfer	between	donors	and	acceptors,	such	

as	 fullerene	C60	 and	 their	derivatives,	 and	

dye-sensitized	TiO2	cells,	the	so-called	Graetzel	

solar	cells.31)

The	first	 type	of	solar	cells	resulted	from	

our	 finding	of	photoinduced	charge	transfer	

between	conducting	polymers	and	C60.32-34)	

Here,	we	will	discuss	only	this	type	of	device.

As	shown	 in	Fig.	5,	photoluminescence	

of	conducting	polymer	 is	 strongly	quenched	

whereas	 photoconductivity	 is	 markedly	

enhanced	upon	the	introduction	of	C60	to	the	

conducting	polymer.	These	novel	characteris-

tics	can	be	explained	by	photoinduced	charge	

transfer	between	the	conducting	polymer	and	

C60.32-34)

Utilizing	various	combinations	and	struc-

tures	 of	 conducting	 polymers	 and	 fuller-

enes,	 various	 types	of	 solar	cells	have	been	

proposed,	 such	as	 simple	 junction	 layers	as	

well	as	others	obtained	by	 introducing	new	

concepts	such	as	photon-harvest	molecules,	

and	condensed	 interfaces,	 interpenetrating	

networks,	and	selective	doping.35-37)
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�.� Organic thin film field-effect 
transistors and others

Organic	 field-effect	 transistors	 (OFETs)	

fabricated	with	the	conducting	polymer,	poly-

thiophene,	on	Si	 substrates	were	 reported	

by	Koezuka	et al.41)	On	the	other	hand,	we	

reported	 FETs	 on	polymer	 substrates.42)	 It	

should	also	be	mentioned	that	in	our	junction	

devices	utilizing	poly(3-alkylthiophene),	which	

exhibits	 thermochromic	behavior,	 strongly	

temperature-dependent	characteristics	were	

observed.43)	After	those	reports,	many	papers	

on	 the	 FET	 were	published.	 To	 apply	 wet	

processes,	soluble	conducting	polymers	have	

been	preferred.	On	the	other	hand,	to	obtain	

high	carrier	mobility,	 low-molecular-weight	

aromatic	molecules	have	been	preferred	and	

used.	Therefore,	a	method	of	applying	wet	

processes	 to	aromatic	molecules	as	well	as	

oligomers	has	been	sought.

The	high	performance	of	OFETs	fabricated	

from	an	annealed	pentacene	 solution	and	

organic	 transistors	with	 solution-processed	

source /drain	electrodes	using	metal	nanopar-

ticles	have	been	reported.

The	thiophene	oligomers	with	high	carrier	

mobility	are	candidates	for	realizing	all-organic	

circuits	on	an	active	semiconductor	 layer.	A	

high	mobility	of	greater	 than	0.1cm2 / (V·s)	

can	be	obtained	from	oligothiophene	transis-

tors	fabricated	by	dry	processing.	OLEDs	with	

oligothiophene	as	the	hole-transporting	layer	

have	been	reported.

On	the	other	hand,	soluble	poly(3-alkyl-

thiophene)	 is	one	of	passes	 from	the	 liquid	

phase	 to	 the	 solid	phase.	OFETs	 fabricated	

by	casting	 show	higher	 field,	making	 them	

promising	materials	 for	 large-area	devices.	

The	field-effect	mobility	of	polymer	transistors	

fabricated	by	wet	processing	is	more	strongly	

dependent	on	 the	 self-organized	 structure,	

which	 is	 influenced	by	the	polymer	solution,	

than	 that	of	 transistors	 fabricated	by	 spin	

coating.	Various	bipolar-type	OFETs	based	on	

composites	of	p-type	conducting	polymers	

and	n-type	dyes	have	been	fabricated	by	spin-

coating.	 It	 is	also	of	 interest	 to	examine	the	

OFETs	having	composites	of	conducting	poly-

mers	and	dyes	with	the	same	backbone.44)

Organic	chromic	devices	are	also	prom-

ising	for	applications	in	various	fields.

We	 have	 proposed	 a	 color	 switching	

device	based	on	the	reversible	insulator–metal	

transition	occurring	 in	 conducting	polymer	

upon	doping	and	undoping.45-47)	 This	 idea	

came	 to	us	when	a	drastic	 change	 in	elec-

trical	conductivity	owing	to	insulator	transition	

upon	doping	was	discovered,45-47)	because	

we	had	expected	a	color	change	 from	that	

conducting	polymer	 in	the	insulating	state	to	

a	metallic	color	 in	the	metallic	state	resulting	

from	 plasma	 reflection.	 Indeed,	 dramatic	

change	 in	color	and	excellent	characteristics	

of	color	switching	 in	conducting	polymer	as	

were	expected.	The	color	depends	on	the	kind	

of	conduction	polymer.	For	example,	polythio-

phene	switches	between	red	 in	the	 insulator	

phase	to	blue	in	the	metallic	state.	Multicolor	

changes	 can	be	 realized	 in	polyaniline	and	

other	 conducting	polymers.	 The	 switching	

speed	 is	 faster	 than	 those	of	 conventional	

nematic	LC	(NLC)	devices.	The	 life	exceeding	

105	 cycles	 can	 be	 demonstrated.45-47)	 To	

be	widely	used,	a	 longer	cycle	 life	 is	neces-

sary,	 and	 the	 use	 of	 an	 ionic	 liquid	 has	

been	reported	to	be	one	of	 the	methods	of	

improvement.48)

By	designing	an	appropriate	molecular	

structure	 of	 the	 conducting	 polymer	 and	

It	 should	be	mentioned	 that,	compared	

with	the	conventional	solar	cells	shown	in	Fig.	

6(a),	in	which	light	impinges	from	the	indium	

tin	oxide	 (ITO)	electrode	 side	on	which	 the	

conducting	polymer	 layer	 is	 formed,	 in	 the	

inverted	structure	of	the	device	shown	in	Fig.	

6(b),	 the	conversion	efficiency	was	 increased	

markedly	 owing	 the	 suppression	 of	 the	

window	effect	of	 the	conducting	polymer.38)	

That	 is,	by	utilizing	a	 transparent	ZnO	elec-

trode	on	which	a	C60	layer	is	formed	and	irra-

diating	from	this	side,	the	window	effect	was	

eliminated,	because	electron–hole	separation	

occurs	at	the	 interface	between	C60	and	the	

conducting	polymer	junction.39)

It	 should	also	be	mentioned	 that	 in	 the	

interpenetrating	network	 type	of	 solar	cells	

of	simple	structure,	by	optimizing	the	disper-

sion	of	C60	 in	conducting	polymer	by	various	

methods	 such	as	annealing,	high	efficiency	

was	also	attained,	as	shown	in	Fig.	7.40)

Composite

ITOQuartz

Al

(b)(a)

Quartz

Au

ZnO

EQ
E 

(%
)

Wavelength (nm)

(a) 

C
u

rr
en

t 
(m

A
/c

m
2 )

C
u

rr
en

t 
(m

A
/c

m
2 )

Voltage (V)

(b)

1:0.25 (no annealing: 1.78%) 

1:0.5 (annealing at 100oC: 2.22%)  

1:0.75 (annealing at 125oC: 1.79%)  

1:1 (annealing at 150oC: 1.49%) 

300 400 500 600 700 800
0

20

40

60

80

100

–0.5 0.0

–10

10

–10

–4

–2

0
2

4

6

8

10

–1.0 1.0

–8

–6

0.5

–8

–6

0.5

Fig.6	 Schematic	device	structures	of	(a)	conventional	type	and	(b)	inverted	type	
with	ZnO	layer.

Fig.7	 EQE	spectra	and	I–V	characteristics	of	thin-film	solar	cells	with	composite	system	of	conducting	polymer	and	C60	
obtained	under	various	postdeposition	annealing	conditions.



Invited Review Paper

	 	 JSAP	International			No.17	(January	2008)								�

device	structure	and	system,	a	full-color,	reli-

able	long-life	optical	device	should	be	realized	

in	the	near	future.

�. Photonic Crystal
Recently,	 PCs	with	 a	 three-dimension-

ally	periodic	structure	of	the	order	of	optical	

wavelengths	have	attracted	great	 interest,	

because	 in	 this	new	class	of	material	novel	

concepts	such	as	a	photonic	band	gap	(PBG)	

in	the	energy	range	of	which	photons	cannot	

exist	or	propagate.	Upon	the	 introduction	of	

defects,	localized	states	at	which	photons	can	

localize	are	 formed	 in	 the	PBG.	That	 is,	PBG	

materials	are	a	new	class	of	ordered	structures	

with	a	periodicity	of	optical-wavelength	order,	

which	facilitates	the	manipulation	of	photons	

in	the	same	way	that	a	semiconductor	controls	

the	flow	of	electrons.49,50)	The	propagation	of	

photons	 in	such	PCs	 is	 similar	 to	 the	propa-

gation	of	electrons	 in	 semiconductors.	 The	

PBG	in	a	PC	plays,	for	photons,	the	same	role	

as	the	forbidden	energy	gap	for	electrons	 in	

semiconductors,	thereby	allowing	the	manip-

ulation	of	 light	 flow.	Hence,	optical	devices	

that	are	analogous	to	semiconductor	devices	

are	made	feasible	by	this	phenomenon.	As	a	

consequence,	PBG	devices	have	the	potential	

for	accomplishing	 for	optical	 circuitry	what	

semiconductor	devices	have	done	 for	elec-

trical	 circuitry.	A	number	of	unusual	optical	

properties	are	predicted	 in	PCs.	 In	particular,	

the	study	of	stimulated	emission	 in	 the	PBG	

is	one	of	 the	most	attractive	subjects,	since,	

in	 the	PBG,	 spontaneous	emission	 is	 inhib-

ited	and	 low-threshold	 lasers	based	on	PCs	

are	expected.49,51-54)	 In	order	to	realize	PCs,	a	

large	number	of	intensive	studies	on	microfab-

rication	based	on	semiconductor	processing	

technology55-57)	and	self-assembly	construc-

tion	of	 nanoscale	 spheres58,59)	 have	been	

carried	out.

Silica	opal	 is	a	type	of	naturally	occurring	

PC	that	consists	of	well-ordered	three-dimen-

sional	 (3-D)	arrays	of	SiO2	spheres,	that	have	

diameters	in	the	range	of	visible	wavelengths.	

Indeed,	the	iridescent	coloration	of	such	opals	

is	caused	by	the	diffraction	of	light	from	these	

regular	arrays	of	 silica	particles	of	monodis-

persed	diameter	of	optical-wavelength	order.

�.� Fabrication of �-D PC: synthetic 
opal and inverse opal

Synthetic	 opals	 are	 prepared	 by	 the	

following	 process.	 Monodispersed	 silica	

colloidal	 spheres	are	synthesized	 in	aqueous	

solutions	by	well-known	procedures.	Ordered	

colloidal	crystals	having	various	PBGs	can	be	

prepared	by	 sedimentation	of	 the	 suspen-

sion	of	monodispersed	SiO2	spheres	of	various	

diameters.	 These	 crystals	 are	 annealed	 at	

100–120 ºC	and	 sintered	at	600–700 ºC	 to	

induce	a	small	degree	of	interparticle	sintering,	

which	mechanically	 stabilizes	 the	 structure.	

These	mechanically	 robust,	porous	opals	are	

cut	 into	plates.	 Thin	 film	of	 synthetic	opal	

can	also	be	formed	by	sedimentation	of	SiO2	

spheres	in	a	sandwich	cell	made	of	two	glass	

plates	with	a	separation	of	several	to	hundreds	

µm.	 Porous	 opal	 prepared	 by	 this	 proce-

dure	has	a	fcc	crystal	 lattice	structure,	which	

is	 sometimes	 faulted	with	hexagonal-close-

packed	stacking	arrangements.	Polymer	opals	

are	also	prepared	directly	utilizing	polymer	

spheres	of	nanosize	 in	diameter	 (Fig.	8).	As	

evident	 in	 the	scanning	electron	microscope	

(SEM)	 image,	 in	 this	opal,	 regular	 stacks	of	

silica	spheres	were	confirmed.	Figure	9	shows	

the	transmission	and	reflection	spectra	of	the	

synthetic	opals	prepared	by	 this	method.	As	

clearly	 shown	 in	 this	 figure,	clear	 reflection	

peaks	and	 transmission	dips	were	observed	

depending	on	the	size	of	the	spheres,	which	

indicates	the	regular	periodic	array	of	particles.	

The	peak	and	the	dip	correspond	to	the	band	

gap	of	the	3-D	PC	of	opal.

The	 opal	 prepared	 by	 this	 procedure	

contains	an	interconnecting	structure	of	tetra-

hedral	and	octahedral	voids.	These	voids	are	

fully	 interconnected	by	 channels	 through	

hexagonal	close-packed	 layers.	 Inverse	opals	

can	be	prepared	by	 filling	 the	 voids	 with	

secondary	materials	 such	 as	 liquid	photo-

polymer	 and	 consequently	 removing	 silica	

particles	by	HF	etching.	Carbon	inverse	opals	

with	 3-D	 periodicity	 can	 be	 prepared	 by	

infiltrating	phenol	 resin	 and	 subsequently	

removing	silica	using	HF,	followed	by	annealing	

for	carbonization.	Carbon	can	also	be	directly	

infiltrated	in	voids	by	chemical	vapor	eposition	

(CVD).	For	example,	propylene	(C3H6)	is	chosen	

as	the	precursor	gas	 in	order	to	 increase	the	

reaction	yield	in	the	CVD	process.60)

As	 clearly	 shown	 in	Fig.	 8(b),	 regular	
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stepwise	 changes	 at	 the	phase	 transition	

points,	which	 is	consistent	with	 the	directly	

measured	refractive	 index	of	various	phases.	

It	 should	also	be	mentioned	similar	stepwise	

change	of	the	stop	band	was	also	observed	in	

Pcs	of	smectic-LC-infiltrated	opals,	as	shown	

in	Fig.	10.	That	 is,	 these	results	 indicate	the	

possibility	of	the	temperature	tuning	of	PCs	of	

LC-infiltrated	opals.

Phase	transition	behavior	of	LC	was	also	

confirmed	to	change	when	it	was	infiltrated	to	

nanovoids	in	the	opal	from	dielectric	measure-

ments.	The	dispersion	frequency	of	the	dielec-

tric	constant	of	NLC	in	the	nanosize	voids	 in	

the	opal	 is	higher	 in	frequency	by	about	one	

order	of	magnitude	 than	 that	 in	a	conven-

tional	sandwich	cell,	which	 is	consistent	with	

the	faster	response	speed	of	the	electrooptic	

effect	in	the	opal	infiltrated	with	LC.	This	may	

originate	 from	the	 strong	 interaction	of	LC	

molecules	with	the	inner	surface	of	the	nano-

scale	voids	in	the	opal,	resulting	in	the	strong	

recover	force.	It	should	be	mentioned	that	this	

tenability	in	LC-infiltrated	opal	is	reversible.

c)	Thermochromism	of	conducting	poly-

mers	infiltrated	into	opal

We	 proposed	 the	 novel	 temperature	

tuning	method	of	the	optical	stop	band	using	

the	 change	 in	 the	 refractive	 index	 associ-

ated	with	the	thermochromism	of	conducting	

polymer	 infiltrated	 into	 synthetic	 opals.	

Figure	11	shows	the	transmission	spectra	of	a	

synthetic	opal	infiltrated	with	poly(3-octadecy-

lthiophene)	(PAT-18)	as	a	function	of	tempera-

ture.	As	is	evident	from	this	figure,	the	wave-

arrays	of	voids	were	observed	in	inverse	opal.	

The	size	of	voids	depend	on	the	diameter	of	

silica	spheres.

�.� Tunability of optical properties 
in opal-based PCs

We	have	 combined	 experimental	 and	

theoretical	studies	to	devise	and	evaluate	new	

types	of	PCs:	 tunable	PCs	 (TPCs)	based	on	

synthetic	opals.	The	TPCs	consist	of	periodic	

particle	arrays	which	provide	either	optical	

or	electrical	 tunability	 for	 the	properties	of	

the	PC,	particularly	 the	width	and	position	

of	the	PBG.	The	tunability	can	be	realized	by	

changing	 the	periodicity,	 crystal	 structure,	

or	 refractive	 index,	 for	example.	One	of	 the	

methods	of	 changing	 the	 refractive	 index	

of	PCs,	synthetic	opals	with	SiO2	spheres,	 is	

to	 infiltrate	various	active	materials,	 such	as	

metals,	 semiconductors,	organic	molecules	

and	polymers,	 into	 the	nano-scale	 voids	of	

the	opals.58)	TPCs	are	expected	 to	combine	

the	advantageous	properties	of	conventional	

PCs	with	the	tunability	of	the	refractive	indices	

of	such	active	materials	as	conducting	poly-

mers,	photoresponsive	materials,	and	meso-

genic	materials.	Modifications	of	 the	period-

icity	and	crystal	structure	can	also	be	realized	

by	applying	mechanical	stress	to	plastic	opals	

fabricated	by	the	sedimentation	of	nanoscale	

polymer	spheres.	Various	new	functionalities	

are	expected	in	these	TPCs	made	of	infiltrated	

opals	and	inverse	opals.

3.2.1 Temperature tuning
Temperature	 tuning	of	 the	optical	prop-

erties	of	PCs	has	been	achieved	by	various	

approaches.	 We	 have	 demonstrated	 the	

temperature	 tuning	of	 the	stop	band	of	 the	

reflection	spectrum	a)	by	heat	 treatment	at	

temperatures	 higher	 than	

900 ºC,	b)	upon	 refractive	

index	change	at	 the	phase	

transition	 temperature	 in	

LC-infiltrated	opal,	 and	 c)	

due	to	the	thermochromism	

of	conducting	polymers	infil-

trated	in	a	synthetic	opal.

a)	Heat	treatment	of	SiO2	

opal

The	stop	band	position	

of	SiO2	opal	 can	be	 tuned	

via	 the	effect	of	heat	 treat-

ment.	Upon	heat	treatment	

at 	 temperatures 	 higher	

than	900 ºC,	 reflection	spectra	change	with	

changing	treatment	period	Th.	Bragg	diffrac-

tion	peaks	 at	 each	 incident	 angle	 shift	 to	

shorter	wavelengths	with	increasing	Th,	which	

can	be	interpreted	in	terms	of	the	decrease	of	

periodicity.	That	 is,	the	lattice	constant	evalu-

ated	 from	 the	analysis	 of	diffraction	peak	

decreases	monotonically	with	 increasing	heat	

treatment	period	Th,	which	were	consistent	

with	the	electron	microscope	observation	and	

can	be	interpreted	to	be	due	to	the	progress	

of	 sintering.	From	these	results,	 it	has	been	

confirmed	that	the	effective	lattice	periodicity	

of	PCs	can	be	tuned	at	any	value	 in	a	wide	

range	by	heat	treatment.61)	 It	should	also	be	

noted	that	the	pore	size	of	opals	can	also	be	

controlled	by	heat	 treatment,	which	should	

also	influence	the	infiltration	of	foreign	mate-

rial	and	its	characteristics.62)	It	should	be	noted	

that	this	type	of	tuning	is	permanent.

b)	LC-infiltrated	opal

The	 s top	 band	 of	

opals	 infiltrated	with	LCs,	

such	as	NLC	and	smectic	

LC,	shows	a	marked	shift	

with	changing	 tempera-

ture.	 It	 should	 also	 be	

mentioned	that	the	wave-

length	of	 the	 stop	band	

shifts	 stepwise	 at	 the	

phase	 transition	 points	

between	various	phases,	

which	can	be	 interpreted	

in	terms	of	the	change	in	

refractive	index.	As	shown	

in	Fig.	3,	 the	 refractive	

index	of	NLC	 (ZLI-1132)	

evaluated	by	the	analysis	

of	 the	 stop	band	 shows	
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length	of	 the	 stop	band	shifts	 considerably	

with	 increasing	temperature.	For	example,	at	

the	wavelength	of	725nm,	the	transmittance	

can	be	varied	from	1.6%	(room	temperature,	

RT)	to	47%	(140ºC)	by	changing	the	temper-

ature.	 It	should	be	noted	that	these	shifts	of	

the	 transmission	 spectra	with	 temperature	

were	confirmed	to	be	reversible.	The	change	in	

the	refractive	index	of	PAT-18	evaluated	from	

the	change	 in	the	stop	band	with	 increasing	

temperature	coincides	with	that	of	the	directly	

estimated	value.	That	 is,	the	blue	shift	of	the	

peak	wavelength	of	 the	 stop	band	can	be	

attributed	 to	 the	decrease	 in	 the	 refractive	

index	of	PAT-18	which	 is	due	to	the	 increase	

of	 the	band	gap	of	PAT-18,	with	 increasing	

temperature.

3.2.2 Mechanical tuning in plastic opal
The	periodicity	and	 filling	 factor	of	 the	

opals	and	infiltrated	opals	can	be	controlled	by	

applying	mechanical	stress.	In	the	case	of	silica	

opal,	upon	applying	pressure,	we	can	observe	

a	change	in	the	periodicity,	which	results	in	the	

change	of	 the	optical	properties	such	as	 the	

stop	band	position	 in	 the	transmission	spec-

trum.

In	the	case	of	polymer	opals,	particularly	

opals	made	of	 elastomer	 spheres,	we	 can	

reversibly	 change	 the	optical	properties	by	

applying	mechanical	stress.	As	shown	in	Fig.	

12,	 the	reflection	peak	of	 the	plastic	opal	 is	

confirmed	to	shift	drastically	upon	the	applica-

tion	of	uniaxial	mechanical	stress	perpendicular	

to	the	light	beam.	This	effect	can	be	explained	

as	a	change	 in	 the	periodicity	 in	 the	direc-

tion	of	the	 light	beam.	That	 is,	 the	reflection	

peak	exhibited	 large	redshift	upon	the	appli-

cation	of	pressure,	owing	to	 the	 increase	 in	

the	periodicity	 in	the	direction	of	 light	beam.	

On	the	other	hand,	the	reflection	peak	exhib-

ited	blue	shift	as	a	result	of	stretching	due	to	

the	decrease	of	 the	periodicity	 in	 the	direc-

tion	of	the	 light	beam.	These	results	suggest	

the	possibility	of	mechanical	tuning	of	the	PC.	

Mechanical	 tenability	was	also	demonstrated	

in	elastomeric-polymer	 inverse	opal	prepared	

by	the	replica	method.

3.2.3 Voltage tuning
Voltage	tuning	can	be	realized	in	synthetic	

PAT-infiltrated	opal	used	as	one	of	 the	elec-

trodes	 in	an	electrochemical	cell.	Upon	elec-

trochemical	doping	of	the	conducting	polymer	

infiltrated	into	the	opal,	the	shift	of	the	reflec-

tion	peak	was	observed.	By	 analyzing	 the	

reflection	peak	as	function	of	the	electric	field,	

the	observed	results	can	be	explained	in	terms	

of	 the	change	 in	 the	refractive	 index	of	 the	

conducting	polymer	infiltrated	into	opals	upon	

electrochemical	doping	of	BF4
–	ions.	This	result	

indicates	 the	possibility	of	voltage	tuning	of	

PCs.

On	 the	 other	 hand,	 LCs	 have	 a	 high	

optical	anisotropy	and	are	sensitive	to	external	

stress	such	as	an	electric	field.	Because	of	such	

optical	anisotropy	and	field	sensitivity,	TPC	has	

been	proposed	to	be	made	of	opal	or	inverse	

opal	 infiltrated	with	LC.	 In	 the	LC-infiltrated	

opal	thin	film	made	of	SiO2	spheres,	the	stop	

band	 shift	 upon	 voltage	 application	 was	

confirmed.	This	is	interpreted	to	originate	from	

the	refractive	index	change	due	to	the	molec-

ular	reorientation	caused	by	the	voltage	appli-

cation.

Figure	13(a)	shows	reflection	spectra	of	

the	polymer	 inverse	opal	 infiltrated	with	5CB	

as	a	function	of	the	amplitude	of	applied	rect-

angular	voltage	(f=1kHz).	The	 light	was	 irra-

diated	perpendicularly	to	the	replica	film,	 i.e.,	

in	the	[111]	direction.	As	 is	evident	from	this	

figure,	 the	 reflection	peak	 shifts	 to	 shorter	

wavelengths	with	 increasing	 voltage.	 This	

has	been	interpreted	to	be	due	to	the	refrac-
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tive	 index	change	caused	by	 the	molecular	

reorientation	along	the	applied	electric	 field.	

In	 the	 initial	state,	 the	refractive	 index	of	LC	

filled	 into	nanosize	voids	 in	 the	opal	 should	

be	macroscopically	averaged	and	 is	equiva-

lent	to	that	in	the	isotropic	phase,	because	of	

the	3-D	symmetry	of	 the	arrangement	and	

shape	of	the	voids	without	electric	field.	Under	

applied	electric	 field,	however,	 the	LC	mole-

cules	align	along	the	field	parallel	to	the	direc-

tion	of	light	propagation,	and	the	ratio	of	the	

molecules	aligning	parallel	 to	the	direction	of	

light	propagation	slightly	increases.	As	a	result,	

the	component	of	the	refractive	 index	no	for	

ordinary	 light	 increases	 in	each	void,	and	the	

averaged	 refractive	 index	of	 LC	decreases.	

Consequently,	 the	 reflection	peak	 shifts	 to	

shorter	wavelengths.	A	similar	behavior,	 that	

is,	the	shift	of	the	peak	position	of	the	reflec-

tion	spectrum	upon	applying	voltage,	has	also	

been	observed	in	silica	opal	infiltrated	with	LC.

Figure	13(b)	 shows	the	voltage	depen-

dence	of	the	reflection	peak	wavelength	λLC	of	

the	polymer	inverse	opal	 infiltrated	with	5CB.	

The	total	shift	of	λLC	upon	the	application	of	

300 V	 is	about	35nm,	which	 is	much	 larger	

than	that	of	the	silica	opal	infiltrated	with	5CB.	

This	should	be	attributed	to	the	large	volume	

fraction	of	the	voids	filled	with	LC,	the	refrac-

tive	index	of	which	changes	upon	the	applica-

tion	of	voltage	compared	with	that	in	the	silica	

opal.

The	orientation	of	directors	of	LCs	changes	

upon	 applying	 magnetic	 field.	 Therefore,	

magnetic	field	tuning	of	reflection	and	trans-

mission	in	opals	infiltrated	with	LCs	can	be	real-

ized.

In	 the	above-described	electric	 field	and	

magnetic	 field	 tuning	of	PC	characteristics	

in	LC-infiltrated	opals,	any	LCs,	such	as	NLC,	

smectic	LC,	and	cholesteric	LC,	can	be	used.	

On	the	contrary,	opals	infiltrated	with	LCs	can	

be	used	as	optically	detectable	magnetic	field	

sensors.

3.2.4 Optical tuning
The	optical	properties	of	materials	 that	

have	been	infiltrated	into	synthetic	opals	and	

that	 also	 constitute	opal	 replicas	 can	also	

be	controlled	by	 light	 irradiation.	We	have	

demonstrated	 that	 the	optical	property	of	

PCs	 infiltrated	with	photochromic	molecules	

or	polymers	and	polymers	containing	photo-

chromic	moeties	such	as	azobenzene	 in	 the	

side	chains	can	be	controlled	by	 light	 irradia-

tion.	In	this	case,	we	can	either	permanently	or	
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explained	by	the	amplified	spontaneous	emis-

sion	(ASE)	and	the	latter	by	multimode	lasing	

(ML)	influenced	by	the	optical	feedback	due	to	

the	periodic	structure	of	the	opal	matrix.

�. Photonic Crystal based on 
Self-Organized Helix Structure 
of Chiral Liquid Crystals

LCs	 including	a	 chiral	molecule	have	a	

self-organized	helical	 structure	 that	 can	be	

regarded	as	a	one-dimensional	 (1-D)	periodic	

structure	 and	 shows	 characteristic	 optical	

properties.63)	 In	 such	 systems	with	a	helix,	

light	propagating	 along	 the	helical	 axis	 is	

selectively	reflected,	depending	on	the	polar-

ization	states,	 if	 the	wavelength	of	 the	 light	

matches	the	optical	pitch	of	the	helical	struc-

ture,	 this	 is	 called	 selective	 reflection.	 The	

wavelength	region	 in	which	the	 light	cannot	

propagate	is	the	stop	band,	and	is	considered	

the	1-D	pseudo-band	gap.	Lasing	at	the	band	

edge	has	been	reported	in	the	cholesteric	LC	

(CLC),64,65)	chiral	smectic	LC,66-68)	and	polym-

erized	cholesteric	LC	(PCLC).69,70)	These	 laser	

actions	 in	 the	1-D	helical	 structure	of	chiral	

LCs	are	 interpreted	to	be	based	on	the	band	

edge	of	the	1-D	photonic	band	gap	in	which	

the	photon	group	velocity	is	suppressed.71)

�.� Photonic band gap and band 
edge lasing in CLC

In	 the	helical	periodic	 structure	of	 the	

CLCs,	light	propagating	along	the	helical	axis	is	

selectively	reflected,	depending	on	the	polar-

ization	states.	 If	 the	wavelength	of	 the	 light	

matches	to	the	optical	periodicity	of	the	helical	

structure,	 this	 is	 called	 selective	 reflection.	

In	this	case,	 there	are	two	types	of	circularly	

polarized	standing	waves	with	

zero	group	velocity	at	the	edges	

of	the	stop	band,	as	shown	in	

Fig.	15.	Here,	the	rods	indicate	

the	molecular	 long	axes	of	the	

CLC	molecules	and	the	arrows	

show	the	polarization	direction	

of	the	standing	waves.	For	one	

standing	wave,	the	polarization	

direction	of	the	 light	 is	parallel	

to	the	molecular	long	axis	and,	

if	 we	 dope	 a	 laser	 dye,	 the	

polarization	becomes	parallel	

to	 the	 transition	moment	of	

the	 doped	 dye.	 This	 light	 is	

subjected	to	 the	extraordinary	

refractive	 index	of	 the	LC	and	

has	 lower	energy	with	respect	

to	a	traveling	wave,	which	corresponds	to	the	

longer	edge	of	the	stop	band.	Moreover,	this	

circularly	polarized	standing	wave	effectively	

interacts	with	the	 laser	medium	and	we	can	

expect	 the	 low	threshold	 laser	action	at	 the	

longer	wavelength	edge	of	the	band	gap.

4.1.1 Electrical tunability of lasing wave-
length in dye-doped ferroelectric LC

Chiral	smectic	LCs	with	a	tilted	structure	

show	a	 ferroelectricity,	and	are	called	 ferro-

electric	 LCs	 (FLCs).	 They	are	promising	 for	

electrooptic	 applications	because	of	a	 fast	

response	to	the	electric	 field.72)	The	FLC	also	

has	a	helical	 structure	and	 shows	 selective	

reflection	due	to	the	1-D	periodic	structure	in	

almost	the	same	manner	as	the	CLC.73)

Figure	16	 shows	 emission	 spectra	 of	

dye-doped	FLC	as	a	function	of	pump	energy.	

For	 low	pump	energy	 (1.76 µJ /pulse),	 the	

spectrum	 is	dominated	by	a	broad	 sponta-

neous	emission	and	a	dip	 is	observed	 in	 the	

broad	 spectrum.	 The	 dip	 originates	 from	

the	 selective	 reflection	band	 resulting	 from	

the	helix	of	 FLC.	As	 the	excitation	energy	

increases,	the	emission	intensity	 is	enhanced.	

At	a	high	excitation	energy	 (10.4 µJ /pulse),	

lasing	becomes	evident	as	a	sharp	peak	at	the	

lower	energy	edge	of	the	dip.	The	full	width	at	

half	maximum	(FWHM)	of	the	emission	peak	is	

less	than	0.5nm.	The	laser	light	emitted	from	

the	FLC	is	circularly	polarized	and	the	sense	of	

the	polarization	 is	 right-handed,	which	coin-

cides	with	the	helical	 sense	of	 the	FLC	used	

here.	This	strongly	supports	the	idea	that	the	

laser	action	in	the	dye-doped	FLC	is	based	on	

the	band-edge	effect	in	the	periodic	structure	

of	the	FLC	helix.

transiently	control	the	PC	by	 light	 irradiation.	

Materials	 that	exhibit	photoinduced	phase	

transition	are	also	 interesting	 for	 infiltration	

into	synthetic	opals.

3.2.5 Solvent effects
To	 clarify	 the	possibility	 of	 tuning	 the	

stop	band	of	opals	used	as	PCs,	 the	shift	of	

the	stop	band	and	the	diffraction	peak	were	

studied	as	a	function	of	the	refractive	index	of	

the	solvent.	The	reflection	peak	shifts	drasti-

cally	upon	changing	 the	solvent.	The	wave-

length	of	 the	reflection	peak	 increases	with	

increasing	 refractive	 index	of	 the	 solvent.	

These	findings	suggest	the	possibility	of	tuning	

the	PBG	in	the	infiltrated	PCs.

�.� Enhancement of spectral nar-
rowing and lasing by infiltration into 
opal

We	have	 reported	 the	 observation	 of	

the	 inhibited	 spontaneous	 emission	of	 an	

organic	dye,	 rhodamine	6G,	 infiltrated	 in	a	

polymer	replica	of	synthetic	opal	as	a	PC.	The	

morphology-dependent	resonances,	superim-

posed	on	the	broadband	emission	of	rhoda-

mine	6G	owing	to	spherical	wavelength-sized	

microcavity	enhancement	of	dye	emission,	

have	been	observed.

The	spectral	narrowing	of	photolumines-

cence	 (PL)	and	 the	evolution	of	sharp	emis-

sion	 lines	upon	optical	excitation	have	also	

been	observed	in	opals	made	of	SiO2	spheres	

infiltrated	with	conducting	polymers	such	as	

poly(2-methoxy-5-dodecyloxy-p-phenylen-

evinylene)	 (MDDOPPV)	and	also	 fluorescent	

dyes	 such	as	 rhodamine	6G,	NK-3483,	and	

coumarin	120.	The	lasing	characteristics	were	

found	to	be	dependent	on	the	combination	of	

the	dyes	and	conducting	polymers	as	well	as	

the	periodicity	of	the	opal	and	also	the	refrac-

tive	index	of	the	solvent.	Lasing	was	observed	

when	 fluorescent	dyes	exhibiting	green	PL,	

red	PL,	and	purple	PL	were	infiltrated	in	green	

opal,	 red	opal,	and	purple	opal,	 respectively.	

These	results	 suggest	 that	 the	periodicity	of	

the	opal	plays	an	important	role	in	lasing.

Figure	14	shows	the	emission	spectra	of	

the	purple,	green	and	red	opals	infiltrated	with	

THF	 solution	of	 coumarin	120,	MDDO-PPV,	

and	NK-3483,	 respectively,	as	a	 function	of	

excitation	 intensity.	With	 increasing	excita-

tion	 intensity,	 the	PL	peak	became	markedly	

enhanced	 in	 intensity	and	the	spectral	width	

became	much	narrower.	 In	addition,	 sharp	

new	emission	lines	appear.	The	former	can	be	
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length	can	be	controlled	over	a	wide	range	by	

applying	electric	field.

4.1.2 Laser action in photopolymerized CLC
Optically	pumped	 laser	action	has	been	

observed	in	a	dye-doped	flexible	freestanding	

film	of	photopolymerized	CLC	(PCLC).	 In	the	

PCLC	film,	the	self-organized	helical	structure	

acts	as	a	1-D	PC.	At	a	high	excitation	intensity	

above	the	threshold,	 laser	action	 is	observed	

at	the	edge	of	the	1-D	photonic	band	of	the	

PCLC	helical	 structure.	This	PCLC	 film	 laser	

possesses	an	excellent	mechanical	 flexibility,	

and	 the	 laser	 action	 is	 also	observed	 in	 a	

bent	film	of	PCLC,	as	shown	in	Fig.	18.	This	

implies	that	the	1-D	periodic	structure	needed	

for	the	laser	action	is	maintained	even	in	the	

deformed	 film.	Using	 such	 flexibility	of	 the	

PCLC	film,	a	focusing	effect	of	 laser	emission	

is	demonstrated	in	a	circularly	deformed	film.	

Moreover,	the	helical	pitch	of	the	PCLC	has	no	

temperature	dependence,	 in	contrast	 to	that	

The	helix	of	FLC	can	be	easily	deformed	

by	applying	electric	 field	and	 its	 response	 is	

fast	because	of	the	strong	interaction	between	

the	spontaneous	polarization	and	electric	field.	

FLC	has	a	spontaneous	polarization	Ps	normal	

to	 the	molecules	and	parallel	 to	 the	smectic	

layers.	When	the	electric	field	is	applied	in	the	

layer,	 for	 lower	field,	Ps	 tends	to	point	along	

the	field	direction	and	FLC	molecules	start	to	

reorient	 toward	the	direction	normal	 to	 the,	

resulting	in	the	deformation	of	the	helix.	In	the	

equilibrium	state,	the	deformation	of	the	helix	

might	cause	the	elongation	of	 its	periodicity.	

Above	the	 threshold	 field,	all	FLC	molecules	

orient	 towards	 the	 same	direction	and	 the	

helix	is	unwound.	The	fact	that	the	periodicity	

of	the	helical	structure	of	the	dye-doped	FLC	

can	be	controlled	by	applying	an	electric	field	

prompts	us	 to	expect	 the	possibility	of	elec-

tric	 field	 tuning	of	 the	 laser	emission	wave-

length.	Figure	17	shows	the	lasing	spectra	of	

the	dye-doped	FLC	at	high	excitation	energy	
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(24 µJ /pulse)	 as	 a	 function	of	 the	 applied	

electric	 field.	 It	 should	be	noted	 that	 lasing	

wavelength	 shifts	 greatly	 towards	 longer	

wavelengths	 with	 increasing	 field,	 which	

corresponds	to	the	shift	of	the	selective	reflec-

tion	band.	In	spite	of	a	weak	field	(3.5kV /cm),	

wide	 tuning	of	 the	 lasing	wavelength	was	

achieved.

Lasing	 in	 the	FLC	mentioned	above	has	

been	performed	 in	 the	cell	 configuration	 in	

which	the	helical	axis	 is	perpendicular	to	the	

substrates	and	 laser	 light	 is	emitted	perpen-

dicularly	 to	 the	cell	 surface.	 In	 this	configu-

ration,	 the	pump	beam	 is	 absorbed	 in	 the	

vicinity	of	 the	 interface	between	the	LC	and	

the	substrate,	and	doped	dye	 in	 the	bulk	 is	

not	effectively	excited.	We	have	designed	a	

planar	cell	 configuration	of	dye-doped	FLC	

for	 lasing,	 in	which	 the	helix	axis	 is	parallel	

to	 the	 substrates,	 and	demonstrated	opti-

cally	pumped	lasing	in	a	waveguide.68)	Also	in	

this	waveguide	LC	 laser,	 the	emission	wave-
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Fig.21	 (a)	Transmission	spectrum	of	dye-doped	double	PCLC	composite	
film	with	twist	defect.	(b)	Emission	spectrum	of	double	PCLC	composite	
film	at	above	the	threshold	pump	pulse	energy	(200nJ/pulse).

with	a	twist	defect.

The	 PCLC	 film	 with	 the	 twist	 defect	

was	prepared	as	 follows.81)	Photo-polymer-

izable	CLC	monomer	was	spin-coated	 from	

a	toluene	solution	onto	a	glass	substrate	on	

which	a	polyimide	(AL-1254)	was	coated	and	

rubbed	in	one	direction.	 In	order	to	obtain	a	

uniform	planar	alignment,	 the	 coated	CLC	

was	annealed	at	a	 temperature	 just	below	

the	clearing	point.	The	CLC	molecules	on	the	

substrate	align	 their	directors	parallel	 to	 the	

glass	plate,	that	 is,	 the	helical	axis	 is	perpen-

dicular	to	the	glass	substrate.	UV	light	irradia-

tion	was	performed	using	a	Xe	lamp	to	induce	

photopolymerization	of	 the	UV-curable	CLC	

monomer.	Two	PCLC	films	were	put	together	

as	the	directors	of	LC	molecules	at	the	 inter-

face	between	 these	 films	 to	 form	a	certain	

angle	ϕ .	 In	other	words,	 there	 is	a	discontin-

uous	phase	jump	of	the	azimuthal	angle	of	the	

helical	structures	between	these	PCLC	films	at	

the	 interface,	and	it	acts	as	a	twist	defect	 in	

the	helicoidal	periodic	structure,	as	shown	in	

Fig.	20.

Figure	21(a)	shows	the	transmission	spec-

trum	of	the	dye-doped	double-PCLC	composite	

of	unpolymerized	cholesteric	LC.	This	means	

that	the	operation	wavelength	of	laser	action	

is	thermally	stable,	which	is	a	great	advantage	

for	device	application.

4.1.3 Electrically tunable lasing in nematic 
waveguide under holographic excitation

The	distributed	feedback	(DFB)	laser	action	

can	be	achieved	with	a	transient	grating	using	

interference	fringes	induced	by	two	excitation	

laser	beams	 (holographic	excitation).	 In	 this	

geometry,	 the	 lasing	wavelength	λDFB	upon	

holographic	excitation	can	be	expressed	by	

λDFB=neff	λex /m sin	θ,

where	neff	 is	the	effective	refractive	index	

of	the	active	medium,	λex	is	the	wavelength	of	

excitation	beams,	m	is	the	order	of	diffraction,	

and	θ 	 is	 the	half-angle	between	two	excita-

tion	beams.	According	to	 this	equation,	 the	

lasing	wavelength	can	be	tuned	by	changing	

θ 	and /or	neff.	Therefore,	if	neff	can	be	electri-

cally	controlled,	an	electrical	 tuning	of	 laser	

emission	upon	holographic	excitation	can	be	

expected.	Based	on	this	concept,	we	propose	

an	 electrical	 tuning	method	of	 the	 lasing	

wavelength	using	a	dye-doped	NLC	as	 an	

active	laser	medium	as	schematically	shown	in	

Fig.	19(a).	If	LC	having	extraordinary	and	ordi-

nary	refractive	 indices,	ne	and	no,	 is	used	as	

the	active	material	 for	the	 laser	medium,	the	

effective	 refractive	 index	neff	 can	be	electri-

cally	controlled	due	to	the	field-induced	reori-

entation	of	LC	molecules.	Therefore,	when	

a	dye-doped	NLC	waveguide	 is	holographi-

cally	excited,	the	lasing	wavelength	should	be	

tunable	by	changing	the	applied	electric	field	

across	the	LC	layer.

Figure	19(b)	 shows	the	voltage	depen-

dence	 of	 the	 lasing	 wavelength	 of	 the	

dye-doped	NLC	waveguide.	Above	V=0.8V,	

the	 lasing	peak	 for	 the	 transverse	magnetic	

Fig.20	 Schematic 	 expla-
nation	of	 the	double	PCLC	
composite	film	having	a	twist	
defect,	which	 is	a	disconti-
nuity	of	the	director	rotation	
around	the	helix	axis.
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(TM)-guided	mode	 (closed	 circle)	 showed	

a	 continuous	 red-shift	with	 increasing	 the	

applied	voltage.	The	threshold	voltage	for	the	

peak	shift	is	associated	with	the	Frederiks	tran-

sition	of	the	NLC.	The	electrical	tuning	of	laser	

action	could	be	performed	reversibly.

�.� Photon localization in chiral 
LCs with defect and its tunablility

The	 localization	of	 the	 light	utilizing	the	

defect	mode	caused	by	 imperfections	 in	 the	

periodic	 structure	 is	promising	 for	potential	

applications	such	as	low	threshold	

lasers	and	micro-waveguides.74-78)

4.2.1 Twist-defect-mode lasing 
in CLC

Laser	 actions	 reported	 so	

far	 in	chiral	LCs	are	observed	at	

the	edge	wavelength	of	the	stop	

band	and	are	associated	with	the	

group	 velocity	 anomaly	 at	 the	

photonic	band	edge.	On	the	other	

hand,	 low	threshold	 laser	action	

based	 on	 the	 photon	 localiza-

tion	at	 the	defect	 in	the	periodic	

structure	 can	also	be	expected.	

The	 introduction	of	a	defect	 into	

the	periodic	helical	 structure	of	

the	CLCs	has	been	 theoretically	

studied.79,80)	 In	particular,	Kopp	

and	Genack	have	predicted	 the	

existence	 of	 a	 single	 circularly	

polarized	 localized	mode	 in	 the	

twist	defect	of	CLCs.80)	We	exper-

imentally	demonstrated	the	defect	

mode	 in	 the	1-D	photonic	band	

gap	of	the	CLC	film	having	a	twist	

defect	for	the	first	time.	The	laser	

action	based	on	the	twist	defect	

mode	(TDM)	was	also	observed	in	

dye-doped	PCLC	composite	 film	
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film	containing	a	discontinuous	defect	 inter-

face.	A	stop	band,	the	1-D	photonic	band	gap,	

is	confirmed	in	the	spectral	range	from	580	to	

640nm.	It	should	be	noted	that	a	sharp	peak	

appears	at	611nm	within	the	photonic	band	

gap,	which	might	be	 related	 to	 the	defect	

mode	induced	by	the	introduction	of	the	twist	

defect	interface.

Figure	 21(b) 	 shows	 the	 emiss ion	

spectrum	 of	 the	 dye-doped	 double-PCLC	

composite	 film	with	 the	defect	 interface	at	

the	pump	energy	of	200nJ /pulse.	At	a	high	

excitation	energy	 (200nJ /pulse),	 laser	action	

appears	at	611nm,	which	 is	within	the	band	

gap	and	coincides	with	the	TDM	wavelength.	

With	 increasing	excitation	energy,	 another	

sharp	emission	peak	appears	at	638nm	which,	

corresponds	 to	 the	edge	wavelength	of	 the	

stop	band.	This	emission	peak	might	be	asso-

ciated	with	the	band-edge	lasing	that	appears	

in	PCLC	without	any	defect.	Consequently,	

defect-mode	lasing	occurs	at	a	lower	pumping	

energy	 compared	with	 that	of	band-edge	

lasing.

4.2.2 Transient defect mode induced by par-
tial deformation of helix

The	TDM	based	on	the	composite	film	of	

two	PCLCs	has	been	achieved.	However,	 its	

wavelength	cannot	be	tuned	by	applying	an	

external	field	such	as	an	electric	field	or	light.	

We	have	proposed	a	new	type	of	defect	mode	

in	the	helix,	that	can	be	dynamically	tuned	by	

applying	an	external	field.82)	Figure	22	shows	

a	schematic	explanation	of	a	photonic	defect	

in	CLC.	If	the	periodicity	(pitch)	of	the	helix	is	

partially	changed,	that	is,	the	pitch	is	partially	

squeezed	or	expanded,	these	 irregularities	 in	

the	periodic	 structure	should	act	as	defects	

and	cause	 light	 localization.	As	a	method	of	

inducing	partial	change	in	the	helix	pitch,	we	

propose	that	the	 local	modification	of	helical	

twisting	power	 (HTP)	 induced	by	 irradiation	

with	 focused	Gaussian	 laser	 light.	Optical	

control	of	HTP	can	be	realized	by	using	 the	

photochemical	effects	of	 the	doped	azoben-

zene,	nonlinear	optical	effects,	or	 simply	by	

heating.	Photoinduced	 reversible	control	of	

the	HTP	of	CLC	has	been	demonstrated	 in	

CLC	containing	photochromic	azobenzene,	

and	applications	to	reflection	display	devices,	

optical	 shutters,	 and	 optical	memory,	 for	

example,	have	been	studied.83,84)	By	trans–cis	

photoisomerization	of	the	doped	azobenzene,	

the	HTP	of	 the	host	CLC	changes,	 so	 that	

photoinduced	control	of	HTP	can	be	realized.

Figure	23	 shows	 the	 calculated	 trans-

mission	 spectra	 for	 the	 right-handed	circu-

larly	polarized	 (RCP)	and	 left-handed	circu-

larly	polarized	 (LCP)	 light	passing	 through	

the	CLC	with	a	chiral-defect-induced	partial	

helix	deformation.	The	calculation	was	carried	

out	assuming	 that	 the	HTP	 is	modulated	as	

HTP(z)=HTP0[1+α exp(-2z2 /w2)],	where	 the	

z-axis	is	parallel	to	the	helix	axis	and	2w	is	the	

diameter	of	the	light	beam,	α 	 is	the	modula-

tion	strength	of	HTP,	and	HTP0	 is	 the	 initial	

HTP.	The	helix	sense	of	CLC	 is	 right-handed.	

The	pitch	of	 the	helix	 is	350 nm,	and	ordi-

nary	and	extraordinary	 refractive	 indices	of	

LC	are	1.5	and	1.7,	 respectively.	The	 thick-

ness	of	the	CLC	is	5µm.	A	transmission	peak	

based	on	 the	defect	mode	was	observed	 in	

the	stop	band	for	the	RCP	light.	On	the	other	

hand,	when	 the	 incident	 light	was	LCP,	no	

defect	mode	was	observed.	 In	other	words,	

the	defect	mode	due	to	the	photon	localiza-

tion	in	our	system	can	be	realized	only	for	the	

circularly	polarized	light	with	the	same	hand-

edness	as	 the	helix,	which	 is	 similar	 to	 the	

result	for	the	TDM.	The	position	of	the	defect	

mode	depends	on	α	and	w.	With	decreasing	α,	

a	 transmission	peak	due	to	the	defect	mode	

shifts	 towards	 the	 longer-wavelength	edge.	

On	the	contrary,	with	 increasing	α ,	 the	peak	

shifts	 towards	 the	shorter-wavelength	edge.	

The	 increase	and	decrease	 in	α 	 correspond	

to	the	squeezing	and	expansion	of	 the	helix	

pitch.	Therefore,	 the	tuning	of	defect	modes	

could	be	achieved	by	partial	 squeezing	and	

expansion	of	the	helix.

4.2.3 Chiral defect fabricated by direct laser 
writing technique

We	 have	 proposed	 a	 novel	 approach	

to	 introducing	chiral	defects	 (local	modula-

tion	of	 the	helix	pitch)	 into	 the	helix	 struc-

ture	of	CLC.85,86)	A	 schematic	 explanation	

of	the	fabrication	procedure	 is	shown	in	Fig.	

24(a).	A	100 fs	pulse	of	a	Ti:sapphire	 laser	

at	 the	wavelength	of	800nm	and	repetition	

rate	of	80MHz	was	 focused	on	 the	sample	

cell	 through	an	objective	 lens	with	numer-

ical	aperture	 (NA)	1.4.	A	right-handed	PCLC	

material	 doped	 with	1 wt %	 of	 DCM	 dye	

aligned	homogeneously	 in	a	cell	with	a	gap	

of	6–7µm.	Direct	laser	writing	was	performed	

with	a	confocal	 laser	 scanning	microscope.	

The	laser	was	scanned	over	an	area	of	146.2×	

146.2µm2,	with	a	scan-line	resolution	of	2048	

lines	per	scan	area.	First,	 the	 laser	 light	was	

tightly	 focused	near	 the	 substrate	 surface	

in	 the	CLC	cell.	Two-photon	polymerization	

occurred	at	the	laser	focal	point	and	a	locally	

polymerized	PCLC	thin	film	was	obtained	on	

the	substrate	surface.	The	sample	was	 then	

flipped	over	and	laser	writing	was	performed	

Fig.22	 Schematic	explanation	of	 the	optically	 induced	chiral	defect	based	on	the	
partial	deformation	of	the	helix	pitch.

Fig.23	 Transmission	spectra	of	RCP	and	LCP	light	passing	through	the	CLC	
with	deformation-induced	chiral	defect	(α=-0.2,	w=300nm).
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Fig.24	 (a)	Schematic	explanation	of	fabri-
cation	procedure	of	PCLC	with	chiral	defect	
based	on	 local	photopolymerization	using	
scanning	confocal	microscope.	(b)	Transmis-
sion	and	 (c)	emission	 spectra	of	CLC	with	
chiral	defect.
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again	near	the	opposite	surface	of	the	cell.	As	

a	result,	a	hybrid	structure	was	fabricated,	 in	

which	an	unpolymerized	CLC	region	remained	

between	two	PCLC	films	on	the	cell	surface.

Figure	 24(b)	 shows	 the	 transmission	

spectra	 for	 right-handed	circularly	polarized	

light	of	 the	fabricated	CLC	defect	structure.	

A	single-defect	mode	 is	observed	within	the	

selective	 reflection	band	of	 the	CLC.	 The	

theoretical	 transmission	spectrum	was	calcu-

lated	using	Berreman’s	4×4	matrix,	and	good	

agreement	with	 the	experimental	 result	was	

obtained.	Figure	19(c)	 shows	 the	emission	

spectrum	of	 the	CLC	single-defect	structure	

at	high	pumping	energy,	along	with	the	corre-

sponding	transmission	spectrum.	Single-mode	

laser	 action	 is	 observed	at	628 nm,	which	

corresponds	to	the	defect-mode	wavelength.	

The	 lasing	 threshold	 for	 the	defect	mode	

structure	 is	16.7mJ /cm2,	which	 is	 less	 than	

half	 the	threshold	 in	CLC	without	the	defect	

structure.	The	reduction	of	the	lasing	threshold	

in	the	defect	structure	is	evidence	of	a	high-Q	

cavity	formed	by	the	defect.

�. Tunable-Defect-Mode Las-
ing in Periodic Structure Con-
taining LC Layer as Defect

LCs	have	high	optical	anisotropy	and	are	

sensitive	to	external	stress	such	as	an	electric	

field.	On	the	basis	of	such	optical	anisotropy	

and	field	sensitivity,	a	TPC	has	been	proposed	

in	opal	or	inverse	opal	infiltrated	with	LC.87-91)	

Although	opal	and	inverse	opal	are	simple	and	

inexpensive	means	of	realizing	3-D	PCs	by	self-

organization	of	 colloidal	particles,92,93)	 the	

introduction	of	defects	 into	the	3-D	periodic	

structure	 is	a	problem	that	must	be	resolved.	

Not	only	3-D	PCs	but	also	1-D	PCs	are	attrac-

tive	subjects.	Although,	the	1-D	PC	does	not	

have	a	 complete	PBG,	 there	are	numerous	

applications	using	the	extraordinary	dispersion	

of	the	photon	and	localized	photonic	state	in	

a	defect	layer.	So	far,	 intensive	studies	on	1-D	

PC	applications	have	been	reported:	air-bridge	

microcavities,94)	photonic	band-edge	lasers,95)	

nonlinear	optical	diodes,96)	and	the	enhance-

ment	of	optical	nonlinearity.77,97,98)	Recently	we	

introduced	a	LC	layer	in	a	dielectric	multilayer	

structure	as	a	defect	in	1-D	PC,99)	in	which	the	

wavelength	of	defect	modes	was	controlled	by	

applying	electric	field	because	of	a	change	in	

the	optical	length	of	the	defect	layer	caused	by	

the	field-induced	molecular	reorientation	of	LC.

�.� Tunable-defect-mode lasing in 
periodic structure containing LC layer 
as defect

We	have	introduced	a	LC	layer	in	a	1-D	PC	

as	a	defect,	where	the	wavelength	of	defect	

modes	was	controlled	by	applying	electric	field	

because	of	a	change	in	the	optical	length	of	the	

defect	layer	caused	by	the	field-induced	molec-

ular	reorientation	of	LC.100)	We	also	proposed	

a	wavelength-tunable	laser	based	on	an	electri-

cally	controllable	defect	mode	in	a	1-D	dielec-

tric	periodic	structure	containing	a	dye-doped	

LC	as	a	defect	 layer.101,102)	Figure	25	 shows	

the	1-D	PC	with	a	LC	defect.	A	dielectric	multi-

layer	consisting	of	 stack	of	alternating	SiO2	

and	TiO2	 layers	deposited	on	an	 ITO-coated	

glass	substrate	is	used	as	the	1-D	PC.	In	order	

Fig.25	 Schematic	explanation	of	1-D	PC	containing	liquid	crystal	as	defect.
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to	 introduce	 the	defect	 layer,	a	dye-doped	

NLC	 (Merck	E47)	was	sandwiched	between	

substrates	with	dielectric	multilayers	using	2µm	

spacers.	The	refractive	index	anisotropy	Δn	of	

E47	is	0.209	at	RT.	In	the	absence	of	an	elec-

Fig.26	 Transmission	spectra	of	1-D	PC	with	LC	defect	as	a	function	of	applied	
voltage.

Fig.27	 Voltage	dependence	of	defect-mode	lasing	wavelength	in	the	1-D	
PC	with	dye-doped	NLC	defect.

Fig.28	 (a)	Theoretical	transmission	spectra	of	1-D	PC	without	any	defect	(solid	
line)	and	CLC	without	PC	structure	(dashed	line).	 (b)	Theoretical	 transmission	
spectra	of	1-D	PC	containing	CLC	as	a	defect.	(c)	Magnified	transmission	spectra	
corresponding	to	(b).

tion	of	 the	LC	molecules.	Consequently,	we	

confirmed	that	the	wavelength	of	the	defect	

mode	in	a	1-D	PC	with	the	LC	layer	as	a	defect	

can	be	controlled	by	applying	voltage.

On	 the	 basis	 of	 the	 above-described	

defect-mode	 tuning,	 the	 lasing	 wave-

length	can	be	 controlled	by	applying	elec-

tric	field.101,102)	Figure	27	shows	the	voltage	

dependence	of	 the	 lasing	peak	wavelength	

in	a	1-D	PC	with	DCM-doped	LC.	The	 lasing	

peak	shifts	 toward	shorter	wavelengths	with	

increasing	 voltage,	 in	 the	 same	manner	as	

the	defect	mode	shift	shown	in	Fig.	26.	The	

wavelength	shift	of	 the	 lasing	peak	 is	about	

25nm,	even	upon	applying	 low	voltage.	As	

is	evident	 from	Fig.	27,	a	 threshold	voltage	

exists	for	the	peak	shift,	and	the	lasing	wave-

length	 shifts	 towards	 shorter	wavelengths	

above	 the	 threshold	of	1.1V.	This	 is	associ-

ated	with	Frederiks	transition	of	the	LC	in	the	

defect	layer.

�.� Double periodic structure: Helix 
defect in �-D PC

We	have	also	introduced	a	CLC	layer	in	a	

1-D	PC	as	a	defect.103-105)	Figure	28(a)	shows	

the	 theoretical	 transmission	 spectrum	of	a	

10-pair	multilayer	without	a	CLC	defect	(solid	

line),	and	a	simple	CLC	without	a	PC	struc-

ture	 (dashed	 line).	The	PBG	of	 the	CLC	was	

observed	between	605	and	680 nm,	which	

is	within	 the	PBG	of	 the	multilayer.	Figure	

28(b)	shows	the	calculated	transmission	spec-

trum	of	a	1-D	HPC	with	a	CLC	defect.	Many	

peaks	appear	at	regular	 intervals	 in	 the	PBG	
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tric	field,	the	long	molecular	axis	of	the	LC	is	

aligned	parallel	to	the	substrates	(y-axis).

In	order	to	 investigate	the	characteristics	

of	 the	defect	mode,	 the	 transmission	spec-

trum	of	 the	 linearly	polarized	 light	propa-

gating	along	the	z-axis	was	

measured	 from	 the	oppo-

site	side	of	 the	cell	using	a	

charge-coupled	device	(CCD)	

multichannel	 spectrometer.	

Figure	26	shows	the	voltage	

dependence	of	transmission	

spectra	 for	 incident	 light	

polarized	along	 the	y-axis,	

which	 corresponds	 to	 the	

rubbing	direction	 and	 the	

initial	orientation	direction	

of	 the	LC	molecules	 in	 the	

defect	 layer,	 as	 shown	 in	

Fig.	25.	A	rectangular	wave	

voltage	of	1kHz	was	applied	

be tween 	 I TO	 laye r s 	 to	

change	the	molecular	align-

ment	of	the	LC	in	the	defect	

layer.	The	solid	and	dashed	

lines	correspond	 to	spectra	

at	0	and	1.2V,	 respectively.	

The	 peaks	 of	 the	 defect	

modes 	 sh i f t 	 to 	 shor ter	

wavelengths	upon	applying	

voltage.	This	peak	shift	origi-

nates	 from	the	decrease	 in	

the	 optical	 length	 of	 the	

defect	 layer	 caused	by	 the	

f ield-induced	 reorienta-
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Fig.29	 Calcula ted 	 e lec t r i c 	 f ie ld	
strength	 in	 the	 cell	 of	 (a)	 1-D	 PC	
containing	CLC	defect	and	(b)	 simple	
CLC.

Fig.30	 (a)	Emission	spectrum	of	1-D	PC-containing	dye-doped	CLC	defect	
layer.	(b)	Theoretical	transmission	spectra	corresponding	to	the	emission	
spectrum.
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of	 the	HPC.	These	peaks	are	 related	 to	 the	

defect	modes	resulting	from	the	introduction	

of	the	CLC	defect.	However,	additional	peaks	

were	observed,	as	indicated	by	arrows,	which	

disrupted	 the	 regular	 interval	between	 the	

defect-mode	peaks	at	both	band	edges	of	the	

CLC.

The	 transmission	 spectra	 in	Fig.	28(b),	

magnified	around	the	longer	edge	of	the	PBG	

of	the	CLC,	are	shown	in	Fig.	28(c).	Four	main	

peaks	due	 to	 the	defect	modes	appear	 at	

regular	intervals	(661,	673,	687,	and	699nm),	

although	the	peak	at	687nm	splits.	This	split-

ting	 is	attributed	to	the	optical	anisotropy	of	

the	CLC.	Therefore,	two	kinds	of	defect	modes	

corresponding	to	left-	and	right-handed	circu-

larly	polarized	light	could	exist	outside	the	PBG	

of	the	CLC.	On	the	other	hand,	one	additional	

peak	was	observed	at	678.6nm,	which	corre-

sponds	to	the	band-edge	wavelength	of	 the	

CLC.	By	detailed	consideration	of	the	polariza-

tion	states	of	transmitted	light,	the	additional	

peak	was	clearly	distinguished	from	the	other	

defect	mode	peaks.	 Such	a	peak	was	not	

observed	in	a	1-D	PC	with	a	uniform	defect,	

such	 as	 an	 isotropic	 medium	 or	 nematic	

LCs.100,106)	Namely,	this	peak	is	a	defect	mode	

peculiar	to	the	helix	defect	in	the	1-D	PC,	and	

is	associated	with	photon	 localization	origi-

nating	from	the	band-edge	effect	of	the	CLC	

helix.	Note	that	this	defect	mode	peak	is	very	

sharp	and	the	FWHM	of	this	peak	is	0.05nm,	

which	 is	more	 than	 four	 times	smaller	 than	

that	of	other	defect-mode	peaks	 (0.23nm).	

From	 the	peak	width,	 the	Q-factor	of	 the	

additional	mode	at	the	band	edge	of	the	CLC	

was	estimated	to	be	14000,	which	was	much	

higher	than	those	of	the	other	defect	modes.

In	order	to	clarify	 the	appearance	of	the	

high-Q	defect	mode	 in	 the	double-periodic	

structure,	we	have	performed	a	 theoretical	

estimation	of	 the	electric	 field	distribution	

in	 the	three	types	of	1-D	periodic	structures	

described	above,	by	a	 finite	difference	 time	

domain	(FDTD)	method.	Figure	29	shows	the	

calculated	electric	field	distributions	and	refrac-

tive	indices	in	two	types	of	periodic	structures.	

The	wavelength	of	 the	 incident	 light	 to	 the	

periodic	 structures	 corresponds	

to	the	high-Q	defect	mode	wave-

length.	 It	 should	be	noted	 that	

light	 is	 strongly	 localized	 in	 the	

double-periodic	structure	and	the	

maximum	electric	 field	 intensity	

is	more	than	15	times	as	much	as	

that	of	a	simple	CLC.	Light	is	local-

ized	at	the	center	of	the	CLC	layer	

in	 the	double	periodic	 structure	

shown	 in	Fig.	29(a)	and	 its	 field	

pattern	 is	 similar	 to	 that	 in	 the	

CLC	shown	 in	Fig.	29(b),	which	

indicates	that	 light	 in	the	double-

periodic	 structure	 is	 confined	by	

the	 band-edge	 effect	 of	 CLC.	

Additionally,	 light	confinement	 is	

effectively	enhanced	by	the	outer	

periodic	 structure	 because	 the	

wavelength	of	 light	 is	within	 the	

PBG	of	 the	outer	periodic	 struc-

ture.	 Namely,	 because	 of	 the	

contributions	of	both	the	band-edge	effect	of	

CLC	and	the	defect-mode	effect	of	the	outer	

periodic	structure,	 light	is	strongly	localized	in	

the	double-periodic	structure.

We	have	 investigated	 the	 laser	 action	

in	a	1-D	HPC	with	a	CLC	defect.	At	a	high	

pumping	energy	of	18nJ /pulse,	as	shown	in	

Fig.	30(a),	only	one	sharp	lasing	peak	appears	

at	 643.5 nm.	 The	 calculated	 transmission	

spectrum	of	this	system	is	also	shown	in	Fig.	

30(b).	Upon	comparing	Figs.	30(a)	and	30(b),	

the	 lasing	peak	 is	 seen	to	coincide	with	 the	

wavelength	of	the	peculiar	defect	mode.	Note	
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that	the	laser	action	was	a	single	mode	based	

on	 one	 additional	 mode,	 although	 many	

modes	exist	because	of	the	high	Q-factor.	The	

threshold	of	laser	action	in	the	1-D	HPC	with	a	

CLC	defect	was	lower	than	that	in	simple	CLC	

without	a	1-D	PC.103)	This	result	 is	attributed	

to	the	strong	optical	confinement	due	to	the	

high	Q-factor	of	the	additional	mode.	Similar	

results	have	been	confirmed	 in	 the	1-D	PC	

containing	FLC	as	a	defect.107)

�. Tunable Two-Dimensional 
Photonic Crystal

Various	 types	of	 two-dimensional	 (2-D)	

PCs	have	been	studied.108-111)	 In	2-D	PCs,	the	

PBG	and	defect	 states	also	play	 important	

roles.	We	are	 interested	 in	the	characteristics	

of	photons	in	waveguides	in	2-D	PCs.

With	a	Y-shaped	waveguide	 in	LC-infil-

trated	2-D	PCs,	switching	of	the	light	propaga-

tion	direction	and	its	temporal	behavior	have	

been	 theoretically	clarified.	Details	are	now	

under	study.

�. Summary
In	 this	article,	 the	historical	background	

and	recent	progress	in	organic	electronics	and	

photonic	crystals	have	been	discussed.	Novel	

characteristics	of	organic	electronic	devices	

mainly	utilizing	conducting	polymers	and	related	

with	optical	effects	and	tunable	photonic	crys-

tals	composed	of	a	periodic	structure	of	optical-

wavelength	order	combined	with	 functional	

organic	materials	have	been	demonstrated.

These	new	devices	exhibit	 tremendous	

novel	 characteristics,	 with	 which	 various	

new	applications	will	be	developed.	We	are	

convinced	that	these	organic	electronic	devices	

and	photonic	crystals	will	become	the	key	tech-

nology	in	sustaining	the	21st	century.

It	should	also	be	noted	that	these	devices	

are	also	 important	from	environmental	view-

points.
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