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Abstract:OrganiclightＧemittingdevices(OLEDs)havebeendevelopedandappliedrapidlyinthepast
threedecadesasbothdisplayandlightingpanelsduetotheiradvantages．However,inherentlowlight
extractionefficiencyalwaysmakesthemrequiretointegratingthelightextractionmicro/nanostrucＧ
tures．Ontheotherhand,organicsemiconductorlaser(OSL)alsohasattractedmuchattentiondueto
theadvantagesofwideemissionspectrum,simplefabrication,lowcostandeasyintegration．Also,

micro/nanostructuresshouldbefabricatedintheOSLasresonatorgeometriesforopticalfeedbackto
achievelasingaction．Amongthedifferentfabricationtechniques,nanoimprintlithography(NIL)asa
patterningprocesswithhighＧresolution,highＧthroughputandcosteffective,isconsideredtobeoneof
themostpromisingtechnologies．NILnotonlycanbreakthelimitationfrom diffractionlimitand
beamscattering,butalsoguaranteetheinherentopticalandelectronicpropertiesoforganicoptoelecＧ
tronicmaterials．Here,wesummarizeandevaluatethefabricationofnanostructuredelectrode,funcＧ
tionallayersandencapsulationfilmsintheOLEDsandnanostructureddyeＧdopedpolymerandlumiＧ
nescentmaterialsintheOSLs．
Keywords:nanoimprintlithography;organiclightＧemittingdevices;organicsemiconductorlaser

用于有机发光器件和有机激光的纳米压印结构

高秀敏,刘岳峰∗,张海静,张天润,毕宴钢,银　达,冯　晶
(吉林大学 电子科学与工程学院集成光电国家重点实验室,吉林 长春１３００１２)

摘要:在过去３０年中,有机电致发光器件(OrganiclightＧemittingdevices,OLEDs)在显示和照明面板领域得到了快速的

发展和应用.然而,固有的低光取出效率使 OLEDs常需要集成光取出微纳结构.另一方面,有机半导体激光器



(Organicsemiconductorlasers,OSLs)由于具有发射光谱宽、制备简单、成本低和易于集成的优点也引起了广泛关注.同

OLEDs需要集成微纳结构一样,在 OSLs中也需要制备微纳结构用作谐振腔从而产生光增益来实现激射.在不同的微

纳结构制备工艺中,纳米压印技术(Nanoimprintlithography,NIL)作为一种高分辨率、高产率和低成本的图案化技术,被
认为是最有前景的技术之一.NIL不仅可以打破衍射极限和光散射的限制,而且可以保证有机光电材料的光学和电学

性能不受损害.本文回顾了利用 NIL在 OLEDs制备结构化电极、结构化功能层和结构化封装层以及在 OSLs中制备结

构化染料掺杂聚合物以及结构化发光材料的方案.

关　键　词:纳米压印技术;有机电致发光器件;有机半导体激光器
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１　Introduction

OrganiclightＧemitting devices (OLEDs)[１Ｇ４]

andorganicsemiconductorlasers(OSLs)[５Ｇ７]based
onorganicsemiconducting materialshavebeen
consideredaspotentialandpromisingcandidates
inoptoelectronics．OnereasonistheinherentadＧ
vantagesoforganicmaterialsincludingwidemaＧ
terials sources,cost effective,compatibility
withrolltorollprocessandflexibility[８Ｇ１０]．AnＧ
otheristheefficiencyandlifetimeoforganicopＧ
toelectronic devicescontinuousrapidimproveＧ
ment[１１Ｇ１２]．AccordingtotheabovementionedadvanＧ
tages,organiclightsourcedevicesleadtoagreat
manysignificantcommercialapplications．For
instance,OLEDs have been already usedin
paneldisplayincludingthesmartphoneandteleＧ
visionwidely[１３Ｇ１５]．OSLsisconsideredasthepoＧ
tentialalternativelightsourceofintegratedphoＧ
tonicchip[１６Ｇ１７]．

Sincethepioneeringreports,awidevariety
ofresearchonOLEDsandOSLshavebeenconＧ
ductedinbothacademiaandindustries．ThereＧ
searchinvolvesthefieldofmaterialsynthesis,

fabrication process and structure design etc．
Also,agreatmanyreviewarticlesondifferent
perspectivesofOLEDsandOSLshavebeenreＧ
ported[１８Ｇ２０]．Inthisreview,wefocusonthe
nanoimprintedstructuresforOLEDsandOSLs
to supply acomplementary perspectivesince
nanostructureshavebeenprovedthevalueand
significanceonimprovingtheperformanceofthe
devices,andnanoimprintlithographyhasbeen
also demonstrated highＧresolution, highＧ

throughputandcosteffective．Differentfrom
traditionalhighresolutionlithographictechnoloＧ
giesincludingultraviolet(UV)lithography,EＧ
beamlithography[２１]etc．,whichfabricatenanoＧ
patternusingphotonsorelectronstomodifythe
chemicalcrosslinkingoftheresist,NILachieve
thepatternbasedonmechanicaldeformationat
thefluidicorelasticstate．Consequently,NIL
not only could break the limitation from
diffractionlimitandbeamscattering,butalsoguarＧ
anteetheinherentopticandelectronicpropertiesof
organicoptoelectronicmaterials．Therefore,NILhas
beenconsideredasthepromisingtechnologytoinＧ
tegratethenanostructuresintoorganicoptoelectrＧ
onicdevicesincommercialapplication．

The nanoimprintprocessis proposed by
Chouetal．in１９９５[２２]．Theprocessissimple,a
silicon(Si)waferwithsilicananostructuredsurＧ
faceasa moldis pressed on a polymethylＧ
methacrylate(PMMA)filmontheSisubstrate,

which has been heated and thetemperature
shouldbehigherthanitsglasstransitiontemperＧ
aturebutlowerthanthemeltingtemperature．In
thiscondition,PMMAfilmbehavesasaviscoeＧ
lasticstate and replicatesthe nanostructures
ofthe moldconformally．DuringthenanoimＧ
printing,theconditionintermsoftemperature,

pressureanddurationtimeshouldbeadjustedto
realize optimal nanostructures．After cooling
downbelow glasstransitiontemperature,the
PMMAfilm willreturntosolidstate．Finally,

thenanostructurecouldbeobtainedafterthe
moldremovesfrom Sisubstrate．Itisobvious
thatthemoldwithnanostructuresandthetarget
materialsarethefundamentalelementsforNIL
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fromabovementionedtechnicalprocess．ThisreＧ
view willpay moreattentiontothepatternof
targetmaterialsbecausetheperformanceofdeＧ
vicesisnotrelativelydependentonmoldfabrication
process．Wewillsummarizetheextensivestudies
on OLEDsand OSLs with NILin detailas
follow．　　

Fig．１　Originofnanoimprintlithographywithorganic
materials．(a,b)AFMimagesoftheAlq３/DCＧ

MII;(c)SEMimageofthegratingofPMMA/

Alq３/DCMII; (d) Luminescence spectral

intensitybeforeandafternanoimprint．Reprinted
withpermissionofRef．[３４],Copyright１９９９
AmericanInstituteofPhysics．

２　NILforOLEDs

OLEDshavebeenalreadyexhibitingexcellent
commercialapplicationinpaneldisplayincluding
smartphoneandtelevisionwidely,aswellasin
solidstatelightsources[２３Ｇ２６]．Andagreatmany
academicresearchhavebeenprovedthatmicro/

nanostructureshaveabilitytoimprovethelight
extractionofOLEDs[２７Ｇ３３]．AftertheNILreporＧ
ted,Chouetal．introducedNILintoorganicmaＧ
terialssinceintegratingthemicro/nanostructuresis
effectiveto manipulatethelightintheorganic
optoelectronicdevices[３４]．Bothsmall molecule
and polymersubmicron structures have been
demonstratedusingNILintheirresearch．Fig．１
(a,b)showatomicforce microscope (AFM)

imagesofDCMIIdopedinAlq３grating,andFig．

１(c)showsSEMimageofthepolymerPMMA
withAlq３/DCMII．Theperiodsare２００nm,３００
nmand２００nmrespectively,whichrevealhigh
enoughresolutiontoapplyintothevisiblelight
region．Itisworthnotingthattheopticaland
electronicpropertiesoforganicmaterialswhether
ornotsufferfromdegradationduetothetemＧ
peratureandpressureduringthenanoimprint
process,ordemoldingprocessafterthenanoimＧ
print．Fig．１(d)revealsnodegradationoccurred
becauseofalmostidenticalphotoluminescence
curvesbeforeandafternanoimprint．Although
justnanoimprintedorganicthinfilmratherthan
deviceswasdemonstrated,itisapioneeringinＧ
vestigationofnanoimprinttechnologyonorganic
optoelectronics．Inthissection,OLEDs with
nanoimprintedstructureswillbefocused．GenerＧ
ally,nanoimprinted structuresin OLED are
classifiedinternalandexternallightextraction．
Theinternallightextractionreferstosurface
plasmonＧpolaritons(SPPs)mode (electromagnetic
wavescausedbycouplingbetweenphotonand
electron,locatedalongthemetallicelectrode/orＧ
ganicinterface)andwaveguide(WG)mode(in
ITO and organic layer due to their high
refractionindex),whiletheexternallightexＧ
tractionreferstosubstratemode(totalinternal
reflectionatthesubstrate/airinterface)．Fig．２
(a)illustrateslightemissionmodeofaconvenＧ
tional bottomＧemitting OLED[３５]．The light
trappedinITO,substrateandtheinterfaceof
Alq３/Alcorrespondingto WG mode,substrate
modeandSPPsmodeintheplanardevice．ConＧ
versely,thetrappingmodecouldbeextractedby
the internal and external nanostructures as
shownintheFig．２(b)．Inregardtoextraction
mechanism,Fengetalhavediscussedindetail
intheirreview[１８]．Ononehand,anappropriate
periodicitysuchthatwaveguidedlightisBraggＧ
scatteredintotheforwarddirectionisrequired
fortheperiodicmicro/nanopatternsbysatisfying
theBraggscatteringcondition．

２dsinθ ＝nλ, (１)
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where,drepresentstheperiodofnanostructure,

θistheemissionangle,λisthewavelengthof
theemittedlight．andnisaninteger．Onthe
otherhand,SPPspowerlossesalsocanbecouＧ
pledoutbymanipulatingthepropagationofphoＧ
tonsinOLEDsandprovidinganadditionalmoＧ
mentumtocoupletheSPPmodesintolight．

kspp＝ klightsinα±
２πm
Λ 　, (２)

where,kSPP istheinＧplane wavevectorofthe
SPP,klightisthewavevectoroftheemittedlight,

Λ istheperiodofthecorrugation,αisthe
emissionangle,andmisaninteger．Here,we
wouldliketointroducetheintegratingnanoＧ
structuresintoOLEDsbyNIL．

Fig．２　Schematicdiagram oflightemission modes
and extractionstrategiesofaconventional
bottomＧemittingOLED．(a)Structuresand
lightpropagationillustrationofOLED;(b)

Schematicexplanationofthemechanismfor
improvingdeviceoutＧcouplingefficiencywith
nanostructures(Thegreenarrowcorresponds
totheSPPsmode,theredarrowcorresponds
tothewaveguidemode,andthebluearrow
corresponds to the substrate mode)．
Reprinted with permission of Ref．[３５],

Copyright２０１４AmericanChemicalSociety．

２．１　Nanostructuredelectrode
Considerationsforfabricatingprocessand

theextractionoflight,thenanostructuredelecＧ
trodecameintosightfirstly,sincetheelectrodes
generallyhavebetterstabilityandmachinability
comparedtoorganiclayersintheOLEDsand
thereisabout４０％SPPslossintheinterfacebeＧ
tweenthemetalelectrodeandorganiclayer[３６]．
Asamatteroffact,mostnanostructuredelecＧ
trodesfabricated by NIL werereportedthat

Fig．３　NanostructuredelectrodefabricationbyNIL．
(a)Schematic ofthefabrication process．
SEM (b)and AFM (d)imagesofAu (７
nm)/Ag(１nm)compositegratingfilmfabriＧ
catedthroughimprintingSUＧ８;SEM (c)and
AFM (e)imagesofAu(７nm)/Ag(１nm)

compositegratingfilmfabricatedthroughimＧ

printingAu．Theinsetsin(d)and(e)show
theenlargedareaofthecorrugated metallic
films．Reprinted with permission of Ref．
[３９],Copyright２０１９IEEE．

evaporatingtheelectrodeontheimprintedsubＧ
strates[３７Ｇ３８]．Despiteoftheincreasedluminance
andefficiencyofOLEDs,theevaporatednanoＧ
structured electrode ran into compromised
surface morphologyandcontinuity．Recently,

thenanostructuredirectlyimprintedonelectrode
has been demonstrated in our work[３９]．As
showninFig．３(a),differentfromimprinting
the nanostructure on the target materials
withoutelectrode,weimprintedan ultrathin

metalfilmdirectlybypolymer(SUＧ８)Ｇassisted
thermalnanoimprint．Theultrathin metalfilm
wasevaporatedonanuncuredphotopolymer,

whichnotonlyusedasaseedlayertoimprove
thecontinuityandconductionofmetalfilmbut
alsoasanassistedlayerforimprinting．Dueto
the elasticity and viscidity of the uncured
polymerfilm,the metalfilm wouldcorrugate
conformallywithunderneathpolymerduringthe
nanoimprintingprocess．ComparedtoasＧevapoＧ
ratedonthecorrugatednanostructures,theulＧ
trathinmetalfilmshowedbettersmoothnessby
eliminatingtheadverseeffectoriginatedfrom
thefluctuationoftheunderneathnanostructures
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duringtheelectrodedeposition．Fig．３(b~e)ilＧ
lustrated the surface morphologies of the
ultrathin metalfilm with differentfabrication
process．Bothcorrugated nanostructuresshow
goodregularitywithperiodof３２０nmanddepth
of６０nm．However,thesurfacemorphologyof
imprintedAu/SUＧ８filmhasbeenimprovedand
theroughnesshasbeendecreasedobviouslyas
shownintheAFMfigures．Thisimprovement
originatedfromeliminatingtheinhomogeneous
evaporationwhichcausedbythedifferencesnuＧ
cleationand growth on thefacet,edge and
cornerofthecorrugatednanostructures．MoreoＧ
ver,thisimprovementisbenefittotheperformＧ
anceofOLEDfabricatedwiththenanoimprinted
electrode．
２．２　Nanostructuredfunctionallayers

Incondition of OLEDs withtransparent
nonmetallicbottomelectrode,thereisnoneof
SPPslossattheinterfacebetweenbottomelecＧ
trodeandorganiclayer．Thenanostructureshave
nomoreneedofintegratingtobottomelectrode,

suchasITO,grapheneandsilvernanowires
(AgNWs)．Therefore,in ordertoavoidthe
SPPslossofOLEDsatthetopinterfacebetween
topelectrodeandorganiclayer,nanoimprinthas
beenconductedintheorganiclayerorinorganic
bufferlayer．Takingaccountintotheproper
elasticityandviscidity,thinfilmspreparedby
solutionprocesshavebeenselectedfirstlyreporＧ
tedbyProf．Tangetal．The mostcommonly
usedisPEDOT∶PSSfilm．Fig．４(a)showsthe
AFMfigureofthenanoimprintedPEDOT∶PSS
film,acontinuoustaperedpatternwithsecondary
subＧwavelengthstructureswasdisplayed[４０]．The
averagedepthoftaperedconeisabout７０nm,

whichnotonlyensurethesequentialdeposition
oforganiclayersandmetalelectrodeonthepatＧ
ternedPEDOT∶PSSlayerduplicatingthenanoＧ
patternconformally,butalsoisbeneficialto
thesuppressionofpossibleanomaliesinthecurＧ
rentflow whenthedepthistoohigh．Asa
result,thelightextractionofOLEDsfabricated

withnanostructurescouldbeenhancedaswellas
theregularcarrierinjectionandtransport．Also,

a solＧgel derived ZnO layer was used as
imprintedlayer[４１]．Itisobviousthatthehigh
qualitynanoconesarraycouldbeimprintedonto
theZnOlayer(Fig．４(b))．ItshouldbemenＧ
tionedthatthermalnanoimprinthasreplaced
pressure nanoimprint on the PEDOT ∶ PSS

Fig．４　Nanostructuredfunctionallayersfabricationby
NIL．(a)PerspectiveviewofdeterministicaperiＧ
odicnanostructurestransferredtoPEDOT∶PSS
layeronITOsurface．Dimensions:４μm×４

μm．ThepanelsbelowindicatethedepthproＧ
files,showingthesurfacerootＧmeanＧsquare
(RMS)roughnessofabout６．５nm．Insets
showthefastFouriertransform (FFT)patＧ
ternsofeachimage．(b)AFM topography
morphologiesanddepthprofilesforpatterned
ZnOonAgNWs．Reprintedwithpermission
ofRef．[４０],Copyright２０１４ WILEYＧVCH
VerlagGmbH & Co．KGaA,Weinheimand
Ref．[４２],Copyright２０１９ WILEYＧVCH
VerlagGmbH & Co．KGaA,Weinheim,reＧ
spectively．

owingtotheheatstabilityofZnO．Inaddition,

thereisasuperiordesigndifferentfromotheratＧ
temptsinthebothabovementionedwork．ConＧ
sideringtherequirementoffullＧcolordisplayand
broadbandwhitelighting,aperiodicnanostrucＧ
tureswithlongＧrangedisorderandshortＧrange
orderhavebeenadoptedonPEDOT∶PSSand
ZnOtobreakoutthelimitationofresponseto
specificemissionwavelengthsofperiodicstrucＧ
tures[４２]．Ontheotherhand,thepossibilityof
usingthesmallＧmoleculeholetransportlayeras
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Fig．５　OLED efficiency enhancement with nanoＧ
structuredfunctionallayersfabricatedbyNIL．
AFMimagesofnanostructuresin (a)PDMS
and(b)NPB．(c)CurrentdensityＧvoltageand
(d)luminanceＧcurrentdensityＧefficiencycharacＧ
teristicsofplanarandcorrugatedOLEDs．ReＧ

printedwithpermissionofRef．[４３],Copyright
２０１６Author(s)．

theimprintedlayertoimproveperformanceof
OLEDshasbeenalsodemonstrated．Itcanbe
clearlyseenthatthenanostructurescanbetransＧ
ferredsuccessfullyonthesurfaceofN,N′ＧdiＧ
phenylＧN,N′Ｇbis(１Ｇnaphthyl)Ｇ(１,１′Ｇbiphenyl)Ｇ
４,４′Ｇdiamine(NPB)layersfromPoly(dimethＧ
ylsiloxane)(PDMS)layerafterthenanoＧimＧ

printingprocess(Fig．５(a),５(b))[４３]．TheNPB
surfacecould maintaintheperiodicityofnanoＧ
structuresbutwasslightroughercomparedto
thePDMSmold．However,itstillhasabilityto
outcouplingtheSPPsphotonenergylossand
thenenhancingthelightextractionbythemoＧ
mentumcompensationbetweenthemomentaof
SPPsandphotons．AsshowninFig．５(c,d),

theluminanceandefficiencyofnanostructured
OLEDshavebeenbothimproved．Itisworthy
notingthatthisstrategystillhavemuchroom
forimprovement becausethe height (a key
factorofsuppressingtheSPPsloss)ofNPBis
obviouslylowerthanthePDMSmoldatpresent．
２．３　Nanostructuredencapsulationfilm

Duetothesensitivityoforganicmolecules

Fig．６　OLED efficiency enhancement with nanoＧ
structuredencapsulationfilm fabricationby
NIL．(a)SchematicprocessofTOLEDswith
nanostructured encapsulation． (b) AFM
figureofsurfacemorphologiesforthenanoＧ
structured encapsulation film． Current
densityＧvoltage (c)and luminanceＧcurrent
densityＧefficiency(d)curvesoftheTOLEDs
withandwithouttheencapsulation．Insetin
(c):ELspectraoftheTOLEDs withand
withoutthe encapsulation．Reprinted with
permission of Ref．[４８],Copyright２０１４
ElsevierB．V．

tooxygenandwatervapor,thedevelopmentof
encapsulationtechnologyhasbeenrecognizedas
the key technology to achieve commercial
OLEDs[４４Ｇ４５]．Currently,thecommonlyadopted
strategyistoencapsulatewiththeglassorpolyＧ
merfilms[４６Ｇ４７]．Butthereisaproblem tobe
solvedthatlighthastoemitthroughtheencapＧ
sulation layer, and total reflection at the
interfacebetweentheencapsulationfilmandthe
air will give rise to powerloss similar to
substratemodeloss．Inourpreviouswork,we
haveprovedthatsoftnanoimprintingisahigh
quality,lowcost,highrepeatableandhighlyefＧ
fectivestrategytointegratenanostructuresonto
thesurfaceoftheflexiblepolymerencapsulation
films[４８]．Fig．６(a)showsaschematicdiagramof
introducingthenanostructureintotheencapsuＧ
lationfilms．ThePDMSmoldwiththeexpected
nanostructureisimprintedontheuncuredNOAＧ
６３encapsulationfilmandconsequentlyexposure
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underaUVlightsource．ThenanostructuredenＧ
capsulationfilmcouldbefabricatedafterpeeling
offthePDMS mold．Asshowninthe AFM
figure(Fig．６(b)),ataperednanopillarsarray
withgood morphologyanduniform periodicity
canbeobtainedontheencapsulationfilm．This
periodictaperedpillarsarraycausesarefractive
index gradient,therefore enlargethecritical
angleoftotalreflection．Asaresult,thepower
lossatthesurfacebetweenencapsulationfilm
andaircouldbeextractedeffectively．Asshown
inFig．６(c,d),theluminanceandcurrenteffiＧ
ciencyareobservablyimprovedafteremploying
thenanostructured．Inaddition,thenanostrucＧ
turedsurfacealsocouldleadtoahighcontact
angle,whichisbeneficialtoprevent OLEDs
frombeingpollutedbyreducingtheprobability
ofwatercondensationanddustaccumulation．

３　NILforOSLs

InadditiontoOLEDs,opticallypumpedorＧ
ganicsemiconductorlaseralsohasagreatmany
development[４９Ｇ５２]onaccountofawiderangeof
applicationsaswellastheadvantagesofwide
emissionspectrum,simplefabrication,lowcost
and easy integration[５３Ｇ５７]． The simple and
efficient nanoimprint lithography has been
provedasaneffectivetechnologyintheorganic
laserconstructionprocess[５８Ｇ５９]．Inthissection,

wewillfocusondiscussingtheOSLsfabricated
byNIL．
３．１　NanoimprintedluminescentdyeＧdopedpolymer

Inearlierresearchoforganiclaser,thepolＧ
ymerdyelasersareoneofthemostattractive
areaduetothesimplefabricationandlargetunaＧ
bleemission[６０Ｇ６１]．Thedyedopedintoprintable
polymercouldintegratethecapability ofthe
high efficient emission of the dye and the
excellentelasticityandplasticityofpolymer．In
theNILprocess,ahardmoldcouldbeusedto
transfernanostructureswithhighfidelityonto
polymer．AsshowninFig．７,theringgrating

nanostructures[６２](rhodamine６４０Ｇdoped PMMA)

andtwodimensionaltriangularlatticephotonic
crystals[６３](Rhodamine６GＧdopedmrＧNIL６０００)

bothexhibitgoodmorphologiesandhighresoluＧ
tion．Itshouldbementionedthatabovementioned
NIL are both thermal imprint process,the
operatingtemperatureshouldbehigherthanthe
glasstransitiontemperatureoftargetpolymer．
Inthiscondition,thepolymerbecomeshigh
elasticstateandcouldflowintothespaceofthe
mold．

Fig．７　NanoimprintedluminescentdyeＧdopedpolymerfor
OSL．(a)SEMimagesoftheimprintedrhodamine
６４０ＧdopedPMMAfilm;(b)SEMimagesofnanoＧ
imprintedtriangularlattice photoniccrystalsin
dyeＧdopedmrＧNIL６０００printablepolymer．Inset:
(left)SEM topview ofonesiliconstampand
(right) zoom of a dyeＧdoped nanoimprinted

photoniccrystals．Reprinted with permission of
Ref．[６２],Copyright２００７ AmericanInstituteof
PhysicsandRef．[６３],Copyright２０１３American
InstituteofPhysics,respectively．

３．２　Nanoimprintedluminescentmaterials
Inadditiontolasersconstructed bydyeＧ

dopedpolymer,someselfＧluminescentmaterials
canbedirectlydepositedonthesubstrate,and
thenthelasercanbeconstructedthroughtheinＧ
tegrationoftheresonantcavity[６４Ｇ６９]．Considering
thelaserefficiency,theactive materialsitself
nanostructuredmaybebettercomparedtodyeＧ
dopedpolymerduetolessnonradiative media
surroundingthedye．Aswediscussedearlier,

thethermalimprintingprocessisusuallyaccomＧ
paniedbyatemperaturecycleofhighandlow
temperatures,whichmaymakethephotoelectric
propertiesoftheactivematerialirreversiblydeＧ
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Fig．８　Nanoimprinted luminescent materials for
OSL．(a)AFMtwoＧdimensionaltopographic
viewofthe６００nm periodpatterned MEHＧ
PPVgrating;(b)SEMimageofPFOgratＧ
ings,１Dgrating witha mixedperiod (１４０
nmand２８０nm)．Reprintedwithpermission
ofRef．[７０],Copyright２００６AmericanInstiＧ
tuteofPhysicsand Ref．[７１],Copyright
２０１５AIPPublishingLLC,respectively．

gradeduetooxygendiffusionandincorporation
intothemolecularframework,thereforeinevitaＧ
blyreducetheluminescenceperformanceofthe
active material．In terms of this issue,

researchersdevelopedtheroomtemperatureNIL
(RTＧNIL)methodtoobtainastripedgrating
structurewithgoodmorphologyontheemitting
polymerpoly (２ＧmethoxyＧ５Ｇ(２Ｇethylhexyloxy)Ｇ
１,４Ｇphenylenevinylene)(MEHＧPPV)(Fig．８
(a))[７０]andpoly(９,９ＧdioctylfluorenylＧ２,７Ｇdiyl)
(PFO)(Fig．８b)[７１]atroomtemperaturebyusing
longimprintingtimeandsolventimmersion．On
onehand,byincreasingtheimprintingtime,the
MEHPPVtendtobefilledintothespaceof
moldunderpressure．Ontheotherhand,the
droppedacetoneinfiltratesintothefilmforming
acalled“gel”surface,whichisbeneficialtothe
nanostructuresformation．

Recently,organoＧmetalhalideperovskites
haveshowed excellent optoelectronic properＧ
ties[７２Ｇ７６]．Itisgenerallybelievedthatperovskites
canovercomethetypicallimitationsandloss
mechanismsinorganicgainmedia,suchastripＧ
letＧsingletannihilationorabsorptioncausedby
tripletexcitonsandpoles[７７]．Butforperovskite
materials,its chemicalinstability determines
thattheexistingwetchemicallithographytechＧ
nologyisnotapplicable．Duetothesoftnature

Fig．９　NanoimprintedluminescentperovskitemateＧ
rialsforOSL．(a,b)Topandcrosssection
SEM imagesoftheDFBgratingimprinted
intothe MAPbI３layer;(c)SEMimageof
theimprintedperovskitelayerviewedunder
anangleof４５° (inset:crossＧsection);(d)

PlanviewSEMimageoftheimprintedperＧ
ovskitelayer (inset:magnifiedview)．ReＧ

printedwithpermissionofRef．[８０],CopyＧ
right２０１８ OpticalSocietyof Americaand
Ref．[８２],Copyright２０１７ WILEYＧVCH
VerlagGmbH & Co．KGaA,Weinheim,reＧ
spectively．

of these materials, nanoimprint lithography
technologyis exactly suitableforfabricating
nanostructuresonthesurfaceoftheperovskite
filmtocreatearesonatorstructurewithahigh
levelofcontrolandprecision[７８Ｇ８０,５０,８１Ｇ８２]．Fig．９
showsthedistributedfeedback(DFB)grating[８０]

andtwodimensionalphotoniccrystalsonthe
surfaceofmethylammoniumleadiodide(MAPＧ
bI３)[８３]．Obviously,bothsurfacemorphologies
exhibitgoodsmoothness,uniform periodicity
andgoodaspectratio,whichareallbenefitto
the laser properties． Moreover, imprinting
processenablesnotonlytopatternthesurfaceof
perovskite but also to improve the crystal
quality．Inordertoanalyzetheaccompanying
impactofpressureontheperovskitefilmduring
theNILprocess,aplanarimprintinghasbeen
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Fig．１０　EffectofNILonperovskiteproperties．(a)

Schematicofthethermalimprintprocess
usingaflatsiliconstamp．AFMimagesof
layersbefore(b)andafter(c)thermalimＧ

print．Thelayerthicknessis１２０nm．(d,e)

TimeＧresolved photoluminescence (PL)

decayandPLspectraforpristine (black)

andpressed(red)layersatroomtemperature．
Amplifiedspontaneousemissionmeasurement
onaflattenedfilm:(f)emissionspectra．
Reprinted with permissionof Ref．[８４],

Copyright ２０１９ WILEYＧVCH Verlag
GmbH & Co．KGaA,Weinheim．

conducted．AsshowninFig．１０ (a~c)[８４],we
couldfigureoutthattheimprintedperovskite
filmshaveobvioussmoothersurfaceandlarger
grainthanasＧdepositedperovskitefilms．MoreoＧ
ver,thepressedlayerexhibitsobservablelonger
decaytimes (Fig．１０(d)),whichissimilarto
thereporteddecaytimeofsinglecrystals．Also,

thenarrowedphotoluminescence (PL)spectra
indicatethelimitationofnearＧbandＧedgedefects
(Fig．１０(e))．Bothofthemprovidetheevidences
ofanimprovedcrystalqualityaftertheflatpressing．
As a result,the flat pressed film shows
amplifiedspontaneousemissionatroomtemperＧ
ature(Fig．１０(f))．Inouropinion,NILcould

provideatechnologyroadmaptopatternperovsＧ
kitesforoptoelectronicapplications．

４　ConclusionsandOutlook

Inthisreview,wehavediscussedthedevelＧ
opments of NIL especially in the fields of
OLEDsand OSLs．DifferentsituationsofimＧ
printingandtheroleofnanoimprintedstructures
including nanostructured electrode,functional
layersandencapsulationfilmsin OLEDshave
beenanalyzed．NILintroduces nanostructures
intoOLEDswithasimple,lowＧcostandhighＧ
precisionprocess,whichcanimprovetheperＧ
formanceoflightcouplingandoutputofthedeＧ
vicethroughthemanipulationoflightbytheimＧ
printedstructures．ComparedwiththeotherreＧ
viewofnanostructuredOLEDs,wehaveemphaＧ
sizedtheNILprocessforintegratingthenanoＧ
structures．IntermsoftheOSLs,luminescent
dyeＧdoped polymers and selfＧluminescent
materialshavebeenintroducedrespectively．MoＧ
reover,aperovskitelaserwithexcellentoptoeＧ
lectronicpropertiesfabricatedbyNILhasbeen
alsoconcernedinthisreview．BycombininglowＧ
thresholdlaserＧactivematerials,suchasperovsＧ
kite,withtheoptimizedopticalgaincavityobＧ
tainedbynanoimprintprocess,theoutputlaser
thresholdcanbesignificantlyreduced．ThisexＧ
plorationrepresentsamajorsteptowardthereＧ
alizationofelectricallypumpedlasing．AsaboveＧ
mentioneddevelopmentsofNILontheOLEDs
andOSLs,NILwillsurelyprovideastrategyto
fabricatethenanostructuresontheorganicoptoＧ
electronicdevices notlimitedto OLEDsand
OSLs．However,theliftＧoutofrigidmoldand
thesuppressionofdeformationofsoftmoldneed
furtherstudy．
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