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Introduction

OrganicLight-EmittingFieldEffectTransistors(OLEFETs)havebeengainedmuchofinterestinrecent

yearsfortheirpotentialapplicationinnextgenerationintegrateddevicesfordisplay,lightsourceandinte-

gratedelectronics1-7･comparmgtothelightemittingdiodes,theOLEFETscouldprovideawaytocontrolthe

recombinationzonealongthecharmelbytheextemalelectriCfields.Thismayleadustofundamentalunder-

standingofcamierinjection,transport,andexcitonrecombinationprocessesinorganicsemiconductors'･3̂ 6
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Tomakehigh performanceOLEFET,itisessentialtocopingwithtwofactors:(1)Am bipolarpropertywith

highGamiermobility･(2)Highlum inescencequantum yield.However,toachievethisaimseemstobeakind

ofdilerrma,becausethehighmobility o鮎nneedsstrongmolecularpacking,butstrongpackingstructures

leadtoincreaslngnOn-radiativedecaypathsforexcitons,whichcausethedevicesexhibitlowluminescence

efficienc〆 ･8.Onepromisingwaytoovercomethiscontradictionisintroducingthehost-guestsystem.Inthis

case,thehostmaterialcanbeconsideredasthecarriertransportmedium andtheguestmoleculesactasthe

emittingcenterswhichthestrongpackinginteractionandtheconcentrationquenchingcanbeprevented.Some

workhademployedthehost-guestsystemtoinvestigatetheirPETperformanceandhighefficiencylum ines-

cencehadbeenobservedか日.

Thoughthehost-guestsystem caneliminatetheconcentrationquenchingprocess,itcannotsignificantlyaf-

fectthecarriermobility inthehostmaterials.Mostofthehost-guestsystem researchworkwascamiedout

inthinfilmstructuretransistors;however,polycrystallinenatureofthethinfllm stru ctureoRenleadstorela-

tivelylowermobility･Thenthepossibilityoftherecombinationprocessinguestmoleculesmightbereduced

bythislowmobilityperformance.Comparingtothinfilm transistors,singlecrystalFETcanprovidehigher

mobility forcamiersbyreducingcomplexmorphologies,grainboundariesandinterfaceswhatcanform traps

whichreducethemobility ofcarriers12･13. Though manyeffortshavebeentriedtogetdopedsinglecrystals,

fewexampleshadbeenreported14･Thatmightbeduetothestrictdemandsofthehost-guestsysteminslngle

crystal.Bethedifferentshapesbetweenthehostandguestmoleculeswillcausethelatticemismatchandthe

weakintermolecularinteractions,andfinallyresultinlow crystalquality.Toovercometheseproblems,one

promlSlngapproachistofindsuitablehostandguestmoleculeswithsimilarstructures.

8.97A 8.83A

Fig.1Molecularstructureof(a)TMPYand(b)perylene.Molecularlengthsareevaluatedby

consideringvanderWaalsradiusofhydrogenatom (1.20A)andhydrogen-hydrogendistances･

Peryleneisatypicalluminescencematerialwhichhadbeeninvestigatedforseveraldecades･Ithasasig-

nificanthighquantum yield,about0.94,indilutesolution.Buttheself-quenchwillhappeninhighconcentra-

tionorpurecrystalbymolecularaggregation15･Soitisagoodcandidateasaguestmaterial･Inthispaper,

anewmolecule1,3,6,81tetramethylpyrene(TMPY),whichhasthesimilarshapetotherenownedlum inescence

materialperylene,hasbeensuccessfullysynthesized.SizeofTMPYmoleculeismostlysamewithperylene

molecule(differentbyca.2% (Fig.1)).Weusethismaterialasthehostmaterialdopewiththeperyleneas

thelum inescencecenters.Nowsomedifferentpercentagesinglecrystalshadbeengrown,theirluminescence

performancehadbeencharacterized.
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ResultsandDisctISSion

BothpureTMPYandco-slnglecrystalbelongtomonoclinic,thespacegroupisP21/C.Thecellparameters

ofpureTMPY isa-ll.230(6)A,b-5.578(3)A,C-ll.275(6)A,β-108.863(9)0.Comparingtopure

TMPY,theco-singlecrystaldoesnotchangesomuch,thecellparametersa-ll.1814(16)A,b-5.6046(8)

A,C-ll.1539(16)A,p-109.102(3)0.From theparameters,wecanfindthatco-singlecrystalnearlydoes

notchangedramaticallyfrom thepureTMPY.ThisindicatesthesimilarstructuresofTMPYandperylene

minimizethelatticemismatchingintheco-$lnglecrystal.Soitleadstoawiderangeofdoperatios.Thecrys-

talstructureoftheco-crystalwith 13% ofperylenewasshown inFig.2,itisatypicalhemingbonestructures

whichisthemostcommonstructureinplanarconjugatemOleculesl7･18･Themolecularpositionisoccupiedby

eitherTMPYorperylene.Tothebestofmyknowledge,thisisthefirstexampletosolvethecrystalstructure

ofcoICryStalwithdifferentmolecules.Theherringboneanglebetweenthemoleculesintwodirectionsisabout

78.30.19Thedistancebetweentheneighbormoleculesinthesamedirectionis3.520A.

a. b.

Fig.2(a)MolecularstructureofTMPY o.87Peryleneo13

CoICrySta1.0))Herringbonepackingofco-Crystaland

thehemingboneangleofedge-to-face.

⊃

ql

a

l=
;】

8

l l Ix=0.15

x =0.ll

x≡0.05
x=0.03

x=0.01

10 20 30 40
20(de9ree)

Fig.3PXRDpattem ofTMPYl-xPeryrenex

co-Crystalswith differentdopingratios.

WehaveconfirmedthatstructuresofTMPYl-x Peryrenexco-Crystalswith otherdopedratiouptox-0.15

arealsoisomorphictopureTMPYcrystalbyXRPDmeasurements(Fig.3).

TheoreticalcalculationisagoodestimationabouttheHOMOandLUMOofmolecularsolid20.soweput

DFTcalculationontoourTMPYandperylenemolecules.TheFig.4showstheHOMOandLUMOenergleS

ofTMPYandperylene･TheresultshowsthattheTMPYmoleculehasamuchlargerenergygapthanthe

perylenemolecule.TheLUMOlevelofTMPYismuch

higherthan perylene.SoTMPYisan idealhostmate-

rialforperylenedoping,becausetheenergytransfer

mustbeefficientfrom TMPYtoperylene.

Forbetterunderstandingtheenergytransferprocess

andluminescenceperformanceinourco-Crystalsys-

I.
rl

E,･

q
b

.3

1

T
.

.5

(>
旦
岳
jo
u
u

tens,Wemeasuredthesolidabsorptionspectraofour Fig･4DFTCalculatedHOMOandLUMO

samples(Fig5).Thesolidabsorptionspectraofpure levelsofTMPYandPerylene.
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Fig･5TheabsorptionspectraofpureTMPY and Fig.6(a)TheluminescencespectraofpureTMPY

2.8%dopedco-crystalinsolidstate.Andtheperylene anddifferentdopedpercentagescoICryStals(ex.310

absorptionspectraindiluteCHC13SOlution. nm).O))ThePLquantum yieldsofTMPY andco-

Crystats with differentexciting wavelength.Inset

showsphotographsof5% dopedcrystaltakenunder

TMPYsinglecrystaland2.8%co-crystalwereshown Visible(upper)andUV (lower)light･

thatthemainabsorptioncurvesofpureTMPY and

coICryStalweresimilarbelow400nm.Itcantellusthephotonenergywithwavelengthshorterthan400nm

wasmostlyabsorbedbytheTMPYmolecules.Thatisthemainenergyabsorptionreg10ninoursystem.How-

ever,companngwiththepureTMPY,thereisstillsomeabsorbanceafter400mm whichwasnotfoundin

thepureTMPY.Theperylenemolecularshowitsabsorptionaround4001450mm indilutedsolution,soitis

reasonabletoattributethisportiontotheabsorptionoftheperylenemolecules.

Fig.6(a)showsthephotoluminescencespectraofpureTMPYanddopedcrystalsexcitedby310nm light.

ThisexcitingwavelengthcaninsuremostofthehostTMPYmoleculestobeexcited.ThepureTMPYshown

itsluminescencepeakbetween400-450mm,neverthelessthedopedcrystalsshowtheiremissionatabout500

nmandnopeakwasfindshorterthan450nm.Thespectraindicatethattheefficientenergytransferoccured

inthedopedco-crystals.Furthermore,previousworksannouncedthatthemainenergy transfermechanism is

theF6rsterenergy transferinhost-guestsystemsIWThismechamism needstheefficientspectraloverlapbe-

tweenthedonoremissionandtheacceptorabsorption.Checkingthespectraofoursystem wecanfindthat

theabsorbancepeakofperylenemeasuredindilutedsolution(Fig･5)wasneararound400-450nmwhichwas

alsotheemissionareaoftheTMPYmolecules,sotheremustbethesignificantspectraoverlapbetweenthem.

Inaddition,fromtheTD-DFTcaluclation,ithasbeenrevealedthatdirectionsofthetransitiondipolemoment

fromHOMOtoLUMOinTMPYandperyleneareidentifiedtobeparalleltothelongaxisofthemolecules･

CoincidenceofthedirectionisalsoimportantfortheF6rsterenergytransfer.Theseresultsconvincethe

F6rstertyperesonanceenergy transferisthemain transfermechanisminoursystem.Theemissionspectraof

differentdopingconcentrationalsoshowthemainpeakhasaredshiRwith theconcentrationincreaslng,this

phenomenoncanbeattributedtothemolecularaggregationoftheguestmoleculesandexcimerfluorescence

formedinhighconcentrationl21

Toinvestigatelum inescenceefficiencyofthedopedco-crystal,thequantumyieldsofTMPYandcoICryStals

werealsorecorded.Fig.6(b)showsthequantumyieldofdifferentdopingconcentrationexcitedbydifferent

wavelength.Fromthefigurewecanfindthequantum yieldwasflrStSigniflCantenhancedbeforel% dopant

concentration,near80% quantum yieldhadbeenobservedat5% dopantconcentration.Thisresultconvinces

thattheenergyhadbeeneffectivetransferredfrom low efficiencyhostmaterialtotheguestmaterialwith
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highlum inescenceefficiency･Thequantum yieldindilutedsolutionisabout94%･Inoursystem･thehighest

yieldisabout78%.Sincetheself･quenchingprocessismoresevereinthesolidstateconditioncompanng

withthedilutedsolution,soourSystemmakesagoodperformanceonlum inescenceefficiency･Thequantum

yieldslowlydecreaseswhentheconcentrationraisesupwhichcanbeattributedtotheconcentrationquench

andmolecularaggregation･15
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Fig.7Laser-pum pedemissionspectraof5% doped Fig･8Lum inescenceintensitiesandthefullwidth at

TMPY/perylenecoICryStal. halfmaximum vspumpingdensity inthe5% doped

co-crystal.

Laser-pum pedemissionspectraweremeasuredontheTMPY/peryleneco-slnglecrystal,sinceitisaneasier

waytocharacterizethelaserpropertiesofourco-crystal･22 5% dopedsamplehadbeenusedin thisexperi-

ment,becauseweobservedhighestquantum yieldefficiency in thisconcentration.Fig.7 showsthe

photoemissionspectrawith variollSPum pPulseintensities.Dyelaserwith4,4"'-bis[(2-butylocty1)oxy]-1,l':4',

l":4",I"-quaterphenylwasusedforpumping(Acx -385nm).Theexcitingwavelengthisintherangeofthe

absorptionofTMPY molecules.Theemissionspectraonlyshow thelum inescencecharacterabovethe460

nm.Thisshouldbeattributedtotheperylenemoleculesemission.Sothephotoluminescencespectraunder

lasersourceexcitingalsoconflrm theefficientenergytransferbetweenTMPYandperylenemolecules.There

isasignificantnarrowingtrendwhenthepum penergypromotes.Underthelowpumpingdensityat0.65mJ/

cm2,thephotoluminescencespectraexhibitabroadfeatureabove475nm.Wh enthedensity increases,the

highestpeaknear490nm hassignificantlyenhanced.Weanalyzedthefullwidth athalfmaximum (Fwn M),

andalsotheemissionpeakintensitiesoftheemissionspectraasafunctionofthelaserintensity(Fig.8).Fo1-

lowingthelaserintensity growth,themainpeakintensitiesareexponentiallygrown accompaniedbythenar-

rowingoftheFWHM･Thisresultsindicatetheamplifiedspontaneousemission(ASE)isobservedinourco-

crystalsystems･23-25 Thegaln-narrOWlngthresholdwasestimatedtobel･54mJ/cm2 andtheFWHM maintains

about2nm abovethethresholdenergy.
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ForclarifingthetransportpropertiesoftheTMPYcrystal,wefabricatedthesinglecrystalPETdevicefor

measurment･ForenllanCingthecarrierinjection,asym etricelectrodeswereused,3,4 andbufferlayerswerein-

troducedbetweentheelectrodesandorganicsemiconductor.Onlyp-typecharacteristicwasobserved丘om the

outputcharacteristics(Fig.9).Thethresholdvoltageis-33.3Vforthep-typetransistor.Transfercurveshows

holemobilityderivedfromthesaturatedmodeisasgoodas0.26cm2V-Is-Iwiththechannellengthandwidth

of18岬land147pm,respectively･Bytheoreticalcalculation,wegottheHOMOandLUMOenergylevels

are-5119eVandll･71eV･Comparingwith theworkfunctionofAu(-5.1eV)andCa(-2.87eV),the

scho叫 bamierattheinterfaceofAuelectrodeismuchsmallerthanattheCaelectrode.22 sincethe

ambipolarFETneedsbothelectronsandholestobeinjectedintothechannelsimultaneouslyfrom theelec-

trodes,thehighScho仇kybarrierattheCaelectrodeisunfavorabletotheambipolaroperation.

Conchsions

Inthesummary,wehavesynthesizedanidealhostmoleculeforthedopingsystem ofhigh 1um inescence

materialperylene.ThesinglecrystalX-raydi飴actiondataconvincethecoICryStalshavebeensuccessfully

grown .Theopticalspectraindicatethattheenergytransferhasoccuredinthehost-guestsystem,the

lum inescensequantum yieldshavebeenenhancedbytheeffectiveenergytransfertothehighquantum yield

molecules.TheASEphenomenahadbeenobservedunderthepulselaserexcitation.TheFETanalysisshows

thattheTMPY onlyhasunlPOlaroperationduringthegatevoltagetuning.Alltheseconvicethehosトguest

system isagoodmethodtofabricatetheLEFETdevices,andfurthermore,toinvestigatetheorganicsemicon-

ductorlaserperformance.Thefutureworkistoinvestigateideahost-guestsystemstomakeambipolarLEFET.
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論文審査の結果の要旨

本論文は､ホスト-ゲスト型の有機半導体における発光､およびトランジスタ特性の合理的設計に関す

る研究について述べられている｡近年､有機発光 トランジスタ(OLET)は有機発光ダイオー ドに代わるデ

バイスとして注目を集めている｡本論文では､従来のOLETの限界を示 した上で､この限界を打ち破る

ために､ホストーゲストという新 しい概念 ･方法論を提案し､この方法論の妥当性について議論 している

(第-章)0

第二章では､ホスト-ゲス ト分子の組み合わせとして､テトラメチルピレン(TMPY)-ペリレン系を実

際に組み合わせた混合単結晶の作成をおこなった｡これらの構造は単結晶Ⅹ線構造解析によって明らか

にし､ペリレンの比率も1-15%まで､単結晶性を保ったまま幅広く導入することが可能であることを明

らかにした｡

第三章では､テトラメチルピレン(TMPY)-ペリレン系の混合結晶における光学特性を詳細に調べ､混

合結晶はTMPYに比べ､約26倍もの発光量子収率をしめすことを明らかにした｡また､この発光効率の

向上はTMPYからペリレン分子への効率的なエネルギー移動に起因していることを明らかにした｡また､

実際に混合結晶を用いた単結晶電界効果 トランジスタデバイスを作成し､これらの混合結晶の半導体特性

について評価し､これらが比較的よいp型半導体特性を示すことを明らかにした｡

第四章では､理論計算等を元に､新 しいホスト･ゲストの組み合わせを模索し､新たに作成したホスト

ーゲスト混合結晶について､構造､光学特性を明らかにした｡

第五章では､ホストーゲスト型の有機半導体における可能性や今後解決すべき点などについて研究全体

の総括を行った｡

以上の内容は､論文提出者が自立して研究活動を行うために必要な高度の研究能力と学識を有すること

を示している｡したがって､李金鵬提出の博士論文は博士 (理学)の学位論文として合格と認める｡
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