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Uvod a motivace

1.1. Uvod

V této praci zaméfujici se na optické a optoelektronické vlastnosti organickych
polovodict je nahlizeno na tyto materidly s ohledem na jejich praktické vyuziti. Organické
polovodicové materialy diky svym specidlnim vlastnostem vyvolavaji ¢im dal tim vétsi
zdjem nejen védcd, ale aktudlné také zajem pramyslovych vyvojart. Pro praktické vyuziti
je velikou vyhodou snadna prace s témito materidly a jejich modifikovatelnost co se tyce
vlastnosti (, molekuly na miru”- z angl. ,Molecular tailoring™).

Tyto elektroaktivni materidly jsou intenzivné studovany jiz nékolik desitek let. V
pocéatku slo o vyzkum samotnych uhlikovych materialti (nano-trubi¢ky), postupné se
zajem presunul ke konjugovanym polymernim materidlim a v neposledni fadé je
vénovana pozornost také nizkomolekularnim latkam. Objevenim polovodicovych
vlastnosti organickych materidlt v roce 1963 skupinou profesora Weisse se tak oteviela
spousta novych moznosti uplatnéni organickych materidla. V roce 1987 Tang a Van Slyke,
vyzkumnici spole¢nosti Eastman Kodak z New Yorku, prvni pozorovali efektivni
svételnou emisi z dvouvrstvé struktury. Uéinnost jejich svétlo-emitujici organické diody
se pohybovala kolem jednoho procenta a material, ktery pouzili pro p¥ipravu diody, byl
na bazi syntetickych barviv vyuzivanych v xerografii. Pfedstaveni tohoto zafizeni
s u¢innou svételnou emisi za nizkych napéti vyvolalo velkou pozornost japonskych
vyvojara displejii. Misto téchto xerografickych organickych barviv tvofenych malymi
molekulami se do pozornosti dostaly polymerni filmy pfevazné obsahujici poly(p-
fenylenvinylen) neboli PPV. Tyto polymery s pevnymi kovalentnimi vazbami a vysokou
molekulovou hmotnosti predstavil v roce 1990 Richard Friend z univerzity v Cambridgi,
posléze zakladatel spole¢nosti Cambridge Display Technology, ktera je jiZ fadu let jednou
z prednich spole¢nosti v tomto oboru.

Site zabéru vyuZitelnosti organickych polovodi¢t razantné roste a jejich vyzkum celi
vyzvam na poli fotovoltaickych ¢lankd, flexibilnich displejti, velkoplosného osvétleni na
bazi svétloemitujicich diod, organickych pamétovych zatizeni, flexibilnich bateriovych
zdrojti, tisknutelnych identifika¢nich znacek a dalsich aplikaci. Organickd a tisténa
elektronika vyuZivd kombinaci novych materidld a rentabilni velkoplosné a rychlé
produkce, coz ptinasi nové oblasti pouziti. Tenka, lehka, flexibilni a k Zivotnimu prostiedi
Setrnd, takova je organicka elektronika dnesnich dni.
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Obr. 1 Ukdzka dneSnich organickych a tiSténych zafizeni - v taSce integrovany organicky solarni
panel, flexibilni osvétleni, flexibilni displej (tzv. e-reader) a radiofrekvencni identifikator (produkty
spole¢nosti Konarka, Schreiner, Plastic Logic, PolyIC).

vy

Hlavnim tézistém piedkladané diserta¢ni prace jsou organické polymerni materialy
na bazi poly(p-fenylenvinylenu), svétloaktivni fotochromni pifimési a v neposledni radé
molekula DNA jakozto organicky polovodi¢ovy materidl. Tyto materidly jsou
pfedstaveny v prvnich dvou kapitolach nésledujicich po této tvodni ¢asti. V prvni z nich
jsou popsany strukturni vlastnosti organickych materiald zodpovédné za jejich
polovodic¢ové vlastnosti. Ve stru¢nosti je v této kapitole piedstaveno nékolik aplikaci
organickych polovodi¢ti a je zde predstaven také koncept molekularniho proudového
spinade  vyuzivajictho jevu fotochromie. Specidlnim pfipadem organického
polovodi¢ového materidlu v této préci je molekula DNA, které je vénovana kapitola tfet.
Nasledujici dvé kapitoly stru¢né predstavuji charakterizace optickych a elektrickych
vlastnosti organickych polymernich materidltd. Experimentdlni vysledky zjisténé a

2 Yz

publikované autorem tvoii posledni ¢ast této préce.
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Kapitola 2

Organické polovodice

Organické polovodice na béazi pfevazné n-konjugovanych systémi jsou hlavnim
tématem vyzkumu této predkladané diserta¢ni prace. Na tyto materidly je pohlizeno z
hlediska technologického vyuziti jejich specifickych vlastnosti. V nésledujici kapitole
budou tyto vlastnosti vysvétleny a stru¢né predstaveny jejich aplikace.

2.1. Ptehled

V roce 1950 byly provedeny prvni studie na polovodi¢ovych organickych materialech
v krystalickém stavu. Studovana byla pfedevsim jejich fotovodivost a cilem bylo urcit
driftovou pohyblivost elektront a dér v krystalu anthracenu [1-4]. PfestoZe tyto materidly
prokéazaly podobné polovodicové vlastnosti jako jejich anorganické protéjsky, nevzbudily
tyto materidly vazny zajem a byly oznaceny za materidly exotické jen s malou moZznosti
vyuziti. V poloviné Sedesdtych let se objevuji molekularné dopované polymery s
vylep$enymi polovodi¢ovymi vlastnostmi [5] a dochazi k jejich podrobnému studiu [6, 7].
Tyto polymery jsou dopovany malymi molekulami organickych pigmenti pfimo do
isola¢ni polymerni matrice. Timto zplisobem se zkombinovala fotovodivostni schopnost
pigmenttt s mechanickymi vlastnostmi polymeru. Organické polymery diky svému
snadnému zpracovani, ohebnosti, materidlové rtiznorodosti a Setrnosti k Zzivotnimu
prostiedi, tak nasly mozné uplatnéni v xerografickych aplikacich. Pozdéji tyto materidly
skute¢né nahradily amorfni selen a kiemik v xerografickych zafizenich, jako jsou kopirky
a tiskarny [8].

Dilezity krok v oblasti vodivych polymerti byl u¢inén nahodou, a to kdyz Hideki
Shirakawa z Tokijského Technologického institutu pfipravoval organicky polymer
polyacetylen. Tehdy hostujici védec ptidal tisicinasobek katalyzéatoru, nez byl ptivodni
Shirakawtiv zdmér. Jako vysledny produkt vznikla vrstva podobna hlinikové folii, ktera
byla navic velice pruznd. Po néjaké dobé se dostalo tomu materidlu pozornosti Alana G.
MacDiarmidiho, ktery navstivil Tokijsky institut a zajimal se, zda by takovy materidl
mohl byt mozny kandidat pro vytvofeni nekovového vodice proudu tzv. synteticky kov.
Podrobnéjsi vyzkum uz Shirakawa provedl na Pensylvanské Université ve skupiné Alana
G. Mac Diarmidiho a Alana J. Heegra. Jejich spole¢na prace na tomto "syntetickém kovu"
pokracovala a po jeho dopovéani pentaflouridem jodu nebo arsenu popsali nardst
vodivosti pres deset ¥adt [9, 10]. Tento objev vyvolal velky zdjem o tyto materidly na
zac¢atku osmdesatych let. Tento zdjem podpotila také demonstrace elektroluminiscen¢ni
organické multi-vrstevnaté struktury piipravené vakuovou sublimaci spole¢nosti
Eastman Kodak [11, 12]. Dalsim piispévkem bylo vytvoieni polem fizeného tranzistoru
(angl. Field effect transistor-FET) z polythiofenu [13, 14] a malych konjugovanych
oligomert [15-19]. Nasledoval objev elektroluminiscence (EL) na diodach =z
konjugovaného polymeru poly(para-fenylen vinylen) (PPV) na ptdé University v
Cambridgi, ktery zahdjil fadu aktivit v oblasti konjugovanych polymert a jejich aplikaci
[20].
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Samotné konjugované polymery jsou organické makromolekuly, kde se stfidaji
jednoduchd a dvojna vazba mezi atomy uhliku. Uhliky vazané dvojnou vazbou maiji tii ze
¢tyf valenc¢nich elektroni umistény v sp? degenerovanych orbitalech lezicich v jedné
roviné a svirajicich mezi sebou tthel 120°. Kolno na tuto rovinu je postaveny p, orbital,
ktery obsahuje ¢tvrty valen¢ni elektron. Pfekryvem sp? orbitaltt vznikd jednoduchd o
vazba. Orbitaly p. pfispivaji ke vzniku dvojnych vazeb. Konjugace jednoduché a dvojné
vazby zajistuje delokalizaci elektronti pod a nad plandrni rovinou molekuly. Se vznikem
vazeb vznikaji { nové molekulové orbitaly. V piipadé vazby o se jedna o dva orbitaly o,
pficemZz jeden je vazebny a druhy, oznacovany hvézdickou, je orbital protivazebny.
Podobné je to i u m vazby, kdy ke kazdému mn-vazebnému orbitalu vznikd jeden mo*
protivazebny orbital. Pokud je molekula v zdkladnim stavu, v8echny valen¢ni elektrony
jsou umistény ve vazebnych molekulovych orbitalech. Energeticky nejbohatsi vazebné
orbitaly jsou ozna¢ovany HOMO (z angl. Highest Occupied Molecular Orbital- HOMO) a
energeticky nejchud$i protivazebné molekulové orbitaly se nazyvaji LUMO (z angl.
Lowest Unoccupied Molecular Orbital-LUMO). Rozdil energii téchto dvou orbitalt
odpovidad nejmensi nutné energii, kterou molekula musi absorbovat, aby se dostala do
elektronového excitovaného stavu [21]. Zakazany pas organickych polovodicovych
materiali uréeny z optickych méfeni je v rozsahu 1-4 eV, coz je v rozsah od infracervené
az po ultrafialovou oblast spektra. Dobfe prozkoumanym piikladem konjugovaného
systému je polyacetylen, ktery je tvofen pouze jednim fetézcem, kde se sttidaji
jednoduché a dvojné vazby (Obr. 2). V dalsim obrazku jsou znidzornény ostatni bézné
pouzivané konjugované polymery (Obr. 3).

vazba-m

vazha-o

Obr. 2 Schematické znazornéni vazeb mezi atomy uhliku (horni) a v polyacetylenu (dolni).
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Obr. 3 Chemické vzorce nékterych bézné pouzZivanych konjugovanych polymeri.

V konjugovaném systému dvojnych vazeb dochazi k interakci mr orbital{i, coz mé za
disledek delokalizaci, kdy dochéazi k rozloZeni 1 elektrontt podél uhlikové kostry. To
usnadiniuje pohyb m elektront po konjugované c¢asti molekuly, a ty se tak stavaji
potencidlnim zdrojem volnych nosi¢tt ndboje.

Uspotadani organickych molekul v pevném stavu je uréeno predeviim prostorovym
uspotadanim molekul a silovymi interakcemi ptsobicimi mezi nimi. Mezi hlavni silové
interakce patii vodikova vazba, van der Waalesova vazba, dip6lové interakce. Organické
latky ve snaze dosdhnout co nejtésnéjstho usporadéni, tak vytvari molekulové krystaly,
které se svymi vlastnostmi zna¢né ligi od krystald kovalentnich & iontovych, typické pro
anorganické latky. Hlavni rozdil spociva v sile vazby mezi ¢asticemi v krystalové miizce.
Pro anorganické krystaly je typicka pevna kovalentni ¢i iontova vazba, kterd ve srovnani s
vy$e jmenovanymi vazebnymi interakcemi je desetkrat az stokrat siln&ji. Rozdil je i ve
vzdélenosti vazanych ¢stic, kdy mezimolekulové vzdélenosti v molekulovych krystalech
jsou vétsi ve srovnani s délkou vazby mezi atomy v anorganickém krystalu.
Makroskopickym dtsledkem je nizka teplota sublimace a tani molekulového krystalu a
mald mechanickd odolnost. Velké odlisnosti jsou i v elektronové struktute. Zatimco v
anorganickych krystalech dochazi k delokalizaci elektront pres celou krystalovou
mtizku, tak v molekulovych krystalech si molekuly zachovavaji svoji identitu. Transport
nosi¢ti ndboje mezi jednotlivymi molekulami v krystalové miizce je silné zavisi na
intermolekuldrnich vzdalenostech. To se projevuje malou tepelnou a elektrickou
vodivosti. Z toho d@ivodu byly organické pevné latky dlouhou dobu povazovény cisté za
izolanty. Polymerni latky se vSak mnohem castéji nez v krystalickém stavu vyskytuji ve
stavu amorfnim, protoZze jejich fetézce zaujimaji velké mnozstvi konformaci a tedy jejich
pravidelné usporadani do krystalové miizky je mnohdy nemozné.

2.2.  Organické svétlo emitujici diody

Od objeveni elektroluminiscence v konjugovaném polymeru poly(p-fenylen vinylen) -
PPV [20] byl proveden rozsdhly vyzkum polymernich svétloemitujicich diod
(polymerLED-pLED nebo z angl. Organic Light Emitting Diode-OLED). Nejjednodussi
organickd polymerni LED jednovrstevna struktura se skladd z tenkého polymerniho
filmu. Ten je nanesen rota¢nim nanasenim z roztoku (nebo vakuovym napafenim z
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pevného skupenstvi) na transparentni spodni elektrodu tvofenou tenkou vrstvou oxidu
india a cinu, kterd tvofi anodu. Jako katod je pouzito kovovych napafenych elektrod s
malou vystupni praci (vapnik nebo barium). V jednovrstevném systému plni organicka
polymerni vrstva tfi funkce - transport dér, transport elektrond a emisi zafeni (Obr. 4)
[22, 23].

Anoda Polymer Katoda

Obr. 4 Zakladni kroky elektroluminiscence: (1) injekce nosici naboje, (2) transport nosic¢i naboje,
(3) formovani excitonu, (4) zarivy rozpad excitonu. Ve schématu je zavedeno znaceni kde, @, je
vystupni prace anody, ®@¢ je vystupni prace katody, @y je bariéra injekce dér, @, je bariera injekce

elektronu, @y; je kontaktni potencial, V je ptiloZené napéti, V je efektivni napéti v polymerni vrstvé a g
je elementarni naboj [24].

V propustném sméru vyse zminéné struktury jsou diry injekovany z anody a
elektrony z katody. Nosi¢e naboje se pohybuji polymernim tenkym filmem a rekombinuyji.
Energie uvolnéna pfi rekombinaci nosi¢ti naboje je vyzafena ve formé fotont skrz
prithlednou elektrodu do prostedi. Volbou polymeru a jeho poloh HOMO a LUMO
hladin je moZzné ménit vinovou délku emitovaného zafeni. Aby mohla probéhnout injekce
z elektrod je tfeba prekonat na rozhrani polymer/elektroda bariéru, kterd je urcena pozici
hladin HOMO a LUMO a pozici vystupnich praci kovovych elektrod. V ptipadé PPV,
ktery ma hladinu HOMO 5,2eV a LUMO 29eV je dobrou volbou ITO elektroda s
vystupni praci kolem 5 eV, vysledkem je nizka injekéni dérova bariéra [22]. Vhodnymi
elektrodami s nizkymi vystupnimi pracemi pro OLED jsou elektrody vapniku a baria s
®~3 eV. Kontrola rozhrani anoda/polymer a polymer/katoda je dtlezita, protoze ¥idi
proces injekce ndboje. Dtlezitou roli hraje také ¢istota materidld, jak pouzitych polymerd,
tak napatovanych elektrod [25].

Kromé studia injekci ndboje byl rozsdhle studovan i transport ndboje v
neusporddanych organickych polovodi¢ich. Z méfeni volt-ampérovych charakteristik
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vyplynulo, Ze proud v LED je limitovan objemovym transportem a ne injekci z kontaktu s
bariérou mensi nez 04 eV [26-28]. Diky malé pohyblivosti nosi¢i naboje v téchto
neuspofddanych polovodi¢ich miizeme pozorovat efekt prostorového naboje v
polymernich LED. Pro dosazeni vysoké ucinnosti svételné emise je vhodné vytvoreni
vicevrstevné struktury s optimalizovanymi vlastnostmi vrstev, tak aby nedochazelo k
rekombinaci a zhaSeni luminiscence naptiklad na rozhrani polymer/kontakt. Naptiklad u
tfivrstvé diody je nejvice emisni vrstva je uloZena mezi vrstvou transportujici diry a
vrstvou transportujici elektrony [24].

2.3. Polymerni polem fizené tranzistory

V polymernich polem fizenych tranzistorech (angl. Organic Field Effect Transistor -
O-FET) je proud veden mezi dvéma elektrodami, emitorovou a kolektorovou a je fizen
prikladanim napéti na tfeti elektrodu fidici (Obr. 5).

polovodié A
f .1
— ! emitor L. - +Jkolektor
IZOLANT
fidici elektroda
L
<L L
L J w -

Obr. 5 Schematické znazornéni polymerniho FET.

Krystalicky kfemik je nejpouzivanéj$i material v mikroelektronice, ovsem zafizeni z
ngj jsou kiehka, ndkladna a nevhodna pro velkoplosnd pouZiti. Pro tyto aplikace jsou
vhodnéjsi materidly, jako je amorfni kiemik (a-Si:H), polykrystalicky kifemik nebo
organické polovodice. V roce 1971 byl popsan prvni polem fizeny transistor z
organickych polymert [29]. Po objevu Shirakawy, MacDiarmida a Heegra [9] se z4jem o
vyuziti organickych FET zvysil a ndsledné se objevuje prvni polyacelylenovy OFET v roce
1983 [30]. PIné organicky transistor byl vyvinut na flexibilni polyimidovém substratu s
poly(thienylenvinylen)ovym polovodi¢em (PTV), poly(vinylfenol)ovym (PV) izolantem a
dopovanym polyanilinem (PANI) jako emitor kolektorovymi elektrodami [31]. Jednim z
nejdalezitéjsich faktort pro pouzitelnost OFET je hodnota pohyblivosti naboje, protoze ta
urcuje taktovaci frekvenci. Mald pohyblivost nosi¢i naboje v téchto zafizenich
znemoznuje, aby OFET nahradily krystalicky kfemik v procesorovych jednotkach nasich
pocitaca. Ale s taktovaci frekvenci kolem 10° Hz jsou vhodnymi kandidaty pro aplikace,
jako jsou jednordzové elektronické zafizeni ke znackovani a identifikaci za velice nizkou
cenu.
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2.4. Polymerni organické solarni ¢lanky

Ke konci let sedmdesatych a pocatkem let osmdesatych byla velikd pozornost
vénovana vyzkumu a vyvoji fotovoltaickych ¢lanké. Ve stejné dobé je velkd pozornost
vénovdna i vyzkumu organickych polovodi¢t. Prvnimi studovanymi materialy
vhodnymi pro fotovoltaické aplikace byly merocyaniny [32] a ftalocyaniny [33], které jsou
vhodné i k depozicim v podobé tenkych vrstev na flexibilni substraty. Absorpci
viditeIného svétla organickym materidlem se generuji diry a elektrony a produkuji tak v
materidlu elektricky proud. Ué¢innost prvnich organickych fotovoltaickych ¢lankd byla
velice mala [34]. Vy$8i ucinnosti se zacalo dosahovat az naslednym modifikovanim
chemické struktury a morfologie uzitych polymerd, které trva az do dnesnich dni. V prvni
fazi se zacaly pouzivat materidly ze stejné tfidy jako pro OLED a mixovaly se s
elektronovymi akceptory [35]. Donor-akceptorni smés vykazovala tc¢innost pfemény
solarni energie kolem 1% [36]. V poslednich nékolika letech byly zvlasté zkoumany smési
polymer-fullerenti [37]. Prvnim skute¢né slibnym solarnim ¢lankem na bazi objemového-
heteropfechodu mezi polymerem a fulereny byl objev v roce 2001 Shaheenem a kol. [38]
(2,5% tcinnosti), a ke tfem procentim tcinnosti se dostali i jiné heteropfechodni solarni
¢lanky [39-41]. V dne$ni dobé kombinaci vhodnych polymernich matrici a akceptorovych
nizkomolekuldrnich latek ( napifiklad kombinaci methyl esteru kyseliny [6,6]-fenyl-C61-
butyrové (PCBM) jako akceptoru a [poly(3-hexylthiofene)] (P3HT) jako donoru) bylo
dosazeno ucinnosti 6-7% [42].

Zajem o organické solarni ¢lanky vychazi ze stejnych dévoda jako zdjem o OLED. Z
hlediska ekonomického je velice vyhodné vytvofit velkoplosny fotovoltaicky ¢lanek na
flexibilni podloZzku, pro béZzné vyuZiti a snadnou manipulaci, nemluvé o moZznosti
snadného vysokorychlostniho tisku procesem Role-to-role a vytvafeni flexibilnich
solarnich ¢lank.

V této praci je uspofddani vzorku solarniho c¢lanku a nebo svétloemitujici diody
znazornéno pro predstavu v nasledujicim schématu (Obr. 6).
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Obr. 6 Schéma skuteéného vzorku vyuZivaného v této praci pro méreni elektrickych vlastnosti
aktivnich organickych polymeri a jejich smési s dopanty (napf¥. fotochromnimi). Toto je typicka
vrstvena struktura, ve které jsou jednotlivé elektricky aktivni sloZky vrstveny jedna na druhou.

2.5.  Molekularni proudovy spinac¢

Konjugované polymery jsou slibnym materidlem z hlediska nizkych nakladii a snadné
ptipravy optoelektronickych zafizeni. Jednim z nejdilezitéjsich parametrtt funkénich
charakteristik organického optoelektronického zafizeni je pohyblivost nosi¢ti naboje v
konjugovanych polymerech. Svétlem fizend kontrola pfenosu ndboje a energie na
molekularni drovni je pozadovand vlastnost pro budouci molekularni elektroniku.
Opticka kontrola pohyblivosti nosi¢ti ndboje v konjugovanych polymerech mtize byt
fizena pfitomnosti fotochromni pfimési, ktera reversibilni zmeénou své struktury
ovliviiuje pfenos naboje. Nasledujici kapitola se touto reversibilni zménou a koncepci

molekuldrniho spinace vodivosti zabyva.

Fotochromismus

Pro vysvétleni samotné podstaty molekuldrniho spindni je tfeba uvést pojem
fotochromismu. Fotochromismus je definovany jako svételné indukovana reverzibilni
reakce molekuly. Pfi této reakci se formuje fotoisomer, jehoZ elektronové absorbéni
spektrum je vyznamné odlisné od ptivodni molekuly nevystavené zafeni. Tuto zménu v
absorpénim spektru doprovazi barevna zména samotné molekuly (Obr. 7).
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Obr. 7 Fotochromni reakce spiropyranu (SP) na fotomerocyanin (MC) projevujici se barevnou
zménou systému. Ve spektru je teckovanou ¢arou vyneseno UV-VIS spektrum polymerni matrice
MEH-PPV. Plna ¢ara reprezentuje spektrum polymerni matrice MEH-PPV s primési spiropyranu SP.
Spektrum po fotochromni konverzi je znazornéno ¢arkovanou ¢arou, kde je patrna zména ve spektru
kolem 590nm.

Budeme-li mluvit obecné o fotochromnim jevu, mZzeme f¥ici, Ze vychozi latka je
vétsinou bezbarva, jeji elektronova absorbce je patrna v UV oblasti (méné nez 350 nm),
zatimco produkt této fotochromni reakce indukované UV zafenim vykazuje intenzivni
absorbci ve viditelné oblasti (400 - 700 nm). Vyslednym produktem této fotochromni
reakce je termodynamicky nestabilni (metastabilni) isomer. Toto chovéani ukazuje, Ze
izolovany n elektronovy systém v reaktantu se stdvd do zna¢né miry konjugovanym v
produktu. Zminéné zmény doprovazi také zmeéna v polarité molekuly (zména dipélového
momentu), zména elektrické permitivity a indexu lomu. Charakteristické pro
fotochromismus je jeho reverzibilita. Zpétné konverze 1ze dosdhnout dodénim aktiva¢ni
energie (termicky nebo elektromagnetickym zafenim).

Jednoduché reakéni schéma popisujici tento fotochromni efekt miize byt popsédno
nasledujicim zptsobem:
hv,
A =<——RB
kI, hvy

kde A v, je aktiva¢ni energie (reprezentovana energii elekromagnetického UV a

2

viditelného zafeni), kterd zptsobuje pfeménu molekuly A na molekulu B. Ve zpétném
sméru je energie indukujici zpétnou pfeménu zastoupena tepelnym koeficientem k,7 a

nebo elektromagnetickym zafenim /v, .

Kinetika fotochromismu

Stanoveni parametr(i kinetickych fotochromnich pfechodd neni snadné z davodu
malé stability prechodnych nestabilnich meziproduktt této pfemény. Jako piikladu
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takového kinetického chovani miazeme vyZit monomolekuldrniho systému spiropyranu.
Schématicky je tato rovnice vyobrazena na nasledujicim obrazku (Obr. 8).

Py v

A —* X
Ky, (fast)
Km{slu:r\ ﬁ:{a{ﬁsﬂ
B

Obr. 8 Schéma monomolekularniho systému, kde A je stabilni vychozi forma, X je piechodny stav s
kratkou dobou Zivota a B je stav s dlouhou dobou Zivota, ale stale vysoce nestabilni barevna forma.

Priklad typické kinetické analyzy monomolekularniho fotochromniho systému
monochromaticky ozafovaného je zobrazen v dal$im obrazku (Obr. 9).

OFF

)

Absorbance

> Cas

Obr. 9 Vyvoj zavislosti absorbance na ¢ase fotochromniho systému béhem kontinualniho ozarovani
(v grafu je pFitomnost excitaéniho zafeni oznatena jako ,,ON“ a po vypnuti ,,OFF“. K¥ivky a, a b,

pro termodynamicky méné stabilni isomer B a ¢ary a "a b, pro stabilni isomer A.

Ve chvili kdy je zafeni zptsobujici excitaci pfitomno (v Obr. 9 oznaceno jako ,ON”,
kdy je excita¢ni zafeni pfitomno) je absorbance systému pti A

acop o (Kfivka a;) zvySena a
nasleduje kinetika formovani B formy. Z kiivky kinetik pti ozafovani (oblast ¢, —¢,) mtize
byt zjisténo @,, a &,. Po vypnuti ozafovani UV (v Obr. 9 oznaceno jako ,OFF“, kdy je
excitacni zafeni vypnuto) nastava tepelny relaxacni proces (oblast ¢, — o). Teplotni

konstanta k,, mtze byt stanovena z procesu relaxace.
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Spiropyran
Spiropyrany (nebo také spirochromy) jsou tvoieny dvéma heterocyklickymi ¢astmi
spojenymi ¢tyfmocnym sp3 atomem uhliku (Obr. 10).

P)
N\ b
H JZ}\i@

Co.

O
i

Obr. 10 Schéma spiropyranu s ukazkou dvou kolmych ¢asti molekuly v roviné P a P' [43].

Dvé poloviny molekuly se nachazi na dvou k sobé kolmych roviniach P a P'
Benzopyran je vzdy soucasti struktury vsech spiropyranovych slouc¢enin. Absorpé¢ni
spektrum spiropyranu se pohybuje v rozsahu UV 200-400 nm s absorpénimi maximem
kole 320-380 nm. Absorpéni spektrum je sumou téchto dvou kolmych polovin molekuly.
Absorpce elektromagnetického zafeni v tomto rozsahu vede, diky $tépeni vazby uhlik
kyslik, k formovani barevného isomeru. Barevnou formu také nazyvame otevienou,
oproti uzaviené formé, kteréd je bezbarva.

Barevnd forma (tzv. fotomerocyanin - MC pro jeho podobnost s merocyaninovymi
barvivy) je vysoce konjugovand struktura s charakteristickym absorpénim pésem ve
viditelné oblasti (Obr. 7). Tento fotomerocyanin se mtize vyskytovat ve dvou forméch, a
to keto formeé a formeé zwitterionické (Obr. 11).

NO,

Obr. 11 Dvé formy merocyaninu A) Zwitterionickd forma fotomerocyaninu B) keto forma
fotomerocyaninu.

Je zndmo osm moZnych isomernich struktur oteviené fotomerocyaninové formy, ale
jen ¢tyfi z nich jsou stabilnimi isomery (Obr. 12). Nejstabilnéjsim isomerem je forma TTC
(tran trans cis (Obr. 12)).
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Obr. 12 Stabilni fotomerocyaninové isomery.

V dnesni dobé je mezi mnoha derivaty spiropyranu nejhojnéji vyuzivan spiropyran
1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro [2H-1-benzopyran-2,2’-(2H)-indol] oznac¢ovany
jako SP ¢i 6-nitro-BISP. Diky svému velkému dip6lovému momentu po fotochromni
konverzi, velkého vytéZzku fotochromni reakce a teplotni stabilité jeho merocyaninové
formy je tento derivat spiropyranu z technologického hlediska zajimavy a slibny material.

2.6. Molekularni proudovy spinac

Tento koncept byl navrzen Nesplrkem a Sworakowskim [44-46]. Studium principu

2 N 2z

tohoto proudového spinace je také ¢asti mého experimentalniho pojednani.

I
L

Obr. 13 Schéma optoelektrického molekuliarniho spinade rizeného zménou dip6lového mementu
fotochromni skupiny D navazané na polymerni ietézec A B pi‘es molekulu C (nazyvanou spacer - z
angl. oddélovac).

Pro pfimou aplikaci fotochromniho jevu a vzniku dip6élového momentu je pro
studium zmeény vodivosti a pohyblovosti ndboje pouzito vy$e zminéného chovani
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spiropyranti, kdy na polymerni fetézec je navazan nebo do jeho bezprostfedni blizkosti
zaveden spiropyran, ktery mitze diky fotochromni izomerizaci ménit sviij dipdlovy
moment (Obr. 13, Obr. 14).

CH3 =,
CH3 o0 @ @ I ccm ,,X\
a iz 8/ CH3 - e
o - : — O @
) L —
3 4 n o
.I,...,__..ICHa 4 n l\.o cH3
= : -CH3 H3C H3C o _CHa3 % W HaC
HaC Hac Ha&  Hac

O N spiropyran (SP) A JE— O F F merocyaninie (MC)

Obr. 14 Schématické znizornéni pi‘enosu naboje ve dvou stavech proudového spinace. V prvnim
piipadé neni molekuldrni drat ovlivnén uzavienou nepolarni formou spiropyranové piimési (oznaceno
ON) a ve druhém pripadé je transport naboje ovlivnén vznikem otevifené merocyanové formy
(oznaceno OFF).

Zvétsenim dipdlového momentu ve fotochromni jednotce plisobi jako past pro nosice
néboje putujici podél fetézce polymeru. S rostoucim dipélovym momentem se prohlubuje
hloubka pasti a sniZuje se pohyblivost nosi¢e naboje [47]. S velikosti dipdlového momentu
se méni ioniza¢ni energie polymerniho segmentu v blizkosti dipolarni piimési. Hloubka
vzniklé energetické pasti £, je dana rozdilem ioniza¢ni energie s lokalizovanym nébojem

I, ktery se vytvofil po konverzi spiropyranu a ionizaéni energii pied fotochromni

c

konverzi [ ,: E, =1,—-1,.
Zavislost energie krystalu s ioniza¢ni energif spiropyranu /, je vyjadiena ve vztahu
l,=1,-H, 0]

kde F je polariza¢ni energie, jez odpovida energii interakce mezi nosi¢em naboje a
materidlu vjeho bezprostfedni blizkosti. Nosi¢ naboje je lokalizovdn v misté, kde je
absolutni hodnota polariza¢ni energie P, lokdlné vétsi nez v ostatnim materidlu £ .

Hloubka pasti poté odpovidé rozdilu téchto dvou polariza¢nich energii: £, ~ P, — F,.
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Obr. 15 Energeticky diagram znazornujici zménu A) velikost ioniza¢ni energie izolované molekuly
SP Ig B) velikost ionizacni energie krystalu Icl. Rozdil jejich velikosti je polariza¢ni energie P1.
C) Konverze SP ma za nasledek vznik dip6lového momentu, ktery zvétSuje polarizacni energii P2, a
tim dojde ke sniZeni ioniza¢ni energie Icl na energii Ic2. Rozdil velikosti polariza¢nich energii P1 a P2
pak udava zménu velikost vzniklé energetické pasti Ep.

V energetickém diagramu (Obr. 15) je znazornéna velikost vzniklé pasti E, z rozdilu
polariza¢nich energii P1 a P».

U systémii s neuspofddanym rozloZenim fotochromnich aktivnich pfimési dochazi k
poklesu pohyblivosti nosi¢i naboje dale vlivem rozdilné distribuce transportnich hladin.
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Kapitola 3
DNA jako organicky polovodic¢

V této kapitole je biomolekulu DNA (deoxyribonukleova Kyselina) piedstavena, jako organicky
polovodic.

3.1. Elektrické vlastnosti DNA

Prestoze byl vyvoj kfemikovych zafizeni rychly a progresivni, o¢ekava se dosazeni
maximdlniho vyuZiti tohoto materidl bez moznosti dalsich aplikaci ¢i jejich vylepSeni.
Z tohoto dtivodu se pozornost upira k novym materialiim. Jednim z materidla, kterému
se dostava ¢im dal vétsi pozornosti, je DNA.

DNA je dilezity biologicky polymer nesouci genetickou informaci a je velice zajimavy
jakozto funkéni materidl "nano" velikosti zasluhou svych vyjime¢nych vlastnosti, které
nenajdeme u jinych polymerd. Je to materidl, ktery nevyZzaduje jinak néaro¢nou
miniaturizaci se schopnosti tvofit samoorganizujici struktury. UvaZzuje se o vyuziti DNA
pro vedeni elektrického proudu v budoucich molekuldrnich elektronickych prvcich.
Vodivostni vlastnosti DNA snad najdou své uplatnéni v samotné detekci a analyze DNA,
rychlé identifikaci patogenti u lidi, zvifat a rostlin. Tradi¢ni techniky detekce nukleovych
kyselin postavené na zdkladech spektorskopickych metod vyzaduji velké a nédkladné
vybaveni. Prace sradioaktivnim znacenim také neni pfili§ atraktivni, kvali potfebé
kvalitné skoleného persondlu. Od elektrické detekce oligonukleotidovych vazeb se
ocekava méné draha a méné komplikovana instrumentace, ale vyvoj stale hleda cesty
k vylepseni reprodukovatelnosti a citlivosti metod.

DNA

DNA je biologickd makromolekula (technologicky je ji mozno oznacit jako polymer),
dvousroubovice tvofena dvéma fetézci nukleotidi v obou vldknech. Jednotlivé
nukleotidy se sklddaji ze tii slozek: fosfitu (vazebny zbytek kyseliny fosforecné),
deoxyribozy (pétiuhlikovy cukr - pentéza), nukleové bdze (konkrétni dusikaté
heterocyklické slouceniny). V DNA se v rtiznych kombinacich vyskytuji ¢tyfi nukleové
baze: purinové baze jsou - adenin (A) a Guanin (G) a pyrimidinové baze jsou - thymin -
(T) a cytosin (C). Adenin se dvémi vodikovymi mustky paruje s thyminem a guanin
s cytosinem tfemi vodikovymi mistky (Obr. 16).
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Obr. 16 Vodikové vazby mezi komplementarnimi bazemi.

Nukleotidy jsou uspotddany do fady za sebou, jejich spojeni v fadé zajistuji fosfatové
zbytky, které spojuji uhlik 3' jedné deoxyribézy s uhlikem 5' druhé deoxyribézy. Smér
orientace vlakna se oznacuje pravé podle orientace deoxyrib6zy v ném, tedy: smér 3 —5
a opacny smér 5—3°. DNA se v organismu uchovdvd ve formé pravotocivé
dvousroubovice ve které se nachédzeji dva antiparalelni fetézce 5'-3' a 3'-5', (vlakna jdou
tedy proti sobé, na jednom konci molekuly se setkdva zaroven 3 konec jednoho fetézce a
5’konec druhého a na druhém konci molekuly naopak). Pfi sobé je drzi vodikové mistky
mezi komplementarnimi dusikatymi bdzemi. Jedna otacka DNA obsahuje 10 part bazi a
méfi 3,4 nm. Dvousroubovice ma pramér 2 nm. To plati pro B-DNA (v prostfedi s nizkou
koncentraci soli a vysokym stupném hydratace). A-forma (niZ8i stupen hydratace
molekuly) méd na jednu otacku o jeden pér nukleotid@ vice. Z-konformace se stfidavou
sekvenci purin pyrimidin urcitého typu muze tvofit levotoc¢ivou dvousroubovici s 12 pary
bazi na jednu otacku (Obr. 17)
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Obr. 17 a)A-konformace b)B-konformace c¢) Z-konformace dvousroubovice DNA [48].

Protoze DNA Sroubovice je za normélnich podminek stabilni, musi existovat na jejim
povrchu mista pro pifjem signdlu z okoli molekuly. Tuto tlohu plni dva podélné se
vinouci Zlabky. Jsou oznacovany jako, velky a maly zlabek. Do prostoru ohrani¢eného
témito Zlabky vy¢nivaji disociované naboje fosfatovych skupin nebo funkéni skupiny
purinovych a pyrimidinovych bazi. Tyto Zlabky jsou aktivni centra molekuly DNA.
Kromé uvedenych tvart existuji dalsi modifikace a usporadédni DNA fetézct, které jsou

MzXe

zapfi¢inény bud’ lokalnimi zménami v druhotné struktufe DNA (vytoleni Fetézce z

Y

dvojvldkna do stran a vytvoreni bublin nebo konformaci s prekfizenymi fetézci) nebo jsou
pravidla, a tak vzniku homopurinovych a homopyrimidinovych sekvenci). Mohou tak
vznikat troj-Sroubovice nebo ¢tyf-Sroubovice.

Denaturace DNA

Pro samotnou praci s DNA je vhodné umét pracovat s jednofetézcovym vlaknem
tohoto polymeru, ktery je prakticky mozZné pfipravit z matefské dvousroubovice.
Dvoufetézcova struktura DNA mtze byt rozvolnéna ohfatim nebo zvySenim iontové sily
v prostfedi, ve kterém se vyskytuje. Rozpoji se pary bazi a baze se volnéji pohybuji v
prostoru, i kdyz zlstavaji navazany na fosfodiesterovou patef polymeru. Pfi této
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denaturaci se zvysi opticka absorbance purinovych a pyrimidinovych béazi. Déj se nazyva
denaturac¢ni hyperchromicita.

Jak ukazuje uz Obr. 16 deoxyguanisinovy a deoxycytidinovy nukleotid jsou spojeny
ttemi, zatimco par A-T dvéma vodikovymi vazbami. Par G-C je asi 0 50% pevnéjsi nez A-
T. Z toho davodu, a téz na zakladé hydrofébnich interakci mezi vrstevnymi bazemi, jsou

N o1

tuseky DNA bohaté na pary G-C mnohem odolnéjsi k denaturaci nez tseky bohaté na A-T.

Pfenos naboje v DNA

Elektrony migruji pfes DNA procesem vicestupniovych preskokii. Rychlost kazdého
kroku je zéavisla na jeho délce. Efektivita tohoto pfenosu neni urcena pouze rychlosti
kroku prenosu elektronu, ale také kompetitivni reakci s vodou, ve které jsou nosi¢e naboje
trapovany (uvéznény). Bylo také pozorovano, Ze nékteré vazebné enzymy DNA pienos
naboje ovliviiuji [49, 50].

Experimenty provedené za poslednich par let popisuji schopnost elektrond migrovat
podél DNA. Napftiklad injekce pozitivniho ndboje na guanin G; v oxida¢nich reakcich,
kdy pozitivni ndboj neziistaval lokalizovan na pozici G1 a protoze indukoval elektronovy
transfer na vedlejsi guaninu, pohyboval se tak pozitivni naboje podél fetézce preskoky
mezi bdzemi guaninu (Obr. 18)

RET
———C-A-A-C-A-A-CA-A-CA-A-C-C-C——5’

L e

2p —— G,T-T-GA-T-GI-T-GFT-GGG——38

KH,0

i, R, Fe, R, Faca

Obr. 18 Schématické znazornéni pienosu naboje DNA, jak bylo publikovano [49]. V prvnim kroku
je z prvniho guaninu G, vytvoren radikalovy kation, ktery zahaji elektronovy prenos na dalsi nejbliZsi
guanin (G,). Posledni triplet tFi guanini v Fadé slouzi jako termodynamicky reservoar pro sbér
pozitivniho naboje.

Tento pfenos generuje vznik radikalového kationtu G, ktery iniciuje dalsi
elektronovy pfenos znasledujictho guaninu. Pokud radikdlovy kation neni okolnim
prostfedim ovlivnén (H>O, O,, atd.) nastava zpétny proces mnohocetného pienosu, ktery
vede k dynamické distribuci kladného naboje na opaéné strané DNA. Pro pifimy
elektronovy posun podél DNA je potfebna termodynamicka sila, které miize byt
dosazeno sekvenci DNA, jako napiiklad triplet GGG, ktery stabilizuje kladny ndboj
efektivnéji. V soucasné dobé je pohled na pfenos elektronu v DNA akceptovan jako
mnohocetny pfenos (multistep hopping). Ziastava vsak oteviena otazka, jak vypada
samostatny prenos (single-step) elektronu [50].
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Elektricka vodivost DNA

Vroce 1962 Eley a Spivery svou praci poukdzali na pravdépodobnou moznost
elektrické vodivosti DNA [51]. Néasledné Barton s kolektivem prozkoumali elektricky
pfenos pies DNA za pouziti systému foto-elektronového transferu na kratké sekvenci
DNA. Foto-elektronovy pfenos na molekule DNA pfedstavila Marcusova teorie,
popisujici efektivitu pfenosu naboje tmérnou e#4 [52]. Kde d je vzdalenost mezi elektron
akceptorovou molekulou a elektron donorovou molekulou, ff je mira tmérnosti piekryvu
akceptorové molekuly a molekuly donorové. Teoreticky byla hodnota p stanovena
vrozsahu 0,85-25 A-1[52]. Murphy a jeho kolektiv vsak publikovali prekvapivé
experimentalni vysledky kde =0,2 A1 [53]. Tyto vysledky si ziskaly velkou pozornost a
vedly k hlub$im experimentdlnim a teoretickym vyzkumim elektronového pfenosu
v DNA. Systematicky vyzkum na DNA srtznymi sekvencemi bazi objasnilo, ze foto-
excitovany nosi¢ postupuje z G-C paru na dalsi G-C pér souvislym posunem pies A-T
pary. Nosi¢ byl tedy lokalizovan na G-C péru, kde je vzdalenost mezi pary kratsi, jak jiz
bylo zminéno. KdyZz je vSak vzdélenost sousednich G-C paru velika, stava se
dominantnim elektronovym pienosem mechanizmus termického preskoku [54-56]. KdyZz
je v8ak molekula DNA dlouha, stdva se zavislost na vzdalenosti zanedbatelna a parametr
P neovliviiuje efektivnost pfenosu [57].

Aktualné publikované vyzkumy pojednavaji o nékolika spornych otdzkach tykajicich
se vodivosti DNA a pfenosu naboje. Mluvi se o0 DNA, jako o vodi¢i [58], polovodic¢i [59,
60], tak i jako o izolatoru [61-64]. Variabilita zavér je zptlisobena ziejmé odliSnosti
pouzitych méfenych vzorkt (pofadi bazi, délkou molekuly, strukturou DNA) nebo
prostfedim méfeni a pouzitou metodou. Vzhledem k vysoké hydroskopicité DNA je
otazka prostredi kriticka.

Velky vyznam mé samoziejmé samotna struktura DNA jako je Z, A, B a C”
konformace, kde 12, 11, 10 a 9 part bazi tvoii jeden zavit. Strukturni typy DNA jsou
ovlivnény jak sekvenci bazi, tak i iontovou silou okoli molekuly, a také relativni vlhkosti.
Napiiklad poly(dA-dC)poly(dG-dT) miize mit konformaci A, B, nebo Z [48]. Obecné lze
fici, Ze B konformace se formuje v prostfedi s vysokou vlhkosti a velkou iontovou silou,
zatim co A konformace v prostfedi s malou vlhkosti a malou iontovou silou. V prostiedi
s Na* kationy tvofi DNA double helix (dvousroubovici), ale v prostfedi K* komplexni
kvartérni strukturu [65]. Zavislost elektronového pfenosu zévisi také na tvaru vzorku a
pouzité meétici metodé (Obr. 19). Zvlasté hraje roli, pokud je pouzito elektrod na
izolovaném substratu, velikost vzdalenosti mezi elektrodami. Je mozné klasifikovat préace
publikované do zminénych tfi kategorii a shrnout kaZzdou kategorii na zakladé sekvence
bazi, pouzitych pufri (iontova sila), formy vzorkt, prostfedi méfeni a pouzité metody
[48].
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(b
Obr. 19 Schéma typickych méricich metod elektrické vodivosti.a)Mikro- a nano- elektrodova
metoda. Molekula DNA je zachycena mezi dvéma kovovyma elektrodami se vzdalenostmi do desitek
nanometri na nevodivém podkladu. b)SPM (scanning probe methode)-kdy je DNA upevnéna na jednu
elektrodu a jehla skenovaciho ¢ipu tvo¥i druhou elektrodu [48].

Prvni kategorie - izolant

Skupina kolem Brauna [61] a Okahata [66] pouZila DNA jako modelovy fetézec a
konec této 12ti bazové DNA namodifikovali thiolem a navéazali tak na zlatou elektrodu
pfes thiol-Au vazbu. DNA byla nasledné hybridizovana 16pm dlouhou A\-DNA, ktera
méla sekvenci bazi komplementarni s12 bazemi templatového fetézce a to na obou
koncich. Touto A-DNA pfemostili mezi elektrodami s vzdélenosti elektrod 12-16 pm a
zjistili odpor o velikosti 103 Q nebo i vyssi. Dalsi méfeni, provedena na Pt elektrodé se
vzdélenosti elektrod 8 nm, ukazala ve volt-ampérové charakteristice nulovy nardst
proudu v rozsahu 2 V, coz v publikaci klasifikovalo DNA opét jako izolant [62]. Nasledné
byla pouZita metoda SP (scanning probe) [67]. Jeden konec DNA byl navazan na izola¢ni
slidovy substrat a na druhy bylo napafeno zlato. Druhou elektrodou byla mechanicky
pfitlacena zlata jehla. Mezi zlatymi elektrodami byl poté naméfen odpor 100 Q. U této
metody byla pozdéji zjisténa vodivost samotného substratu, vzhledem k jeho hydrofilnim
vlastnostem. Stejné velky odpor 10°€ byl naméten v prostiedi TE pufru (10M Tris-HCI a
1mM EDTA). Méfeni ve vysokém vakuu kolem 100 Torr vykazovalo ve volt-ampérové
charakteristice nulovy nartist proudu v rozmezi 2,8 V [63].

Druha kategorie - polovodic¢

V méfenich vypovidajicich o polovodicovych vlastnostech DNA byl ukazan vliv vody
vazané uvnitt Sroubovice DNA, proto je mozné nékterd méteni spojit s kategorii 1, kdy
DNA zbavend vody méla charakter izolantu.

Prvni zminku o dobrych vodivych vlastnostech v kategorii polovodi¢i podavéa prace
Okahatova, na DNA ziskané z lososa v prostfedi Na* pufru [66]. Vytvofili tenkou vrstvu



Optoelektronické vlastnosti organickych polovodi& 26

DNA (2000 pért bazi) a usporadali orientaci molekuly pomoci vypinaci jednoosé metody
(uniaxial stretching method). Zméfili elektricky odpor DNA ve vyrovnaném tenkém
filmu s 5pm zlatou elektrodou za pokojové teploty a atmosférického tlaku. Hodnota
odporu ve sméru paralelnim s orientaci molekuly byla 105Qcm a ve sméru kolmém na
orientaci fetézce DNA 10°Qcm. Odpor neorientované DNA bylo v rozmezi 107-108 Qcm.
Pfi pouziti 10pm dlouhého fetézce DNA a 5 pm vzdalenych elektrod byl naméfen odpor
103 Qcm [68].

Fink a Schonenberger vyrobili 2 pm prasklinu ve zlaté folii, kterou pfemostili A-DNA
v pfitomnosti pufru. Méfili volt-ampérovou charakteristiku za pokojové teploty a tlaku
107 Torr. Druhou elektrodou byla opét zlata jehla. Obdrzeli linedrni volt-ampérovou
kifivku s odporem 2,5 106 Q pti délce DNA 600 nm a 3,3 106 Q pti délce 900 nm [59].

Pomoci metody kavitacni pertubace vyuZzivajici mikrovinné absorbace, byla zjisténa
teplotni zavislost vodivosti DNA v pdsmu od 12 do 100 GHz [69]. Touto metodou byla
také zjisténa zavislost vodivosti na vlhkosti u jednofetézcové DNA a u dvou fetézcové
DNA. Jejich rozdil je vSak zanedbatelny. Detailni analyza ukazala, Ze zavislost vodivosti
DNA na teploté je zplisobena relaxa¢ni vlastnosti elektrickych dipéld vody vazanych na
DNA.

Metodou AFM (atomic force microscopy) byla meéfena vodivost struktury
poly(dG)poly(dC) v prostfedi Tris-HCl na slidovém substratu. Elektricky odpor se
snizoval pfi vzdalenostech elektrod 250-50 nm a dosahoval hodnot 1 Qcm [70]. Vyuzitim
metody PCI-AFM (point-contact current image AFM) bylo detailné pozorovano chovani
zavislosti vodivosti na vlhkosti. Kdy byla zméfena vodivost DNA pii 0% vlhkosti stejna
jako vodivost samotné slidové spodni vrstvy. Z toho vyplynulo, Ze pozorovana vodivost
byla zptisobena iontovou vodivosti vody.

Dalsi méfeni byla provedena na nikované (poskozené) DNA, kterd méla strukturni
defekty v cukr-fosfatové kostie a na neposkozené DNA. Neposkozena DNA vykazovala
linearni priibéh volt-ampérové charakteristiky s elektrickym odporem 1-10% Qcm. Na
druhou stranu poskozena DNA vykazovala rozmezi 3V s nulovym nértstem proudu ve
volt-ampérové charakteristice. Tim naznacili, Ze energeticky rozdil je rovny energii
pottebné k pfekondni strukturnich poskozeni [71].

Yoo a kolektiv méfili elektrické vlastnosti fetézci poly(dG)poly(dC) a
poly(dA)poly(dT) za piitomnosti pufru Tris-HCI ve vakuu a teplotiach od 4,2K az po
pokojovou teplotu s pouzitim zlaté elektrody ve vzdélenosti 20nm na SiO» podkladu [72].
Elektricky odpor poly(dG)poly(dC) a poly(dA)poly(dT) za pokojové teploty byl 1,3 a
100 MQ.

Dalsi prace ukazuje na 1-2 V rozmezi nulového nértstu proudu ve volt-ampérové
charakteristice, pfi méfeni vodivosti DNA navazané ke zlatym elektroddm pies
oligomerni fetézce na obou stranéch [60].

Tteti kategorie - vodi¢

Kusumov a kolektiv pfemostili Re/C elektrodu se submikronovou vzdalenosti
elektrod na slidovém podkladu s A-DNA [58]. Méfena byla teplotni zavislost od 0,05 K az
po pokojovou teplotu. Elektricky odpor vétsiny vzorkd byl 10° Q nebo mensi. Jeden ze
vzorkdl vykazoval supervodivost kolem teploty 1K. Tuto supravodivost si vsak
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vysvétlovali kontaminaci vzorku C nebo Re. Zadna dalsi nasledujici méfeni vSak nebyla
provedena a mechanizmus vodivosti DNA ztstava nejasny.

Z hlediska aktudlné znamych elektrickych vlastnosti DNA, povazujeme tuto molekulu
za izolant nebo polovodi¢ s sirokym zakdzanym pésem. Voda a vSeobecné vlhkost spolu
s piitomnosti pufru maji velky vliv na vodivost DNA a iontové vodivost vody v molekule
dominuje nad vodivosti v atmosférickém prosttedi. DNA se odlisuje od ostatnich
organickych polymert nahodnym uspofdddnim bazi a v takovém ptipadé je povazovana
za izolant. V pfipadé periodického usporadani bazi mtze jit o polovodi¢. V pocatcich
vyzkumu elektrickych vlastnosti DNA se nebral vavahu vliv pufru a vlhkosti
absorbované molekulou, coz se zmeénilo diky moZnosti kontrolovat vodivost DNA
dopovanim. Kontrola vsak stile zlistdva obtizna z hlediska zéavislosti na potadi bazi
v molekule a struktufe. DNA je slibny elektronicky materidl nanoskopickych rozméra,
ktery je elektron pfenasejici material pokud vychazime z vodivostnich charakteristik ve
vakuu a za atmosferického tlaku byla pozorovana pfevazné iontova vodivost.
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Kapitola 4

Optické vlastnosti
organickych polovodicu

Zakladni vlastnosti latek s konjugovanym systémem dvojnych vazeb je absorpce
elektromagnetického zafeni v oblasti ultrafialového a viditelného zafeni. Dtisledkem
absorpce elektromagnetického zéfeni je excitace elektrond. KdyZ je svételné kvantum
absorbovano molekulou, dochazi ke zméné elektronové konfigurace na konfiguraci
odpovidajici excitovanému stavu. Absorpce svétla organickou molekulou v zdkladnim
stavu (So) zptlisobi excitaci (skok) jednoho elektronu z ptivodné nizko lezictho obsazeného
orbitalu do neobsazeného orbitalu s vyssi energii. Miize dojit k vytvofeni jednoho ze dvou
elektronové rozdilnych excitovanych stavi: a) singletni stav (S1) charakterizovany energii
zékladniho vibra¢niho stavu Es, kde jsou spiny obou elektronti antiparalelni; b) tripletni
stav (T1) charakterizovany energii zakladniho vibra¢niho stavu Er, kde jsou spiny
elektrontt paralelni. Vytvoieni singletniho stavu piimou excitaci je z kvantové -
mechanického hlediska nejpravdépodobnéjsi. Excitovana molekula se bez ohledu na
zpusob excitace muize zbavit prebyte¢né energie rliznymi deaktiva¢nimi procesy: a)
zativymi (emise svétla - fluorescenci nebo fosforescenci); b) nezativymi (zvysenim
tepelné energie systému; c) fotochemickymi reakcemi. Fotochemie organickych molekul
za pomoci téchto terminti nejc¢astéji ilustruje pomoci Jabloriského diagramu (Obr. 20).
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Obr. 20 Schématicky diagram znazornujici energetické hladiny riznych excitovanych stavii. So je
Si

*
zakladni stav; S, a S, jsou prvni a druhy excitovany singletni stav; S, je vys$i vibraéni hladina

Lo, T*

jsou prvni a druhy excitovany triplexni stavy; ! je vyssi vibraéni hladina

5
a

I ; 7 Znazoriuje zaFivy pirechod; ~~> Nezakivy prechod; -— Vibraéni hladinu; — Elektronovou
hladinu.

41. Absorpce a emise

Zvyseni nebo snizeni elektronové energie u molekul vede ke zméné elektronového
stavu, kdy elektron migruje mezi rznymi vazebnymi, nevazebnymi a antivazebnymi
orbitaly, které jsou k dispozici pro dany elektron. Pfechody se navic odehrédvaji i mezi
jednotlivymi rota¢nimi a vibra¢nimi hladinami. Kdyz systém absorbuje kvantum energie,
stane se excitovanym a miiZe se mimo jiné deaktivovat emisi, tzn. vyzafenim svételného
kvanta. Absorpce zatfeni molekulou je zdkladni podminkou kazdého fotofyzikalniho nebo
fotochemického procesu. Elektronova absorpéni a emisni spektra poskytuji dilezitou
informaci o struktufe, energii a dynamice elektronové excitovanych stavti.

Elektronové excitované stavy molekul jsou energeticky nevyhodné, a proto velmi
rychle prechézeji do energeticky vyhodnéjsich stav(i, takze jejich doba Zivota byva kratka.
Ztrata prebytecné energie excitovanych stavii se muze uskutecnit zafivymi
(fotoluminiscen¢nimi) a nebo nezafivymi prechody.

Fotoluminiscence je tedy emise fotonu z elektronového excitovaného stavu. Pro
optickou charakterizaci konjugovanych polymernich systémt ji miZeme rozdélit na dva
typy - fluorescence a fosforescence - v zavislosti na podstaté excitovaného stavu a stavu
zékladniho. Pokud je luminiscen¢ni material excitovany ze zakladniho stavu do stavu s
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vyssi energii (Obr. 20) a jeho zpétny prfechod do zdkladniho stavu probihd samovolné za
soucasné emise svétla s dobou trvani cca 109s az 10> s po excitaci, nazyvame tento jev
fluorescenci. O opozdéné fluorescenci hovofime, pokud emise svétla prochazi
metastabilnim stavem nasledovanym zpétnou excitaci do excitovaného stavu diky
opétovnému pfijeti energie a svételna emise pretrva v rozsahu milisekund az sekund po
ukonceni excitace.

V singletnim excitovaném stavu ma elektron v orbitalu o vys$si energii opa¢ny spin
nez elektron v orbitalu s niZsi energii, coZ znamena, Ze elektrony jsou parovany. V tomto
ptipadé, prechod elektronu z vyssi energetické hladiny do nizsi je kvantové mechanicky
mozny a tedy vede k emisi fluorescence. Naproti tomu, pro triplexni stav, tyto dva
elektrony, jeden ve vys$si energetické hladiné a ostatni v niZzsi energetické hladiné, maji
stejnou orientaci spinu, tedy jsou nepdrovany a ndvrat elektronu z vyssi energetické
hladiny do niz§i neni mozny. To naznacuje, Ze zména v orientaci spinu je potfeba pro
pfechod elektronu z tripletniho excitovaného stavu do singletniho zédkladniho. Proto je
pocet svételnych emisi za sekundu maly a doba Zivota emise fosforescence dlouha.

Pévodné byly oba fenomény odliSovany tim, zda jsou pozorovatelné pouhym okem
pfi osvitu emitujici latky nebo i poté, co osvit skon¢il. Pokud emise zafeni skoncila ihned s
osvitem, byla oznacovdna jako fluorescence. Pokud trvala, jev byl oznacen jako
fosforescence.

Fluorescence

V ptipadé fluorescence mohou byt singletni excitony tvofeny nejenom piimou
absorpci svétla, ale také nepfimo anihilaci dvou tripletnich stavii. Fluorescence tvorend
singletnimi excitony, které jsou generovany pfimo svételnym zafenim nebo jinym
externim vlivem, je povaZovdna za fluorescenci okamZitou, a fluorescence tvoiena
nepfimo pfes rozpad tripletu je fluorescenci zpozdénou. Jak jiz bylo zminéno, nejcastéji je
absorpce a emise svétla ve vétsiné organickych material(i popsana.

Fluorescen¢ni spektra se 1isi v zavislosti na struktufe a defektech fluoroforu, a také
v zavislosti na pouZitém rozpoustédle (vliv hypsochromniho a batochromniho posunu).
Typické fluorescen¢ni spektrum je mozné ukdzat na piikladu perylenu rozpusténém
v benzenu (Obr. 21). Absorpéni spektrum je vZdy posunuto do oblasti kratsich vinovych
délek oproti fluorescenci. Rozdil mezi maximem absorpce a fluorescence se oznacuje jako
Stokestiv posun.
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Obr. 21 Typické spektrum absorpce a fluorescencni emise perylenu v benzenu.

Fosforescence

Jak jiz bylo zminéno je fosforescen¢ni emise zptsobend zéafivym prechodem mezi
dvémi stavy o rozdilném spinu, naptiklad 7, = §, (Obr. 20). Absorpce svétla vedouci k
pfimé populaci tripletniho stavu ze zdkladniho stavu singletniho je zakazana. Proto
nejcastéji k fosforescenci dochdzi pres mezisystémové prechody z Si do tripletniho Ti.
Tripletni stav Ti je obvykle energeticky niZe nez stav S;, a proto je vlnova délka
fosforescence delsi nez je u fluorescence. Stejné jako fluorescenéni spektrum, i
fosforescenéni spektrum v mnoha piipadech reflektuje zrcadlovy obraz absorpce
zékladniho stavu a mtize zobrazovat vibra¢ni strukturu zédkladniho stavu molekuly.

Zhaseni fluorescence (quenching)

Fluorescence mtze byt ovlivnéna pifidanim jiné latky. Tato zhasejici molekula QO
zpusobi deaktivaci excitovaného stavu fluoroforu. Fluorescence muZe byt zhasena
specifickymi polarnimi nebo akceptorovymi molekulami. Akceptorovd molekula vsak
muZe tvofit s excitovanym donorem excitovany dimer a stav pfenosu naboje, ktery je
pozdéji disociovan externim elektrickym polem a vznikaji tak volné nosice naboje. Typy
deaktivace excitovaného stavu mohou byt absorpéni A, +hv — A4,* srychlostni

konstantou k,[4,] dale fluorescentni 4,* — A4, +hv srychlostni konstantou &, [4,*],
zhaseni zhaseci molekulou @ a to procesem A,*+Q0—> 4, +0* a konstantou
ko[4,*][Q] , relaxa¢ni A4,*—> A, pro k.[4,*], a pted disociaénim procesem
A,*—> A+ A s kp[A,*]. Kde [4,] reprezentuje koncentraci molekul. Uéinnost kazdého
fotochemického procesu mize byt kvantifikovana kvantovym vytézkem 7 ( pomér

pozorované stfedni doby dohasinani fluorescence a radia¢ni doby Zivota excitovaného
stavu bez zhasecich mechanism).
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4.2. Exciton

Excitonem je oznacovan nenabity elektronovy excitovany stav v idedlnim dielektriku.
Excitony se daji posuzovat jako védzané stavy elektronti a dér. P¥i absorpci svétla excitony
se neméni vodivost polovodi¢ového krystalu. Tato experimentalni skutec¢nost se da
vysvétlit predpokladem, Ze pfi absorpci svétla se vytvaii péary elektronti a dér. Takto
vazané stavy maji niz$i energii, nez je energie volného ionizovaného paru elektron-dira.
Energetické hladiny excitont lezi tedy v zakdzané oblasti, to znamena, Ze jejich energie je
mensi nez je hrana vodivostniho pasu. Pokud jsou elektron a dira vzdjemné vazany tvori
elekroneutrdlni komplex, ktery neptispivé k vodivosti.

V organickych latkach v pevné fazi nedochézi k p¥imé fotoionizaci. K této fotoionizaci
dochézi ve dvou krocich. Z pocatku je vytvoren par elektron dira, ktery se mtize nasledné
disociovat ptisobenim tepelné aktivované diftize. Excitony mohou byt klasifikovany do
dvou skupin na zdkladé dvou rozdilnych aproximaci. Jedna je zaloZena na aproximaci
tésné vazby, poprvé popsané Frenkelem a Peierlsem a obecné oznacovana za FrenkelGv
exciton. Dalsi aproximaci je slabé vdzand Wannierova aproximace popsand Wannierem a
Mottem, exciton je oznac¢ovan za Wannier@v (Obr. 22).
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Obr. 22 Schématické znazornéni a) Frenkelova exitonu s malym radiusem a b) Wannierova
excitonu.

Polomér Frenkelova excitonu je v fadu jedné miizkové konstanty, zatimco Wanniertiv
exciton ma polomér nékolika fada této miizkové konstanty (Obr. 22). Z toho vyplyva, Ze
v modelu pevnych vazeb Frenkelova excitonu jsou atomy nebo molekuly dobfe oddéleny
jako je tomu napfiklad v molekuldrnim krystalu. V tomto pfipadé jsou elektron a dira
blizko u sebe a interaguji na zdkladé elektrickych pfitazlivych sil. Pro model slabych
vazeb Wannierova excitonu je dielektrické médium soucasti paru excitovaného elektronu
a diry. To snizuje vzajemné ptsobeni elektrickych pfitazlivych sil mezi elektrony a
dirami, coz znamend, Ze orbit excitovaného elektronu obklopuje vice atomil. Z toho
vyplyva, Ze pro popis excitovaného stavu Wannierova excitonu musi byt bran ztetel na
pusobent elektrickych pritazlivych sil dielektrika.

Koncept excitonu u polymernich konjugovanych systému je komplikovanéjsi. Kdyz si
pfedstavime tfidimenzionalni polymerni krystal, je excitace na kazdém fetézci mobilni a
povazovéna za exciton Frenkeldv. Na druhou stranu je elektronickd struktura kazdého
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polymerniho fetézce vnimana jako jednodimenziondlni, a proto je exciton uvniti kazdého
Fetézce popisovén jako exciton Wannierdiv.

Rozpad excitonu nastava pres zafivy (fotoluminiscenéni) a nebo nezéafivy proces.
Studiem fotoluminiscence oligomeru PPV se ukézalo, ze pokles frekvence maxima
fluorescence s rostouci délkou oligomeru je omezeno dosazenim limitni hodnoty
odpovidajici délce polymerniho fetézce s 6-ti az 7-mi monomernimi jednotkami (~4 nm).
Fotoluminiscence s touto limitni hodnotou frekvence se vyskytuje u tenkych vrstev PPV,
coz dokazuje, Ze v tenké vrstvé oligomery dosahuji 6 az 7 monomernich jednotek a
obsazuji jeden fetézec [73]. Podobné chovani miiZzeme pozorovat i u dal$ich derivatti PPV.
Bylo popsano, Ze jednoietézcové excitony o délce a vazebné energii podobné té v PPV
jsou také generovany napt. v polydiacetylenu [74].

Dalsi moznosti vzniku excitonu je rekombinace nosi¢li néboje (elektrontt a dér).
Rekombinace nosi¢i ndboje mhize probihat pouze u excitované latky. Jestlize je aspon
jeden z péru elektron-dira mobilni, potom mtize k rekombinaci dojit procesem

P S
h™ +e ,
>T >T,

kde S a T, jsou vyse excitované stavy sigletni a tripletni a S, a 7, jsou stavy singletni a

tripletni v nejniZsim excitovaném stavu. Je mozné generovat elektrony a diry individualné
v oddélenych oblastech vzorku a s vyuzitim elektrického pole pfivést nosi¢e dohromady.
Procesem elektroluminiscence potom oznacujeme zafivy rozpad excitonu z §, do §,

nebo z 7, do Tj.

Procesy pohybu excitonu: proces transportu a pfesunu energie

Procesem transportu energie mdme na mysli proces, ktery zahrnuje jednu akceptorovou
molekulu a jednu donorovou molekulu, zatimco piesun energie se vztahuje k procesu
pohybu excitonu. Obvykle je tento pfesun energie slozen z n€kolika transportnich kroki,
pokud neni néktery z nich znemoznén zachycenim pasti.

V konjugovanych polymerech ovliviiuje Sitku zakazaného pasu segmentu délka
neprerusené konjugace (tzv. efektivni délka konjugace). Pro exciton vznikly na krat$im
fetézci (o vétsi energii zakdzaného pasu) je tedy energeticky vyhodnéjsi pfesunuti na
fetézec del$i (o mensi energii zakdzaného pasu). Vytvorfenim rozhrani molekulami s
riznymi elektronovymi afinitami v blizkosti konjugovaného fetézce, mZeme pfispét ke
zlepSeni pienosu elektronu mezi molekulami. Proces fotoexcitovaného pfenosu néboje
zptsobi rozdéleni vazanych naboji (paru elektron-dira). Takovéto rozhrani mezi
donorem a akceptorem elektronu je podobné heteropfechodu u polovodi¢ia a vede k
vysoké fotovodivosti vyuzité napiiklad pro konstrukci organickych soldrnich ¢lankda.
Opaény proces vytvoreni excitonu na rozhrani donor-akceptorového paru dodavanim
elektront a dér pomoci externiho elektrického zdroje proudu zpiisobi
elektroluminiscenci, jako je tomu u organickych svétloemitujicich diod (OLED).

Polarony

Pojem polaron pochdzi z klasickych polarnich krystaléi, kde naboj, napfiklad elektron,
odpudi okolni elektrony pfitahované jadrem, coz vede k polarizaci miizky v jeho blizkém
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okoli. Pfitomnost ndboje méni energetickou strukturu materidlu: snizuje energii stavu, ve
které byl dany elektron pfed polarizaci. Polarony jsou lokalizované nosi¢e naboje, které
pfi pohybu méni strukturu polymeru. Tento fakt je ¢ini mnohem méné pohyblivé nez
klasické nosice naboje a to vede k nizs$i vodivosti. Tyto kvazi-¢astice mohou byt
rozpoznany vznikem dalsiho energetického pasu pozorovaného uvnitt zakdzaného pasu
polovodic¢ti, za pouziti citlivych detekénich technik, jako je fotoindukovana absorpéni

spektroskopie.

Publikovéna byla také pritomnost polaronového paru [75-77]. Polaronovy par se od
excitonového lisi tim, Ze excitovany elektron a dira jsou oddéleny na okolnich fetézcich,
coz s jejich charakteristickou deformaci v polymernim fetézci vytvafi negativni P~ a
pozitivni P* polaron mezi nimiz plisobi elektricka ptitazliva sila. S termalni energii P -
P~ se par mtze rozdélit na jednotlivé fetézce, které jsou mnohem déle a tim se snizuje
pusobeni pritazlivych elektrickych sil. Jestlize je pfitazlivost vétsi nez kiT, pak takovy
pér povaZujeme za samostatny polaronovy pér. Polaronové pary jsou v podstaté excimery
- diméry, které jsou stabilni pouze v excitovaném stavu. Tyto péary byly také oznacovany
za nepfimé excitony nebo excitony pienosu naboje. Pivodné bylo pfedpokladéno, ze dva
polarony mohou byt na rizném segmentu konjugace spise neZ na rozdilnych fetézcich.
Kvtli velké velikosti polaronu by elektrickd pfitazliva sila byla piili§ mald, aby byly
pritahovany i v tomto pfipadé.
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Kapitola 5

Elektrické vlastnosti
organickych polovodicu

Popis podstaty transportu nédboje a tudiz elektrické vodivosti je stézejni otazkou
elektrické charakterizace materidld.

5.1. Model transportu naboje v neusporddaném organickém
systému

V elektrickém poli se mohou 1 elektrony transportovat delokalizovanymi orbitaly
molekuly, pokud jim je dodana dostatecna energie. Srlistem konjugovaného systému
dvojnych vazeb pak roste elektrickd vodivost molekuly. Podle teoretickych vypocti by
polymerni fetézec od urcité délky mohl mit kovovou vodivost. Ve skute¢nosti zde ptisobi
faktory omezujici delokalizaci elektronti. Jednim z nich je kmitani atomt v fetézci kolem
rovnovazné polohy v disledku tepelného pohybu, coz ma za nasledek zménu délek
vazeb. Déle byva naruSena koplanarita molekul diky sterické interakci velkych
substituentd.

v v,

Pohyblivost nosi¢t ndboje v organickych polovodic¢ich je stidle mnohem nizsi nez
v béZném anorganickém materidlu. Pfedstaven bude teoreticky model, ktery je bézné
pouzivan k analyze transportu naboje v polymerech. Pieskok naboje v neuspotfddanych
systémech je vyuzivan k vysvétleni zavislosti pohyblivosti nosi¢e naboje na elektrickém
poli a teploté.

O idealnim krystalu hovofime jako o tfi-dimenziondlnim uspotddani s nekonec¢né se
opakujicimi strukturnimi jednotkami v prostoru. Jejich struktura maze byt popséna jako
uspotfddana miizka s pevnou vazbou atomd. Pro kiemik nebo germanium tato pevna
vazba vede kformovani fetézce nelokalizovanych energetickych past oddélenych
zakazanym energetickym pasem [78]. Nosice naboje dodané polovodi¢i se pohybuji
v téchto energetickych pasech s relativné velkou stfedni volnou drahou. Rozptyl nosic¢t
vyznamné ovliviiuje pohyblivost nosi¢d, ktera zavisi na efektivni koncentraci vodivych
elektront a na teploté. Pohyblivost nosice je pro ¢isty anorganicky polovodicovy krystal,
jako je kiemik, viadu 107" m2/Vs. Stavba polymerni struktury byvad narusena
chemickymi a strukturnimi defekty, jako jsou klicky a zakrouceni. Experimentélné bylo
zjisténo, Ze pohyblivost v takovychto neuspofddanych systémech dosahuje hodnot v fadu
107"° =107 m2/Vs [79-81], coz je fadové nizsi nez pro uspoiadané systémy organickych
krystalti nebo zminény anorganicky kiemik. Existuje nékolik modelti transportu, které
jsou v dobré shodé s vysledky experimentalnich méfeni pro nékteré konkrétni systémy,
ale neexistuje komplexni feSeni, které by bylo k dispozici vzhledem k rozmanitosti a
slozitosti téchto systém.
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Absence idedlnitho 3D periodického uspofaddni v mfiZzce v neuspofddaném
polymernim polovodi¢i komplikuje popis procesu transportu nédboje v podminkéach
standardniho modelu polovodice. K prekondni energetického rozdilu mezi dvéma
polarizovanymi stavy, nosice absorbuji nebo emituji fonony. Tento proces fononem
vyvolaného pfeskoku byl navrzen Conwellem [82] a Mottem [83] ve spojitosti s kovovou
vodivosti v anorganickych polovodicich a pozdéji Pinesem, Abrahamsem a Andersonem
[84] pro proces relaxace elektronu v kifemiku. Mott popisuje skokovy transportu
v prosttedi konstantni hustoty stavii (DOS- z angl. Density of States) , kdy argumentuje,

Vv

ze skok na delsi vzdéalenost nebo skok do vyssich energii jsou stejné dilezité. A
v takovémto systému je vodivost zdvisld na teploté aocexp—(];/ T )”4] , kde
T, =128/9m’N;k,, N, je hustota stav@i pti Fermiho hladiné a a je velikost

lokalizovaného stavu [85]. Abraham a Miller navrhli skokovy model zaloZeny na jedno-
fononovém skoku [86] . Popisuji pfipad lehce dopovaného polovodice za velmi nizké
teploty. V tomto pfipadé jsou energetické hladiny blizko u sebe a pravdépodobnost, ze
elektron na jedné strané absorbuje fonon a preskoci je vysoka. Mira preskoku nosice
z obsazeného i do neobsazeného j lokalizovaného donorového stavu zavisi na velikosti

energetické bariéry E; — E; a vzdalenosti R; mezistavy ia ]

E -E

Vini =V exp(— 2)R; eXp{_ ky ]pro E > E, )
lpro E; < E,

kde v, je pfeskok, y je inverzni lokalizovana délka a k, je Boltzmannova konstanta.
Prvni exponencidlni tvar, kdy E; <E, reprezentuje moznost tunelovani a druhy

exponencialni vztah pocita s teplotni zavislosti fononové hustoty. Pokud je pouzit tento
model pro polymerni polovodi¢e je nutno brat v tvahu nésledujici: konjugované
segmenty polymeru hraji tlohu téméf izolovanych stavli a rovnice plati i pro vyssi
teploty.

Dalsim modelem, popisujici analogii mezi polymernim fetézcem a krystalem
anorganického polovodice je tésnovazebny model Su-Schrieffer-Heegertv (SSH). Tento
model vychazi z predpokladu pravdépodobnosti pfeskoku elektronu mezi sousednimi
atomovymi orbitaly, kterd roste se zmensujici se vzdalenosti atomt. Na piikladu
polyacetylenu je zobrazeno grafické feseni SSH modelu. Polyacetylen je mozné povazovat

za jednodimenziondlni polovodi¢ s Siftkou zakdzaného pasu pfiblizné 1,5eV [87].
Uprostted zakazaného pasu lezi Fermiho hladina s energii £, = E,; (Obr. 23).
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Ey+2t

Obr. 23 Pasova struktura SSH modelu trans-polyacetylenu. VS§imneme si, Ze je tvoiena dvéma pasy
§irky 2(t—o0t), kde t znamena amplitudu (maximalni pravdépodobnosti) pieskoku elektronu mezi
dvéma sousednimi atomy. Model polyacetylenu pocita se stiidanim dvou riiznych vzdalenosti atomi
uhliku (jednoducha a dvojna vazba) majici amplitudu p¥eskoku (t+5t) a (t-6t). Zakazany pas ma $irku
48t. Uprostied néj leZi Fermiho hladina s energii E.=E,.

Transport  elektroni  celym objemem pevného materidlu je omezen
mezimolekuldrnimi vzdalenostmi. Ty plsobi jako potencidlové bariéry, které musi
nosice naboje prekonat preskokem ¢i tunelovanim.

Molekula polymeru

A) Preskok uvniti molekuly polymeru
B) Preskok mezi molekulami polymeru
C) Preskok mezi dvémi vlakny polymeru

B I preskoceni bariery

-0

1 ‘ tunelovéni

Energie

Vzdélenost

Obr. 24 Pienos nosic¢l naboje a) v ramci retézce polymeru, b) mezi dvéma fetézci polymeru, c) mezi
dvéma vlakny polymeru. Pokud ¢astice ma dost energie pirekona potencialovou barieru preskokem.
Pokud ne, miiZe s urcitou pravdépodobnosti elektron barierou protunelovat.
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Situaci znazornuje Obr. 24. Zde jsou dvé polymerni vlakna tvofena fetézci polymeru.
Vramci tohoto systému miize dojit knékolika typtim prenosu ndboje. Nejméné
energeticky ndro¢ny je pfenos naboje v ramci molekuly. Pokud ma byt nosi¢ nédboje
pfenesen mezi dvéma molekulami polymeru, pak jiz musi pfekonavat vétsi potencidlni
barieru. Jestlize nosi¢ naboje nemd potiebnou energii pro preskok bariery, pak existuje
urcitd pravdépodobnost, Ze pfes ni protuneluje. To zavisi na Sifce bariery, ktera pokud je
mensi neZ jeji vyska, pak pravdépodobnost tunelovani roste.

Vysledna vlastni vodivost m konjugovaného materialu je tedy souctem vlastnosti jak
jednotlivych molekul latky, tak jejich uspofddanim v materidlu. Matematicky Ize
elektrickou vodivost o, vyvolanou transportem jednoho typu nosi¢e néboje vyjadrit
vztahem

o = qnuiF 3)
kde g je volny naboj, n je koncentrace nosi¢ti naboje a u je jejich pohyblivost v elektrickém
poli intenzity F. Jestlize jsou v organickém materidlu nosi¢em nédboje elektrony a diry, pak
tento vztah nabyva tvaru:

0= eF(neﬂe + nd/ud)‘ (4)
V tomto pfipadé je ndboj g rovny elementarnimu naboji a vodivost materidlu je déna
souctem soucinu hustoty a pohyblivosti elektronu et a dér n4uq.

5.2.  Proudy omezené prostorovym nabojem

Otazka proud@t omezenych prostorovym nabojem (angl. Space-charge-limited
currents-SCLS) mtiZze byt matematicky feSena vyuzitim rovnice proudové

= enf o)) -l )] ®
a rovnice Poissonovy
L R ©

kde g6, je permitivita materidlu, n(x)=n(x)+n.(x)a ny,=n,+n, jsou celkové
hustoty nosi¢t nabojit ve vzorku (hustoty zachycenychn, (x) a volnych nosi¢t n,(x))
v okamziku, kdy je pfiloZeno napéti respektive je dosaZeno termodynamické rovnovahy.
Predpokladejme dostate¢né vysokou injekci, aby koncentrace tepelné generovanych
naboji byla zanedbatelna v porovndni s injektovanymi nosici. V homogennich vzorcich
pro predpéti piekracujici k7 /e je také mozné zanedbat prispévek difusniho proudu
(druhy ¢len rovnice XY). Za takovychto podminek miizeme odvodit zakladni rovnici
popisujici volt-ampérové charakteristiky nazyvané Childtiv zdkon

9 U?
Jj= gﬂgoErL—gL- ()

V reélnych vzorcich je o¢ekavano, Ze lokalizovany stav ovliviiuje koncentrace volnych
nosi¢t ndboje. Na zdkladé toho mohou byt vySe zminéné rovnice vyfeSeny, pokud je
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znama hustota volnych a lokalizovanych nosict. Jestlize si pfedstavime ustélenou situaci,
jsou tyto dva parametry spojeny pfes piechodny kvazi ustdleny stav Fermiho hladiny,
hustota volnych nosi¢i je ddna Boltzmanovou statistikou a hustota zachycenych nosic¢t je
déna Fermi-Diracovou statistikou:

n () = [WE.x) f1E ()~ EKE, ®

-1
kde f [EF (x)-FE ] = {1 + exp(wﬂ je Fermi-Diracovou funkci a #(E,x) je hustota

B

stavli (DOS z anlg. Density of States). Je vhodné si také zavést parametr @(O <1).

o= n(x) _ n; (x) 9)

n(x)  n(x)+n(x)

Pti priichodu stejnosmérného elektrického proudu dochazi k posunu Fermiho hladiny
z termodynamické rovnovahy smérem k transportnimu pasu. Volt-ampérova
charakteristiky SCLC zavisi na poloze této kvazi-Fermiho hladiny v blizkosti sbérné
elektrody s ohledem na energie lokalizovanych stavi. U vzorkt s lokalizovanymi stavy
nad kvazi-Fermiho hladinou jsou v8echny pasti mélké (past se vyprazdni tepelné diive,
nez dojde k rekombina¢nimu vybiti s opa¢nym ndbojem) a parametr @ je prakticky
nezavisly na pozici E; a nasledné ani na napéti ptilozeném na vzorek (E < E)).

Ny

j h(E) exp[ Ek_ TE jdE

B

0= <1. (10)

Pro realné vzorky ziskame rovnici (pfi zanedbani difazniho proudu)

9 Ui
= — EE,0—=. 11
] 8 ﬂ 0“r L3 ( )
Zatimco je proud stidle amérny druhé mocniné pfilozeného napéti, je vSéak mensi nez
tomu bylo v pfipadé Childova zakonu. Je tfeba zdtraznit, ze @, pfestoze je nezavislé na
napéti , zavisi obecné na tvaru funkce DOS A(E) [88].

Integrél objevujici se v téchto rovnicich lze fesit pouze tehdy, pokud funkce DOS je
pfedem stanovena, tudiZz neexistuje predem stanovené vlastnosti popisujici volt-
ampérové charakteristiky SCLC. Lze vsak ziskat pfiblizné feSeni typickych distribuci.
Shrnuti moznych feSeni jsou v nasledujici tabulce (Tabulka 1).
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Tabulka 1 - Nékteré asymptomické rovnice popisujici tvar volt-ampérové charakteristiky pro
ohmicky rezim a reZim SCLS typickych rozdéleni pasti.

Rozdéleni pasti volt-ampérova zavislost
ohmicka oblast . U

J=cun—

L

idedlni izolant bez 9 U E Childav zakon (6 =1)
pasti 7. >0 J —g,ugong
mélké pasti, .9 o U} parametr @ je zavisly na
jakéhokoliv  rozdéleni J =g e koncentraci a hloubce pasti
(T>T.)
hluboké pasti Jj= r£1£1010 u" Uip; naplnény vsechny
(T > ) pasti

Pasti distribuované kolem Fermiho hladiny

Exponencialni _ Ul parametr A' zavisi slabé na
rozdéleni (I =T7./T) J= 12D I, hloubce pasti a hustoté
T<T,
Gaussovo  rozdéleni | AU Parametry A" a B" zavisi
(a=T./T) J= (1- B"U)L?**Y na hloubce, hustoté pasti
T'>T., resp. T <T,
Homogenni rozdéleni U? 2 parametry A a B jsou
(T _)w) j:A—LeXp B_; z -1/ Y

v I nezavislé na napéti a

tloustce vrstvy

Budeme-li predpokladat, ze se rozdéleni nachazi mezi energiemi £; (HOMO) a
E, (LUMO,), pfi urcitém napéti, je kvazi-Fermiho hladina dostate¢né vysoko a vsechny

lokalizované stavy se nachédzeji pod touto hladinou (tzv. hluboké stavy) a prakticky

vsechny stavy jsou naplnény a @ = 1. Vzorek by se tedy mél chovat jako bez pasti a mél

by odpovidat Childové zdkonu. Napéti pti kterém jsou naplnény vsechny pasti je obecné

nazyvano napéti plnych pasti (z angl. trapped-filled-limit voltage) U, a miize nabyvat
_eH.I’

hodnot U,y = Y (12)
‘90‘9r

kde H je celkova koncentrace lokalizovanych stavt.

Grafické znazornéni volt-ampérové charakteristiky SCLC pro izolant a nebo
polovodice s Sirokym zakdzanym pasem je na Obr. 25.
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log J

4

UtrL log U

Obr. 25 Schéma SCLC charakteristiky pro izolant s jednou hladinou pasti. (1) ohmicka oblast s
termickou generaci nosi¢i (~ U l), (2) mélké monoenergetické pasti (~ U : ), (3) zaplnéni pasti, (4)

Childiv zakon (= U 2) Carkovana kiivka piedstavuje situaci v pfitomnosti hluboké pasti.

Jak roste proud v dusledku riastu pfilozeného pole je energetické hladina kvazi-
Fermiho hladiny posunuta blize k valenénimu pédsu (pro diry) a eventuelné miize
prekrocit energetickou hladinu pasti (U =U,; ). V tomto okamziku pasti zacinaji byt
naplnény a nasledny nartst napéti vede k zavedeni volnych nosi¢t, které nemohou byt v
pasti. To lze experimentadlné pozorovat, jako pomérné nahly a vyznamny nartst proudu.
Pokud existuje vice nez jedna diskrétni hladina pasti, potom budeme pozorovat vice
ostrych nérasti proudu, jak kvazi-Fermiho hladina prochazi kazdou past. Jestlize pasti
nejsou diskrétni, ale jsou rozdéleny kontinualné v energie v souladu s funkci DOS,
experimentéalné pozorovana sila v zavislosti J na U" (n~m kde m je sklon logaritmické
zavislosti volt-ampérové charakteristiky) popisuje zptsob, jak se méni koncentrace pasti s
energii zakazaného pésu. Jestlize je sklon m vysoky, koncentrace pasti ma tendenci stat se
nezavisld na energii pasti. Naopak, pokud je m malé, potom se koncentrace pasti méni
rychle a U roste. Zatimco exponencialni distribuce pasti muze byt rozumnou aproximaci
pro energie blizké hrané pasu, je zde evidence, Ze aktudlni distribuce pasti do zakazaného
pésu bude Gaussova.
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Kapitola 6
Vysledky a zavéry
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6.2. Pojednéni k publikovanym ¢lanktm

Tato ¢ast obsahuje kratké pojednani k publikovanym c¢lanktim, které ma provést
publikacemi a k nim provedenymi experimenty. Pro prehlednost je rozdélena do tfi
tematickych celkt:

Svétlem indukované spinaci jevy v organickych polovodicich
Vodivostni charakteristika DNA

Morfologické vlastnosti tenkych vrstev diketopyrrolopyrrola

Svétlem indukované spinaci jevy

Publikované ¢lanky z této kategorie jsou zaméfeny na spinaci jevy opticky aktivnich
pfimési, které svou fotochromni konverzi (popsané v kapitole 1) méni povahu
n-konjugované polymerni matrice, jako napfiklad transport naboje, vodivost,
fotogenerace nosi¢d ndboje atd. Pomoci UV/VIS spektroskopie bylo pozorovano ve
spektrech smési aktivni latky s polymery MDMO-PPV, MEH-PPV nartst absorbance
barevné formy foto(merocyaninu) v rozmezi 550-600 nm. Tento nardst absorbance byl
zpusoben fotochromni konverzi, vyvolané kontinudlni expozici vzorku UV zafenim o
vlnové délce 360+20 nm nebo pulznim laserovym paprskem o vlnové délce 355 nm. Dalsi
pozorovanou zmeénou vyvolanou fotochromni konverzi bylo zhaseni fotoluminiscence
polymerni matrice MDMO-PPV. I malé mnozstvi merocyaninové formy, vzniklé po
konverzi, vyznamné zhaselo fotoluminiscenci okolniho polymeru [S1,54-57]. Bylo
zjisténo, Ze energie absorbovand polymerem (donorem) byla prenesena na
merocyaninovou formu (akceptor). Po zpétné relaxaci merocyaninové formy na
spiropyranovou se fotoluminiscence polymeru obnovila [S1, S5]. Svétlem indukované
spindni elektrické vodivosti bylo také studovdno pomoci impedancni spektroskopie a
analyzy volt-ampérovych charakteristik, ve kterych bylo pozorovano signifikantni snizeni
vodivosti v pritomnosti merocyaninové formy, ktera meénila rozloZeni naboje na
polymernim fetézci [S1,S4,S5]. Publikovana zjisténi jsou podloZena teoretickym
modelovanim, které bylo provedeno na kooperujicim pracovisti Ustavu
makromolekularni Chemie Akademie Véd v Praze dr. Tomanem [S1]. Publika¢ni ¢innost
v této oblasti byla soucésti realizace granti KAN401770651 Akademie véd Ceské
republiky, dale GA203/06/0285 Grantové agentury Ceské republiky, grantem
A401770601 Grantové agentury Akademie véd Ceské republiky a v neposledni fadé
projektem VZ 0021630501 Ministerstva skolstvi, mladeze a télovychovy.

Prispévek autora

Veskerd experimentdlni ¢ast vyse popsanych méfeni byla provedena autorem této
préce. Z koncentracni fady spiropyranu v MDMO-PPV a MEH-PPV, pfipravené autorem,
byl na zdkladé nésledujicich, jak optickych, tak elektrickych méfeni, vybran nejvhodnéjsi
pomér fotoaktivni piimési v polymerni matrici. Soucéasti prace bylo také stanoveni
svételné stability polymerni matrice vztahujici se na pocet pulzii laserového paprsku dané
intenzity, nebo dobu kontinudlniho osvétleni vzorku UV zéafenim Xe-lampy. Pro
jednotlivé vzorky bylo dale nutné urcit vhodny postup tvorby vicevrstvé struktury
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pomoci rota¢ntho nanédSeni, pro které byla autorem vytvofena metodika. V
publikovanych piispévcich byly autorem provedeny optické analyzy UV/VIS
spektroskopii, pro sledovani kinetiky fotochromni konverze. Autor také provedl méteni
fotoluminiscen¢nich spekter, kde bylo pozorovdno zminéné zhaseni fotoluminiscence.
Dale byla autorem méfena ustdlend fotovodivost (angl. Constnant wavelenght
photoconductivity), ale také ¢asové rozlisena fotovodivost metodou méteni doby priletu
naboje (angl. Time of flight). Casové rozligena fotovodivost byla méfena ve spolupraci s
prof. Juskou z Technické Univerzity ve Vilniusu béhem autorova pobytu na tomto
pracovisti. Vliv fotochromni konverze na pohyblivost ndboje byl pozorovan ve volt-
ampérovych charakteristikdch a pomoci méfeni impedancni spektroskopie. Tato méteni
ukézala, ze vznik pasti po fotochromni konverzi mtZze fidit transport naboje, coz bylo
pozorovano v poklesu proudu a nartstu paralelntho odporu méfeného impedanéni
spektroskopii. Méteni FIPS (Fourier Transform Photocurrent Conductivity) bylo
provedeno autorem na pracovisti Fyzikalniho Ustavu Akademie véd CR za tlelem

N

kapitol a zdvért publikovanych praci.

Vodivost DNA

Vysledky ziskané v ramci této kategorie reflektuji soucasny stav poznani a dokladaji
rozdilnost nahledu na vodivost DNA, tak jak ji prezentuji rtzné vyzkumné skupiny.
Autofi pfispévku vyuZili pro charakterizaci vodivosti DNA metodu skenovaci tunelovaci
mikroskopie. Samotna méfeni byla provedena na Fyzikalnim Ustavu Akademie véd ve
skupiné dr. Kratochvilové. Touto metodou bylo mozné kontaktovat a méfit jednotlivé
molekuldrni fetézce DNA ve formé jednofetézcovych nebo hybridizovanych
dvoufetézcovych vldken DNA. Diky spolupraci se spolecnosti Generi Biotech
(dr. Bunéekem) bylo mozné navrhnout uspofddani nukleotidi v molekule DNA vhodné
pro méfeni touto skenovaci technikou. Méfenim vodivosti byly sledovany rozdily u
raznych strukturné pozménénych molekul DNA. Porovnany byly vodivosti
jednofetézcové DNA s hybridizovanou dvoutetézcovou molekulou DNA a dale molekuly
s pravidelné se opakujicimi strukturnimi jednotkami oproti ndhodnému rozlozeni bazi v
primédrni struktufe DNA. Z provedenych méfeni vyplynuly signifikantni zavéry
poukazujici na rozdilnou vodivost jednotlivych strukturnich obmén uz primarni
struktury DNA [S3]. Ziskané vysledky byly realizovany za podpory grantt Grantové
agentury Akademie véd Ceské republiky (KAN400720701, KAN401770651,
KAN200100801) a grantem COST OC 137.

Prispévek autora

Autor provedl literarni reSers$i aktualniho stavu méfeni vodivosti DNA a navrhl
metodu piipravy vzorku. Na Fakulté chemické byly autorem piipraveny substraty pro
méfeni vodivosti DNA. Ve spolupraci autora se spolec¢nosti Generi Biotech
(dr. Bunéekem) byl stanoven postup nanaseni molekul DNA na substrét, a tak vytvoieny
méfitelné vzorky jednotlivych molekul DNA, které mohly byt nakontaktovany hrotem
skenovactho mikroskopu. Na Fyzikdlnim tstavu Akademie véd byla autorem dale
provedena predbéZznd méfeni Ramanovych spekter. V rdmci této prace byla provedena
méfeni skenovaci mikroskopii potvrzujici platnost autorova predpokladu méftitelnosti
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navrzeného vzorku nezbytna k ziskani publikovanych vysledk(i. Autor se podilel

7 Xz

formulovani experimentalni ¢asti publikace.

Morfologické vlastnosti tenkych vrstev diketopyrrolopyrrolt

Publikace z této kategorie se zamétuje na studium tenkych vrstev derivatt 3,6-difenyl-
2,5dihydro-pyrrolo[3,4-c]pyrrol-1,4dion znamé jako diketopyrrolopyrroly nebo zkracené
DPP. U téchto materidld byla sledovana zména morfologie vrstev v zdavislosti na
substituci zakladniho derivatu DPP, a také v zavislosti na zpasobu pfipravy vrstvy.
Vrstvy byly pfipravovany vakuovym napafovdnim a rotaénim nandSenim a byly
studovany skenovaci elektronovou mikroskopii a mikroskopie atomarnich sil. Pomoci
téchto metod byl nalezen vztah mezi strukturou a vlastnosti tenkych vrstev derivatd DPP.
Bylo zjisténo, Ze hlavnim faktorem ovliviiujici morfologii je substituce postranimi
alkylovymi fetézci a to bud substituce symetrickd nebo nesymetricka. Symetrickou
substituci vznikaly plandrni krystaly, zatimco asymetricka substituce zptsobila rtst velmi
hrubych vlaknitych krystalt [S2]. Riast hrubych krystalti zpasobilo vytoceni fenyld v
blizkosti substituovaného dusiku, toto vytoceni bylo spoc¢itano kvantové chemickymi
vypocty. V této préci je také diskutovdna elektroluminiscence nékterych vybranych
derivati ve vztahu k jejich morfologii. Bylo ukdzéno, Ze symetricky substituované
derivaty vykazuji vyznamnou elektroluminiscenci [S2]. Tato prace vznikla za podpory
projektu Ministerstva primyslu a obchodu FT-TA3/048 a Grantové agentury Ceské
republiky KA401770601.

Prispévek autora

Autorem v této praci byla pfipravena metodika pro rota¢ni nandSeni vzorka.
Jednotlivé roztoky vzorkti byly pfipraveny v koncentra¢nich fadadch a pro kazdy
sledovany vzorek byla autorem stanovena maximalni koncentrace nasycenych roztokt
derivatd DPP. Tato zjisténi byla nezbytna pro reprodukovatelnost pfipravy tenkych
vrstev derivati DPP. Autorem byla provedena také méfeni luminiscence a UV/VIS
spektroskopie doplnujici morfologicka méfeni mikroskopickymi technikami. Autor se
podilel na psani této publikace.
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Abstract. Photoinduced reversible switching of charge carrier mobility in conjugated polymers was studied
by theoretical and experimental methods. The quantum chemical calculations showed that the presence
of dipolar species in the vicinity of a polymer chain modifies the on-chain site energies and consequently
increases the width of the distribution of hopping transport states. The influence of photoswitchable
charge carrier traps on charge transport was evaluated by current-voltage measurement and by impedance
spectroscopy method. It was found that deep traps switchable by photochromic reaction may significantly
control the transport of charge carriers, which is exemplified as a significant decrease of the current and
increase of parallel resistance measured by impedance spectroscopy.

PACS. 73.61.-r Electrical properties of specific thin films — 82.35.-x Polymers: properties; reactions;

polymerization

1 Introduction

As an emerging area in organic electronics, polymer mem-
ories and switches have become an active research topic
in recent years [1]. This paper deals with the concept of
the photochromic switching of charge carrier transport in
polymers. As the conductivity mechanism in these ma-
terials, a variable-range hopping in a positionaly random
and energetically disordered system of localized states is
widely accepted [2,3]. Over the last decades, hopping in
random systems was extensively studied. Among these
studies, the approach based on so-called effective trans-
port energy level was shown to be especially efficient [4,5].
When the effective transport energy is established, the
variable range hopping problem is virtually reduced to
trap controlled transport model. According to this model,
the transport of charge carriers in molecular solids is
strongly influenced by the presence of centres capable of
localizing charge carriers (traps). It was shown that deep
traps may significantly affect the energy of the transport
level and mobility of charge carriers [6] and thus control
their transport.

Investigated polymer switch is based on switching
of charge carrier mobility by photochromic species dis-
tributed in polymer matrix. Photochromic reactions, in
addition to the changes in electronic spectra, are also ac-
companied by variations in refractive index, dielectric con-

# e-mail: xcnavratil@fch.vutbr.cz

stant, enthalpy, etc. [7]. Moreover, the reversible changes
in physical or chemical properties of the photochromic
species can be transferred to the microenvironment and
supramolecular structure, and thus, can induce rich mod-
ifications in the surroundings. In a molecular solid build
of non-polar polarizable units, e.g. polymer segments, con-
taining a small amount of polar guest species, its dipole
moment contributes to the field acting on surrounding
molecules and modifies the local values of the polariza-
tion energy. This modification can cause a local decrease
of the ionisation energy in an otherwise perfect crystal lat-
tice, which represents a trap for hole. Thus, the presence
of polar species may result in production of local states
(charge traps) — in their vicinity; even thus they are not
necessarily trapping sites themselves [8,9]. Reversible cre-
ation of such polar species can be obtained by e.g. suit-
able photochromic molecules. The induced change of elec-
trostatic potential due to the charge-dipole interactions
also shifts the site energies of individual polymer repeat-
ing units, and consequently the polymer transport levels
are modified. Since the position and orientation of the
additive with respect of the polymer chain are essentially
random the effect results in broadening of the distribution
of the transport states and consequently to the lowering of
the charge carriers mobility. In the case of reversible for-
mation and annihilation of such traps the electric charge
transport can be even changed from space-charge limited
to trap limited [10].
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Fig. 1. Photochromic reaction of the spiropyran (left) to its metastable merocyanine form (right).

The purpose of the present work is to examine by
quantum chemistry modeling and experimental characte-
rization the optical and electrical switching prope-
rties of the suggested switch. For the study the
m-conjugated photoconductive polymers poly[2-methoxy-
5-(2-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV)
doped by photochromic spiropyran 6-nitro-1’,3’,3’, -trime-
thylspiro[2H-1-benzopyran-2,2’-indoline] (SP), which can
be converted to a higher dipole moment possessing form
referred to as (photo)merocyanine (MR), were used.
The photochromic reaction of the spiropyran (SP) into
(photo)merocyanine is depicted in Figure 1.

2 Theoretical modeling

In principle, the polar additive may influence the hole
transport in two ways. First, if the highest occupied molec-
ular orbital (HOMO) of the additive molecule is above the
HOMO of the polymer, the additive molecules serve as en-
ergy level (chemical) traps. Second, the additive molecule
possesses a large dipole moment that modifies the sur-
rounding electrostatic potential landscape due to charge-
dipole interactions (dipolar traps) [11,12].

It was shown in our previous papers that SP/MR at-
tached to the o-conjugated poly[methyl(phenyl)silylene]
creates chemical traps for holes [11,13]. However, the
HOMO'’s of the m-conjugated polymers lie generally higher
than the ones of the o-conjugated polymers. The quantum
chemical calculations show, that the HOMO of MEH-PPV
is at least about 1 eV above the HOMO’s of SP and MR.
For this reason we expect, that the additive does not cre-
ate energy level traps in the investigated system, but in-
fluences the hole transport through the charge-dipole in-
teractions.

The polymer chain is modeled by a sequence of N =
4000 sites corresponding to the repeat units (alternating
phenylenes and vinylenes). Each site n is described by the
energy €, of a hole located at this site. The hole transport
between the sites n and m is described by the transfer in-
tegral by, ,,,. Because of linear character of the MEH-PPV
chain and the size of the repeat units only the transfer inte-
grals between the neighboring repeat units are important
and the other can be neglected (tight-binding approxima-
tion). A typical value of the transfer integrals by ,11 is
about 1 eV, being significantly higher than the random

disorder in site energies &,. This fact justifies the descrip-
tion of the on-chain hole motion using delocalized states
approach rather than as hopping between localized states.
Thus, hole motion on such a chain can be described by the
Hamiltonian

N

+

H = nan — bn,n-i—l (a;’{+1an + a;’{an-i—l)] 5

n=1

(1)

[sna

where a,, and a; are annihilation and creation operators
of a hole at an nth site. Both quantities €,, and b, 41 are
influenced by the random structure of the polymer chain
and its surrounding. The energy ¢,, is essentially equal to
the negative of the first ionization potential of the cor-
responding repeat unit. Grozema et al. [14] developed a
continuous disorder type model of the transfer integral
by,n+1 distribution, showing that the hole mobility in a
pure MEH-PPV is limited by the torsional disorder. We
assume that the influence of the additives on the elec-
tronic coupling between the polymer repeat units is small
in comparison with the electrostatic charge-dipole inter-
action modulating the site energies ¢,,.

Polar species in the polymer chain vicinity modify
the on-chain electrostatic potential due to the charge-
dipole interactions between a hole moving on the chain
and dipole moments of individual additive molecules dis-
persed in the polymer. It is easy to show that the sum of
these electrostatic potential changes shifts the hole site en-
ergies e, by the value (HOMO|>_ A¢;|HOMO), where

3

Ag¢; are the changes of the electrostatic potential describ-
ing the charge-dipole interactions of a charge carrier lo-
calized at |HOMO) with all surrounding polar additive
molecules. The change of the shape of the highest molec-
ular orbital [JHOMO) of the corresponding repeat unit in-
duced by the additive is neglected (frozen orbital approx-
imation) [11]. Since the positions and orientations of the
additive molecules with respect to the polymer chain are
essentially random, the effect results in broadening of the
distribution of transport states. The most important pa-
rameter of this distribution (energetic disorder) is its half-
width o(e,,).

Recently, energetic disorder was numerically modeled
by a dipolar lattice model [15]. This model considers a
regular three-dimensional cubic lattice of sites being sub-
ject to periodic boundary conditions. A fraction of the
sites is occupied by randomly oriented, immobile, and
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non-interacting dipoles. The electrostatic potential is then
calculated for each site as a sum of the Coulombic po-
tentials of all dipoles. This model was later analytically
evaluated by Young [16]. He investigated the shape of the
distribution and derived an equation for its half-width o,
being proportional to the dipole moment and the square
root of the dipole concentration. Our model of the en-
ergetic disorder is a modification of this approach in or-
der to take into account the linear shape of the polymer
main chain, the size of its substituents, the absence of
any well-ordered structure, and the fact, that the charge
transport proceeds predominantly on the conjugated main
chain. For this reason, the polymer chain was modeled as
a line. Randomly oriented additive molecules, represented
by point dipoles, were randomly placed in the vicinity of
this line, but it was assumed that no additive molecule
was placed at a distance shorter than 10 A, which corre-
sponds to the mean size of the polymer substituents and
the size of the polar additive molecules. On the other hand,
the influence of the additive molecules distant more than
50 A from the polymer chain was neglected. The additive
molecules were placed also beyond the chain ends in order
to ensure the homogeneity of the g,, distribution along the
whole chain. The concentration of the additive was taken
to be ¢ = 4 x 10~* A=3. For each center representing
a repeat unit, the energetic disorder was calculated as a
sum of Coulombic electrostatic potentials from all addi-
tive molecules. With regard to the value of the minimal
distance of an additive molecule from the chain the size
of the polymer repeat units was neglected. The energetic
disorder of g, was calculated according to the above-
described model for several values of the dipole moment
of the additive m. According to the central limit theo-
rem [17], the resulting ,, distribution is a Gaussian-type
distribution. For a typical value of m = 12 D the half-
width o(e,) = 0.37 V. Because the mutual interaction of
the additive molecules is neglected, the half-width o(e,,) is
proportional to the dipole moment m of the additive and
to the square root of the additive concentration /c just
as in the dipolar lattice model [15]. However, the value of
o(en) calculated according to our model does not follow
the relations derived by Young [16]. Furthermore it should
be noted, that the e, values show a strong site-to-site
correlation between up to about 10th nearest neighbor-
ing sites. The correlation coefficient between the nearest
neighbor &, values is 0.97. This fact can be explained by
the long-range character of the charge-dipole interactions
and the size of the MEH-PPYV substituents hindering from
close contact between additive molecules and the main
chain. It should be pointed out, that the site-to-site cor-
relation significantly affects the transport, thus the direct
numerical calculation of the ¢,, values cannot be replaced
by a simple generation of random numbers from a normal
distribution.

The dipole moments of SP and MR forms calculated by
the Hartree-Fock method are 5.5 and 11.9 D, respectively.
These values suggest that the SP — MR reaction results
in approximately doubling the energetic disorder. More-
over, one should take into account that, while the value
obtained for SP is close to reality, the dipole moment of
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Fig. 2. The calculated frequency-dependent mobility for differ-
ent additive dipole moments. The additive concentration was
c=4x10"* A3

MR is probably underestimated since the polar environ-
ment increases the zwitterionic character of MR. Bletz
et al. [18] reported the dipole moment of MR measured
in a polar environment to amount to 15+20 D. Thus the
real switching effect may be more effective than that esti-
mated using the calculated values. The hole on-chain mo-
bilities p(w), calculated for different values of the additive
dipole moments, are shown in Figure 2. All curves exhibit
a saturation of u(w) at low frequencies corresponding to
the diffusive charge carrier motion in the long-time limit
(t > 25 ps), and a rapid increase for higher frequencies
related to the fast initial hole delocalization (¢ < 10 ps).
This increase is mainly induced by the effective reduction
of the number of disordered sites visited by a charge car-
rier during its oscillations induced by the electric filed. In
both regions, the mobility decreases with the increasing
additive dipole moment. It follows from Figure 2 that the
change of the additive dipole moment from ca. 6 D to 12 D
should result in an about five-fold decrease of the on-chain
mobility. The effect would be even more pronounced if the
experimental value of the MR dipole moment (~18 D [13])
is considered.

It should be noted that the results may be influenced
by several other effects not taken into account by our
model, namely dynamical fluctuations of both types of
disorder and polaron formation. While the former effect
results in a thermally activated diffusive charge carrier
motion, the latter one increases charge localization. We
assumed an ideal chemical structure, but the presence
of polymerization defects decreases the on-chain mobil-
ity. The effect of the substituents was considered only in
the modeling of the energetic disorder arising from the
charge — additive dipole interaction. However, the pres-
ence of substituents has some influence also on the tor-
sional and energetic disorder of undoped polymer chains.
These phenomena will alter the mobility values but they
should not significantly alter the mobility ratio since the
photochromic mobility switching arises from the change
of the levels of the static disorder.
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Fig. 3. Current-voltage characteristics for various concentra-
tion of spiropyran after the photochromic conversion induced
by high photon dose corresponding to the merocyanine ab-
sorbance saturation.

3 Experimental

Polymer device was manufactured as a sandwich cell with
a dielectric layer of MEH-PPV containing 0-30% wt. of
admixed SP. The active polymer layer was spin casted
from chloroform solution on transparent indium tin oxide
(ITO) electrode covering part of the glass substrate. The
thickness of the active layer was about 150 nm. The struc-
ture was completed by evaporation of aluminium top elec-
trode typically 100 nm thick. Average electrode area that
delimitates the active area of the device was 3 mm?2. The
photochromic reaction of spiropyrane was activated using
a Nd:YAG pulse laser (1 uJ/pulse) with third harmonic
generation at 355 nm in order to measure the irradiation
of the sample precisely. The electric response was studied
by measuring the current-voltage j(V') characteristics of
the samples in the dark with Keithley 6517A electrom-
eter. Dielectric properties were studied using a Hewlett
Packard 4192A impedance analyzer. The measurements
were performed in vacuum cryostat at room temperature.

4 Results and discussion

The photoswitching of charge carrier mobility was stud-
ied by standard current-voltage j(V') measurement. The
results for typical devices are shown as log-log plot in Fig-
ure 3 where the variation of the current at high irradiation
dose corresponding to the merocyanine concentration sat-
uration for different spiropyrane concentration is shown.
In organic thin film devices the current is typically contact
limited in low field region, whereas at higher field region
space-charge or charge-trap limited conductivity are com-
monly accepted [19]. The results show this behavior. At
low forward-bias voltages below 7-10 V the increase of
j with V is relatively small, whereas in the higher field
region the slope of the dependence is more pronounced,

which is in accordance with Space-charge limited cur-
rent (SCLC) theory. This theory proposes that the space
charge which limits conduction is stored in the traps. In
the case of energetically discrete trapping level, the SCL
current can be expressed as

9 V2
Jscr = §5€0M9ﬁ7 (2)
where, ¢ and ¢ is the relative permittivity and permittiv-
ity of vacuum, p is the charge carrier mobility, V is the
applied voltage, L is the electrode distance and 6 is the
ratio of free to total charge carriers.

However, in cases of practical interest traps are usually
distributed in energy. In that case traps will be filled from
the bottom to the top of the distribution as applied elec-
tric field increases. This is equivalent to an upward-shift in
the quasi-Fermi level with electric field. As a consequence,
0 increases with electric field and the j(V') characteristics
becomes steeper. In terms of present work, the distribu-
tion of charge traps describes those induced by spiropy-
rane to merocyanine photochromic conversion. The pres-
ence of distribution of traps opens additional pathways to
the relaxation of charge carriers towards steeper states. A
zero order analytic description of the effect can be based
on the Hoesterey and Letson formalism [20]. The latter is
premised on the argument that the carrier mobility in a
system with relative trap concentration c is the product
of the mobility in the trap-free system po multiplied by
trapping factor:

) = o 1+ cexp (f—T)} 3)

where E; is the energy of trapping level, k is the
Boltzmann constant and T is the temperature. Conse-
quently, the current flowing through the sample with en-
hanced number of trapping states will be less than in sam-
ple without traps. Figure 3, which shows the decrease of
the photocurrent with increasing concentration of spiropy-
rane at high irradiation dose, proves this notion. Com-
plementary, the decrease of the current with increasing
photon dose demonstrated by number of laser pulses was
observed. As the merocyanine concentration increase ex-
ponentially with photon dose and tends to saturate at high
irradiation, the decrease of the current limits by about
two orders of magnitude. In both cases the decrease is
fully reversible after thermal fading in the dark or irradi-
ation with a red light. The essential message is that the
current thorough the irradiated device is significantly low-
ered by the presence of polar charge traps caused by pho-
tochromic conversion of spiropyrane to merocyanine. In
another words the presence of traps lowers the mobility of
charge carriers as expected from theoretical calculations.

To provide better insight into studied phenomena the
real and complex part of the impedance Zg, and Z1,,, were
recorded at test frequencies between 10 and 5 x 10 Hz.
The measured data were analyzed in the form of Cole-Cole
diagram (real part of Z vs. imaginary part of Z) wherein
the frequency increases from right to left. The variations
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Fig. 4. Cole-Cole plot of the 20% mixture of the MEH-PPV:SP

before (0 pulses) and after the photochromic conversion for four
light doses expressed as a number of pulses (1 pJ/pulse).

of Zyy, with Zge as a function of photon dose at constant
bias of 5 V for the device with 20% of spiropyrane are
shown in Figure 4. All the Zp, versus Zr. dependency
shows a single semicircle which increases in size with in-
creasing photon dose. This single semicircle could be fitted
very well to a parallel combination of bulk resistance R,
and capacitance C), in series with a resistance Ry, which
is probably caused by the Ohmic contact at hole injecting
ITO/MEH-PPV interface. From Figure 4 the bulk par-
allel resistance can be evaluated as the virtual intercept
point of each Cole-Cole plot with Zg, axis. Following this
evaluation, Figure 4 clearly demonstrates the increasing
parallel resistance of the sample with increasing photon
dose, which is in accordance with previous results. The
comparison of data obtained by impedance analysis and
steady-state j(V') characterization is depicted in Figure 5
for samples doped by 20% of spiropyrane after irradia-
tion. Herein the results are related to the absorption of
the samples at 590 nm, which is proportional to merocya-
nine concentration as was described above. In this figure
the left y-axis represents the relative increase of the paral-
lel resistance obtained by impedance analysis, whereas the
reverse value of the relative decrease of the current eval-
uated form the j(V) characteristics is marked on right
y-axis. It is shown that the dependencies which manifest
the influence of merocyanine charge traps on the charge
transport in MEH-PPV matrix are both almost linear.

5 Conclusions

The possibility of switching of charge carrier mobility
was demonstrated. The quantum chemistry calculations
showed that the presence of polar additive in the vicinity
of polymeric chain modifies its transport levels. This in-
crease in the energetic disorder eventuates in the decrease
of the hole mobility. The change of the additive dipole
moment from ca. 6 D to 12 D, which corresponds to the
studied photochromic reaction, results in an almost five-

7x10° —— . : : 18
S 6x10°} o Parallel resistance 116
§ 5x10°F  © Current change g 114
% 4ot 112
g 110 =
B 10°} lg @
§ 2x10° 16
1x10° 14
oL 12
L 1 N ; | 0
0.04 0.06 0.08 0.10 0.12
A Absorbance

Fig. 5. The dependence of ratio of parallel resistance after the
photochromic conversion to the value before conversion on the
change of absorbance (left y-axis) and the ratio of the current
before the photochromic conversion and after for different light
dose at 4.2 V of the 20% mixture of the MEH-PPV:SP.

fold decrease of the on-chain mobility. The experimental
behaviour of the system explored by means of current-
voltage characterization showed a significant decrease of
the current thorough the sample after irradiation. The cur-
rent decrease is proportional either to the concentration
of spiropyrane in the sample or to the irradiation dose.
The increase of parallel resistance of the sample with irra-
diation dose obtained by impedance analysis confirms this
outcome. According to the trap controlled hopping model
for the description of charge transport it was stated that
the presence of new dipolar traps results in the decrease
of the charge carrier mobility and thereby lowering the
current as predicted by the theoretical calculations.
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Thin films

Thin layers of five derivatives of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4 diones, which con-
stitute a promising class of small molecular semiconductors, were investigated. The morphology of the
thin layers prepared by both vacuum evaporation and spin casting were studied using Scanning Electron
Microscopy and Atomic Force Microscopy. The relation between molecular structure and their thin films
morphology was found. The electroluminescence behaviour of selected derivatives is also discussed with
regard to morphology studies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Organic electronic devices based on different types of organic
semiconductors such as polymers, oligomers, dendrimers, dyes
and pigments are already entering the commercial world. Among
them the small organic molecule thin films are the subject of
intense research activity as they provide high quality thin films and
nanostructures. This paper deals with derivatives of 3,6-diphenyl-
2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4 diones, commonly referred
as DPP, which constitute a promising class of small molecular semi-
conductors. These compounds have been the object of intensive
research for pigment application since 1974 as their exhibit a vari-
ety of shades in the solid state and especially chemical, light and
thermal stability [1,2]. DPP itself has a high molar absorption coef-
ficient, as well as high quantum yield of fluorescence, therefore low
molecular weight derivatives of DPP have been extensively stud-
ied on their optical and photophysical properties [3-5]. Potential
application of DPP derivatives as a luminescent media in a poly-
mer matrices [6-8], solid-state dye lasers [9], OLED devices [10]
and organic field-effect transistors [11] was reported. Recently a
new application as hydrogen sensing material utilizing variable
conductivity of DPP pyridyl derivative occurred [12].

Thin films of small molecular semiconductors are usually pre-
pared by means of a variety of complex techniques including
physical or chemical vapour deposition, organic molecular beam

* Corresponding author. Tel.: +420 541149396; fax: +420 541211697.
E-mail address: xcnavratil@fch.vutbr.cz (J. Navratil).

0921-5107/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2009.09.017

epitaxy or solution-based deposition techniques. The performance
of small molecular organic devices has been shown to be highly
sensitive to film morphology and processing conditions. Often, the
solution deposited active layers of devices (e.g. spin cast films)
exhibit a high portion of microcrystallites and aggregates whereas
the vapour deposition techniques provide high quality crystalline
films, characterized by improved charge transport properties com-
pared with those of solution deposited films. The relationship
between the organic thin film morphology and the device perfor-
mance is nowadays subject of the research activity.

In this study we investigated a group of five DPP derivatives
depicted in Fig. 1. In order to increase solubility required for low
cost solution-based casting, the basic DPP structure was modified
by different alkyl substitutions on the nitrogen atoms. In addition,
the electronic properties of one derivative (DPP VI) were altered by
di-donor substitution.

Our previous studies based on quantum chemical calculations
showed that both symmetrically (DPP III, DPP V, DPP VI) and non-
symmetrically (DPP I, DPP IV) substituted derivatives have rotated
phenyl groups, as opposed to the non-substituted basic struc-
ture, which is nearly perfectly planar. The substitution of alkyl
chain leads to the rotation of the adjacent phenyl group. The sym-
metrically substituted derivatives have thus rotated both phenyls.
The rotation was independent on the length of the alkyl chain.
These rotations subsequently modified absorption and photolu-
minescence spectra [13]. The theoretical results were confirmed
by experimental optical characterization of solutions of selected
derivatives. They showed that the increasing phenyl torsion leads
to reduction of the conjugation extend and subsequently to a slight
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Fig. 1. Structure of basic DPP molecule and prepared derivatives and their temperatures of melting point.

hypsochromic shift of the absorption and bathochromic shift of the
photoluminescence spectra as predicted from the calculations. The
vibrational structure was less pronounced with increasing phenyl
torsion and larger Stokes shift was observed. Simultaneously, the
molar absorptivity decreased as the deformation increased. On the
other hand, the measured fluorescence quantum yields were mod-
ified only slightly [13]. These properties, together with chemical,
light and thermal stability predestine them as potential candidates
for different optoelectronic applications. Therefore the film forming
and electroluminescence properties of these materials were inves-
tigated and the question of relation between the chemical structure
and morphology of prepared thin films was addressed.

2. Experimental

The DPP derivatives were synthesized and analyzed to confirm
the molecule structure by A Bruker AMX 360 NMR spectrome-
ter, ion trap mass spectrometer MSD TRAP XCT equipped with
APCI, EA 1108 FISONS instrument for elemental analysis and
Fourier transform infrared spectrometer (see [13] for details).
Thin films were prepared by spin coating and by vacuum evap-
oration method. Low resistivity silicon substrates were used
for morphology studies, whereas indium tin oxide (ITO) coated
low alkali Corning glass was used for electro-optical and quartz
glass for optical characterization. Thin layers spin-casted from
chloroform-toluene solution (7:3) were typically 100-200 nm
thick as measured by elipsometry. The vacuum deposition of
200 nm thick layers was carried out at a pressure of 1x 104 Pa
with deposition rate from 0.2 to 0.5 nm/s. The substrate tempera-
ture was maintained constant during the deposition process, being
in the range 250-420K. The annealing of the films was carried
out in vacuum at various temperatures with regard to melting
point of annealed substances. The morphology of the samples
was investigated by Scanning Electron Microscopy (SEM) and by
Atomic Force Microscopy (AFM). Multilayered sandwiched struc-
tures consisting of hole transport layer, emissive layer and electron

transport layer were prepared for electroluminescence character-
ization. ITO covered glass substrates were used as transparent
anodes. Subsequently, a hole-transporting layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS)
and active electroluminescence layer of DPP derivative were spin-
casted. The structure was completed by vacuum deposition of
electron-transporting layer of aluminium tris(8-hydroxyquinoline)
(Algs) covered by vacuum deposited 100 nm thick aluminium top
electrode.

Fig. 2. Comparison of the structure of the thin layers of the basic DPP material DPP [
prepared at different substrate temperatures as probed by SEM: (a) 255K, (b) 290K,
(c)373K and (d) 423 K.



150 M. Weiter et al. / Materials Science and Engineering B 165 (2009) 148-152

3. Results and discussion
3.1. Morphology

Thin layers prepared by both spin casting and vacuum depo-
sitions were polycrystalline but the shapes and dimensions of
crystallites were found to be dependent on the structure of the
materials and temperature of the substrate during deposition. The
effect of substrate temperature Ts during vacuum evaporation on
film morphology of the basic DPP structure (DPP I) which exhibits
highest melting point is illustrated in Fig. 2. At lower substrate
temperatures (Ts =255 K and Ts =290 K) the dominating forms are
oval crystallites forming island structure, whereas at higher Ts
(Ts =373 K and Ts =423 K) chaotically oriented ribbon-like crystal-
lites of length increasing up to 1 wm prevail.

The formation of larger clusters with increasing Ts can be
described as a thermally activated process in the coarse of which
a particle impinged onto the substrate surface can move laterally
unless it loses its kinetic energy and finds the energy potential
well. It is usually after joining with other particles and this par-
ticle - molecules - cluster is the nucleus of future columnar or
island structure. The high deposition temperature also significantly
decreases the adhesion of deposited layers. It is caused by sub-
sequent shrinkage during cooling, which is more pronounced for
organic layers than for substrates and it resulted in peeling observ-
able especially at Ts =423 K. The free crystallites endings in space
give high reflection in SEM due to the charging and therefore they
appear as bright spots.

The studies made with different substrates show that the mor-
phology is practically independent on the nature of the substrate.
The key impact on the morphology of thin layers was found to be

(a)  1000mm
2018 nn

ZS

500 nm 1000 rm

Fig.3. Comparison of the structure of the thin films evaporated at room temperature
as probed by SEM: (a) basic DPP molecule DPP [, (b) symmetrically substituted DPP
III, (c) monosubstituted DPP IV, and (d) functionalized symmetrically substituted
DPP VL.

based on the substitution of central DPP unit by alkyl side chains
with different lengths. Seeing that the influence of alkyl chain
length is minor, the crucial factor is the type of substitution, which
can be unsymmetrical (one substituted alkyl chain) in the case of

Fig. 4. Surfaces of the thin films evaporated at room temperature as studied by AFM: (a) basic DPP molecule DPP I, (b) symmetrically substituted DPP III, (c) monosubstituted

DPP 1V, and (d) functionalized symmetrically substituted DPP VI.
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Fig. 5. Current-voltage characteristics and total electroluminescence intensity of
derivative DPP VI and the device structure as an insert.

derivatives DPP II, DPP IV or symmetrical (two substituted alkyl
chains) in case of derivatives DPP III, DPP V and DPP VI. A com-
parison of the structure of evaporated thin films probed by SEM
is depicted in Fig. 3, the surfaces of the layers studied by AFM are
shown in Fig. 4.

The figures reveal that the symmetrically substituted deriva-
tives form planar large crystallites with sizes increasingup to 1 um,
whereas the asymmetrically substituted derivatives form highly
rough fiber crystallites, their lengths being up to 1 um. It was found
that the crystal size is slightly dependent on the alkyl chain length;
in particular the derivative DPP Il monosubstituted by butyl (C4Hg)
side chain forms smaller fiber crystallites in comparison with their
analog DPP IV substituted by heptyl (C;Hjs). This effect is worse
distinguishable at planar large crystallites formed by symmetrically
substituted derivatives DPP Ill and DPP V. Spontaneous crystalliza-
tion of these materials after deposition was observed, but should
be inhibited by annealing which also stabilizes the interfaces. The
morphology of the samples prepared by spin casting was also stud-
ied, but no significant differences were recognized.

The observed behaviour can be explained according to the
molecular structure. It is worth to note, that the basic DPP molecule
is almost planar and its intermolecular energy was calculated [14]
deriving from -1 stacking forces (42%), hydrogen bonds (21%),
electrostatic attraction and other minor contribution. Substitution
of the alkyl group led to the rotation of the adjacent phenyl group
and therefore not only caused loss of planarity and effective con-
jugation but also interfered with the intermolecular -1 stacking
of the aryl rings. Introduction of the second alkyl also rotates the
second phenyl which intensifies the above phenomena. This is
exemplified as the decrease of melting point starting from 580K for
unsubstituted DPP DPP I, through 523 K and 484 K for monosubsti-
tuted DPP Il and DPP IV, down to 393 K and 383 K for symmetrically
substituted DPP IIl and DPP V.

3.2. Electroluminescence

On the basis of the findings described above symmetrically
substituted derivatives DPP III, DPP V and DPP VI resulted as
suitable for electroluminescence (EL) characterization. The typical
current-voltage (I-V) characteristic together with electrolumines-
cence (EL) intensity of DPP VI derivative is depicted in Fig. 5 in
double logarithmic scale. It shows that the turn-on voltage for this
diode is ~3 V. At this voltage the previously ohmic nature of the
I-V characteristic changes to the space-charge-limited, where the
current flow is bulk-limited. The low value of the turn-on volt-
age implies that reasonable charge balancing was achieved due to
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Fig. 6. Normalized electroluminescence spectra of symmetrically substituted
derivatives.

the barrier reducing pre-contact layers (PEDOT:PSS and Alq3). This
allowed us to measure also the spectrally resolved electrolumines-
cence of the selected derivatives, see Fig. 6. The spectral position of
the EL coincides with the position of fluorescence of the respective
thin films.

The normalized electroluminescence spectra show that the elec-
troluminescence depends on the substitution used rather than on
the length of the alkyl chains used, which is in accordance with the
quantum chemical calculations and optical spectroscopy measure-
ment [1]. The substitution of piperidine groups on phenyls led to the
large bathochromic shift of the absorbance and photoluminescence
spectra and thus also to the observed EL. The EL efficiency is low,
as only basic unoptimized OLED structure was used in this device
structure ITO/PEDOT:PSS (60 nm)/U29 (150 nm)/Alq3 (40 nm)/Al
(200 nm) the thickness was obtained by elipsometry. However, the
EL response depends on many material parameters and the opti-
mization of multilayered structure is necessary.

4. Conclusions

The morphology of thin films of DPP derivatives prepared by
both evaporation and spin coating methods were studied by SEM
and AFM. It was found that the crucial factor affecting morphol-
ogy is type of substitution of basic DPP by alkyl chains, which can
be unsymmetrical or symmetrical. The symmetrically substituted
derivatives form planar large crystallites, whereas the asymmet-
rical ones form highly rough fiber crystallites. The symmetrically
substituted derivatives showed a significant electroluminescent
behaviour, nevertheless the optimization of multilayered structure
is necessary to achieve high electroluminescence efficiency.
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Abstract:

We used STM to study the conductivity of 32 nucleotide long DNA molecules chemically attached to a gold

surface. Two oligonucleotides containing all four base types namely G, A, C, T, one single stranded and
one double helical, all showed conductance data significantly higher than DNA containing only T and A that
were either single stranded d(T32) or double helical d(T32).d(A32) in confirmation. Within each sequence
group, the conductivity of the double helical form was always higher than that of the single strand. We
discuss the impact of structure, particular base stacking and affinity to the phase transition.
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DNA is an important and promising molecule, not only due
to its genetic function, but also as a molecular scaffold
for nanotechnology [1]. The double helical DNA archi-
tecture, is well stacked consisting of near parallel bases
stacked with their s-electron systems overlapping. Such
mr-electron systems may be good candidates for long dis-
tance and one-dimensional (linear) charge transport. In-

*E-mail: krat@fzu.cz

vestigations of DNA conductivity and its physical origin
have significant implications towards the study of DNA
damage and repair in biological systems, application of
DNA in electronic nano-devices, and DNA-based elec-
trochemical biosensors. The electronic transport of var-
tous types of organic molecules operating through -
conjugated systems, including DNA, has been the sub-
ject of several recent studies, both theoretical and experi-
mental [2-5]. Despite significant achievements, results on
DNA conductivity published by different research groups
present often conflicting and controversial explanations of

@ Springer
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the DNA-mediated charge transport [6-8].

Two basic experimental approaches have been pursued to
investigate the conduction through molecules: (i) con-
tacting isolated single molecules or molecules in thin
films, (ii) studying transport in thick films and devices,
such as organic thin-film transistors or light emitting
diodes. The optimal experimental setup is to position
isolated molecules between two electrical contacts but it
is very difficult to realize and especially difficult to ver-
ify. Working with ordered arrays of parallel s-conjugated
molecules where in principle, the coupling to the substrate
can be precisely known, offer the possibility to address the
individual molecule by making use of the scanning tunnel-
ing microscope (STM) tip. STM experiments have already
been proven as well suitable tools for the investigation of
ordered monolayer films allowing electrical contacting of
one or a few molecules and to obtain images of the struc-
tural characteristics of the film [9, 10].

In this work, we used the STM to study the conductivity of
different DNA sequences in single- and double-stranded
forms covalently bonded to a gold surface under ambient
conditions (i.e. air, room temperature). It is known that
water molecules surrounding DNA strongly participate in
DNA structure holding. Working under vacuum, the water
molecules are expelled and the DNA structure is reserved
mainly by the effect of inner shell water molecules and
this results in drastic changes.

Our DNA molecules were short and very precisely pre-
pared as self-assembled 32-mer oligodeoxynucleotides
making monolayers and were immobilized by attaching to
a gold surface through the formation of disulfide bridges
via the C6 spacer at the DNA 5'-end as shown in Fig.
1. The 40 nm thin gold layer was prepared by evapora-
tion of pure gold (99.99% purity) on a silicon <100> wafer
which was cut into 1 cmx1 cm pieces. Synthesized were
two types of oligonucleotides, two 32-mers with uniform
sequences, d(32T), d(32A), and two 32-mers with non-self-
complementary sequences containing all four nucleotides,
G, A C and T in equimolar ratio:
5'-d(CAGCAGGGTCAGTCAATCTATCGTCCGTAATG)-3'

(labeled further as d(GACT)), and the complementary se-
quence

5'-d(CATTACGGACGATAGATTGACTGACCCTGCTG)-3'

The spacer was incorporated to the 5'-end of d(32T) and
d(GACT) oligonucleotides. These two molecules were
subsequently chemically attached to the gold surface in
their single stranded forms Complexation with their com-
plementary strands, resulted in chemically intact DNA
molecules, via double helice formation. All DNA samples
were prepared as triethylammonium salt (TEA); bulky TEA
counterion with low mobility was selected to reduce ionic
conductance of the samples.

Au surface
O;
]
o=—mu
|
£
=]
%

Figure 1. Scheme of attachment of the DNA 32-mers to the gold
surface.

The STM measurements were performed with NTEGRA
Prima NT MDT system using freshly cut Pt/Ir tips. Both
topographic and spectroscopic data were obtained. With
STM, for very small voltages of ~10 mV and relatively
large current of ~ 0.5 nA, in view of the very small tip-
sample distances, the topography of the samples were ob-
served.Topographic images showed a considerable differ-
ence between the bare gold substrates and DNA sample
molecules . In the case of molecular layers, specific surface
patterns were observed. The occurrence of these patterns
has been attributed to etching of the bottom gold layers
arising from the reaction of thiol-groups with gold atoms,
forming dissolvable complexes [11, 12]. All the molecules
were ordered in similar geometric structures with the near-
est neighbour spacing of 1-2 nm. By ellipsometry, in which
the thickness of all the measured molecular layers was es-
tablished as 8.5-9 nm, we have confirmed that the 32 nu-
cleotide long DNA molecules are oriented approximately
perpendicular to the substrate.

(V) spectra were taken for different feedback voltage and
current setpoints, i.e., for different initial sample-tip dis-
tances. In all experiments, the STM tip act as the electri-
cal contacts on the “top” side of the assembled monolayer
of the DNA molecules, the supporting gold substrate acts
as the other (bottom) contact. The distance between the
top of the molecules and the STM tip for all the set points
was 2.5-4 A. In view of the experimental setup, it was pre-
dicted that the flow of current occurs mainly through the
molecule nearest to the tip without significant lateral in-
termolecular contribution to conduction.

Noise, in the form of height fluctuations, was larger in the
case of topographic images of films than in the case of the
bare gold. All the organic molecules that have been stud-
ied by STM till now showed symmetrical current-voltage
(I — V) characteristics. The symmetry of the / — V char-
acteristics has been explained in a simple model [13].
I(V)) curves were measured at three different set points:
0.1 nA, 0.1 V; 0.2 nA, 0.1 V; 0.5 nA, 0.1 V using the same
strategy for all four DNA sequences. Six hundred con-
secutive /(V) sweeps in both voltage directions (from -
15V to +15 V and from +15 V to -1.5 V) were taken
on each sequence. We compared /(V) spectra taken for
different molecular systems for the same substrate under
the same conditions (set point at the gold terrace). Final
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results presented in this paper are based on the aver-
age of the curve data set for the subsets collected. Only
those curves /(V) were included in the averaging in the
analysis that were not affected by appreciable drift of the
STM. All the results taken into consideration showed the
same trends. Typical examples of /(V) curves measured
at set point 0.1 nA; 0.1 V are shown in Figs. 2, 3 and 4.
In our experiments we have measured current tunneling
through the tip-molecule area for the molecules so close
to the tip that their contribution is set at voltage lev-
els above the noise. For tips very close to the molecules
(defined by the set point value) at very low voltages the
number of molecules contributing to the total current is
small. As we could not estimate exactly the number of
the molecules, we proceeded to to compare conductances
of different DNA sequences for both single- and double-
stranded forms. The term conductivity is widely used in
equivalent experiments (STM/AFM measured current vs.
voltage curves on bundles of molecules) that we have de-
cided to keep its common meaning.

The shape of the /(V) curves can be interpreted as fol-
lows: current passes through the molecule and also tun-
nels through the tip-molecule area. For low volatges the
ohmic behaviour was observed due to the Botzmann distri-
bution of the charge carriers and constant position of the
Fermi level. As voltage is increasing the current pass-
ing through each molecule is higher — nonlinear effect
of charge carrier injection takes place (shift of the DNA
Fermi level to the electronic tale states and their occu-
pation). Also the number of the molecules contributing to
the total current is rapidly increasing so the total current
is rising up very sharply at higher voltages.

Comparison of conductivity of two single stranded se-
quences, d(T32) and d(GACT), and two double stranded,
d(T32).d(A32) and d(GACT).d(CTGA), can be summarized
as follows. The largest difference was found between con-
ductivity of single-stranded form of oligonucleotides con-
taining only T and the double-stranded form of mixed G, A,
C, T sequences. Both samples with the “mixed” sequence,
either in single- or double-stranded form, showed larger
conductivity than either sample containing the d(T32) se-
quence (Figs. 2, 3). We observed the double helical sam-
ple with the mixed G, A, C, T sequences to be the best
conductor from our DNA sample set (Fig. 4). Conductiv-
ity of the double-stranded form is larger than that of the
single-strand when complementary sequences are com-
pared, which is in agreement with theoretical model of
the same system [7].

Based on our topographic data, we assume that the main
reason for differences in sampleconductivity arise from the
properties of the individual molecules, not as a function of
the molecular monolayers.

Current (nA)

¥ T g T ¥ T x T b T " 1
-1.5 -1,0 -0,5 0.0 05 1.0 1.5
Voltage (V)

Figure 2. Typical /(V) curve of DNA 32-mer d(T32):d(A32) double
helix (DS TA) and d(T32) single-stranded form (SS TA).
Set point 0.1 nA, 0.1 V, measured in both voltage direc-
tions.

— SSMIX

Current (nA)

T T
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Figure 3. Typical /(V) curves of DNA 32-mer with mixed G, A, C, T
sequences: Double helical d(GACT).d(CTGA) (DS MIX)
and the single-stranded d(GACT) form (SS MIX). Set point
0.1 nA, 0.1 V, measured in both voltage directions.

Two channels can significantly contribute to the charge
transport along the DNA double helix; they include elec-
tronic conduction along the base pair sequences and ionic
conduction associated with the counterions.

In this work, DNA molecules were synthesized as TEA
salts to minimize the concentration of small, and therefore
highly mobile, cations as sodium or potassium but ionic
conduction cannot be ruled out due to water and solvated
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—— DSMIX

Current (nA)
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Figure 4. Comparison of /(V) curves of double helical DNA 32-mers
with mixed G, A, C, T sequences d(GACT).d(CTGA) (DS
MIX) and d(T32):d(A32) (DS TA). Set point 0.1 nA, 0.1V,
measured in both voltage directions.

tons used to dissolve and subsequently deposited on the
DNA molecules. However, an ionic conduction mechanism
would not require just presence the presence of mobile
ions, such as in a liquid or a molten phase, but also their
macroscopic reservoir to maintain the observed stable cur-
rent flow for as long as the voltage was applied. Neither of
the two conditions were completely satisfied in our exper-
iments. Thus, in our case, the ionic conduction mechanism
should not be a strong source of the DNA conductivity.

On the other hand, any molecule or ion associated with
DNA via ionic or covalent bonding might in principle af-
fect the DNA electronic structure, the s-electron distri-
bution of the stacked bases with their energetic states,
and hence its electrical conductivity. lons can act in the
molecular system like dopants-supplying the system by
charge carrier — electron or hole. The electronic interac-
tions between the m-electron systems of the bases may
generate a molecular energy band with electronic states
delocalized over the entire length of the molecule. We as-
sume the impurity concentrations from sample to sample
to be approximately the same, therefore we did not expect
the impurity concentration to be a source of differences in
the conductivity between samples.

The question arises, what can be the main origin of the dif-
ferent conductivity of our molecular samples? Besides the
charge-carrier concentration, the explanation for the mea-
sured conductivity differences in the DNA samples may
relate to the the specific electronic structure, molecular
chains structural differences and electron-phonon interac-
tions. Single strands of both investigated sequences can
be considered to be much less structurally regular than the

double helices because of their local and especially long-
scale deviations from the regular helical arrangement [14].
Reduced stacking interactions can decrease the potential
overlap of the s-electron systems. Furthermore, a more
reqular structure may promote better long range ordering
resulting in a decrease in the dispersion of the polariza-
tion energy and narrowing in the distribution of hopping
states. Under these conditions, the charge carrier mobil-
ity, and thus conductivity, in regular systems increases.
Based on our experimental results we propose that elec-
trical conductivity in DNA strands is higher for the well-
defined right-handed double helical forms due to their
smaller structural deviations resulting in larger r-electron
potential overlap and smaller dispersion of the polariza-
tion energy (Figs. 2, 3).

Guanine base is the most easily oxidized. This allows
the generation of a charge carrier (hole). Once charges,
and especially holes, are created on the uniform DNA
chain, the hopping charge transport phenomena can oc-
cur among discrete guanine sites or delocalized (e.g., po-
laron) domains [12]. Furthermore, the stacking distance of
the adjacent base pairs also affects the s-electron over-
lap. The crystal structure analysis of oligonucleotides
indicates that the axial rise of residue is 2.88 A for
poly(dG).poly(dC) and 3.22 A for poly(dA).poly(dT) [15].
The more compact the base stacking is, the more favor-
able the charge transport is expected to be. Charge trans-
port enhancement in tighter stacked compact samples is
in agreement with our results showing higher conductivity
of double helical mixed d(GACT).d(CTGA) sequences than
d(T32).d(A32) samples (Fig. 4).

Based on our theoretical expectations and experimental
data, we can say that the d(GACT).d(CTGA) is the better
conductor of all the DNA samples investigated due to the
reqular structural double helical form with compact base
(G-C) stacking.

Obviously, the DNA conductivity is a very complex prob-
lem and requires further attention. Detailed understand-
ing of the conduction mechanism remains a challenge and,
once achieved, it will undoubtedly provide a better insight
into the biological, chemical and physical properties of
DNA molecules.
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1 Introduction

Nowadays, after more than 15 years of academic and
industrial research worldwide, the class of organic materials,
conjugated polymers has reached a very high level of
outstanding material properties and the potential for different
industrial applications is now emerging. Various polymers are
used in organic light-emitting diodes (OLED) and flat organic
displays equipped with organic field-effect transistors, some
other expect applications including optical sensors are very
close to industrial applications. Printing technology is currently
enabling the production of these high-efficiency organic
devices. Given the need for very low-cost circuits for
everything from smart cards carrying personal information, to
building entry cards, to inventory control, it is reasonable to
assume that within 10 years, the square footage of organic
circuitry might exceed that of silicon electronics, though one
expects that silicon transistors would still vastly outnumber and
outperform those fabricated from organic materials [0].

2 Experimental

Polymer devices were manufactured as a sandwich cell
with a dielectric layer of MDMO-PPV (Poly[2-methoxy-5-(3',
7'-dimethyloctyloxy)-1,4-phenylenevinylene] ) containing
0-30% wt. of admixed spiropyrane (6-nitro-1',3",3',-
trimethylspiro[2H-1-benzopyran-2,2'-indoline]). The device
and material structure is depicted in Fig. 1 . The active polymer
layer was spin coated from chloroform solutions on transparent
indium tin oxide (ITO) electrode covering part of the glass
substrate. The thickness of the active layer was about 150 nm.
The structure was completed by evaporation of aluminium top
electrode. Average electrode area that delimitate the active area
of the device was 3 mm? The same solutions of active
materials were spin cast on quartz substrates for optical
measurements. The photochromic reaction of spiropyrane was
activated using a Xenon lamp with blue filter transmitting UV
light 340nm. Optical switching was studied using standard
absorption and photoluminescence spectroscopy (PL) with
excitation at 450mn. The electric response was studied by
measuring the current-voltage j(V) characteristics of the
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samples in the dark with Keithley 6517A electrometer. The
measurements were performed in vacuum cryostat at room
temperature.

External

+ ;Al Z Circuit
External
Circuit =
Organic Film
- ITO
Glass Substrate

S

Incident Light

Fig. 1. Schematic structure the devices used for
characterization.

3 Results

2.1 Optical switchning

Under irradiation of an appropriate light energy, the
spiropyran exhibits photochromism as shown in Fig. 2 and Fig.
3. The photochromic reaction is accompanied by a charge
redistribution resulting in a significant increase of the dipole
moment of the molecule. The studied spiropyran (SP) is stable
in its colourless closed ring isomeric form, while UV
irradiation produces a metastable open ring isomer
merocyanine (MC) absorbing at 550600 nm. The maximum of
absorption band of MDMO-PPV is situated at 450 nm, the
addition of SP increases the absorption of the sample in the UV
region as shown in Fig.3. After irradiation with UV light the
spectra exhibit a significant absorption band at 590 nm caused
by the colored merocyanine form. Annealing in dark or
irradiation with a red light gradually restores the original
spectrum, the change is fully reversible.

Fig. 2. Photochromic reaction of the spiropyran (SP) into
(photo)merocyanine (MC) manifests itself as color change of
the system.

A strong photoluminescence (PL) quenching after the
photochromic conversion caused by radiative energy transfer
was observed as figured in Fig. 4. The stable form of
spiropyran does not show any luminescence contrary to its MC
form. MDMO-PPV show their own luminescence and creation
of MC form via the photochromic reaction therefore could
result in the photoluminiscence bands decrease of the MDMO-
PPV. However, MC possesses a high dipole moment which
generally causes a quenching of luminescence. The quenching
was found to be strong even in the case when the SP — MC
conversion was very weak, even not observable in absorption
spectra. Furthermore the PL of MC could be triggered through
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the polymer excitation. This means that the energy absorbed by
polymer (donor) is transferred to MC molecules (acceptor).
According to the Forster-Dexter theory the dipole-dipole
energy transfer probability is, among other, related to the
overlap of donor emission and acceptor absorption. After the
reverse (MC — SP) reaction was completed, the polymer PL
was recovered, the reversibility of the process was, however,
influenced by photodegradation of the polymer matrix.
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Fig. 3. The dotted line shows the UV-VIS absorbance spectrum
of MDMO-PPV polymeric matrix. Full line represents the
absorbance spectrum of MDMO-PPV:SP mixture. The
spectrum after the photochromic conversion (dashed line)
shows distinct appearance of a band peaking at 590 nm. The
inset show the chemical formula of MDMO-PPYV unit.
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Fig. 4. Photoluminiscence quenching after the photochromic
conversion is liquid state. After photochromic covnersion
(dashed line) is the photoluminiscence decrease apparent.
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2.1 Current-voltage measurements

The photoswitching of charge carrier mobility was studied
by standard current-voltage j(¥) measurement. The results for
typical devices are shown as log-log plot in Fig. 5. The curent-
voltage characteristics show a typical decrease of the current
after the excitation of photochromic spiroparane. These prove
that the presence of created polar MC molecules in the vicinity
of a polymer chain modifies the distribution of on chain site
energies. Thus the ditribution of hopping transport states is
broadened and charge carrier mobility decreases which lead to
to the current decrease. These findings are in good agrement
with our previous theoretical studies by means of quantum-
chemistry calculations [2].

v MDMP-PPV+SP
A MDMO-PPV+MC

Current (A)

T
1 10

Voltage (V)

Fig. 5. Current-voltage characteristics of the 20 % mixture of
the MDMO-PPV:SP measured in dark.

4 Conclusions

The experimental behaviour of the system explored by
means of current-voltage characterization showed a significant
decrease of the current thorough the sample after irradiation.
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The contribution deals with polymer photoelectronic devices based on interaction between n-conjugated
polymer matrices and photochromic molecules. Theoretical and experimental studies proved that the
photochromic reaction in studied devices eventuates in reversible creation and annihilation of electron
localized states. These processes lead to reversible changes of optical and electrical properties of
polymers such as luminescence and conductivity. Based on these findings, various photoswitchable
devices were constructed. The functionalities of these devices were studied by Space Charge Limited
Current (SCLC) method.
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1 Introduction

Despite an intense research on designing new applications utilising the specific attributes
of molecular solids it has not yet yielded real device, which can be introduced to mass
production. This contribution deals with a concept of current switch build from polymeric
materials doped by photochromic molecules capable of reversible switching between ON and
OFF state by changing of the charge carrier mobility in the semiconducting polymers [1].

The colour changes of the photochromic transformations are also accompanied by changes
of other chemical and physical properties e.g. emission spectra, refractive index, dielectric
constant, enthalpy etc. These modifications other than in colour are intrinsic in photochromic
phenomena and thus offer wider possibilities for practical applications of photochromic
compounds. As an example can be mentioned 6-nitro substituted spiropyrans which can
change their dipole moment form ca. 6 D to 12+20 D due to the photochromic reaction [2, 3].
The changes in physical or chemical properties can be transferred to the microenvironment
and induce further modification of the surrounding.

It has been shown that insertion of polar additives into charge transporting polymer can
produce (i) chemical traps based on the creation of local centres when ionisation energy and
electron affinity is lower and higher than in virgin material, and (ii) dipolar traps based on
modification of the local values of the polarization energy and the broadening of the hopping
states distribution due to the charge-dipole interactions [1]. Based on the calculations
performed on model systems, a concept of an optoelectrical switch was put forward, in which
bistable polar species, capable of switching between a low-dipole and high-dipole state, create
traps; in consequence the effective mobility of charge carriers is modified in a reversible and
controlled way [1, 3 - 5]. This contribution extends the research to another semiconducting
polymer namely polyvinylcarbazole (PVK). Since the structure of the polymer differs from
those previously reported, different switching mechanism is expected.



2 Experiment

All the prepared samples were in the form of sandwich cell of a diode type. The samples
were fabricated on transparent ITO (indium tin oxide) electrode using spin-coating technique.
The prepared layers were typically 150 nm thick. The structures were completed by vacuum
evaporated 100 nm thick aluminium top electrode. Average device area was 3 mm’. The
electric response of the samples was measured with Keithley 6517A electrometer in the form
of current-voltage characteristics. All of the electrical measurements were performed at room
temperature under vacuum. Absorption and photoluminescence spectroscopy was used to
monitor the photochromic reaction. For the optical measurement, the thin layers of the active
materials were spin-coated on quartz glass substrates in the same way as described above.

To switch from the stable to metastable state of the photochromic moiety 450 W Xe arc
lamp with (360 = 20) nm and IR filters was used. As a polymer matrix a polyvinylcarbazole
(PVK) was used. The active photochromic unit was provided by 1°,3’-dihydro-1°,3",3’-
trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-(2H)-indole] (SP).

3 Results and discussion

The photochromic behaviour of spiropyrans is known from 1952 [2] and is intensively studied
from the first suggestion to use this compound as a binary element for computer memory.
Absorption of UV light by the spiropyran results in a cleavage of the oxygen—spiro carbon
atom bond leading to the formation of a coloured open form (Amax =600 nm) isomer
possessing high dipole moment as opposed to the closed form, which is colourless. The open
form is often called (photo)merocyanine (MC). The MC form reverts thermally to the closed
form, which manifests itself as bleaching of the samples. The back reaction can be accelerated
by absorption of VIS light. The reaction scheme together with the absorbance change during
the reaction is depicted in Figure 1. It can be seen that even before the photochromic
conversion some MC forms are present as the system is in its thermodynamic equilibrium.
Note that the y axis is in logarithmic scale and therefore the change of the absorbance is only
neat. The electrical properties however were modified dramatically.

The Figure 2 shows the photoswitching of the dark current of samples with various
concentration of the photochromic SP. It can be seen that addition of higher amount of the SP
led to the decrease of the current already before the photochromic conversion. The
photochromic reaction caused further reversible decrease in all cases. This behaviour differs
from our previous observations where we investigated the influence of the SP on series of
polyphenylenevinylene (PPV) derivatives [5, 6] where the addition of SP molecules up to
30 % by wt. does not lead to such decrease. Another remarkable difference is in the behaviour
after the photochromic conversion. In the case of PPV based system, the yield of the
photochromic reaction was poor and also the reversibility of the switching was unsatisfactory.
These drawbacks are improved in the system based on the PVK matrix.

In our previous papers the current switching was explained as reversible decrease of hole
mobility due to the increased trap concentration caused by the presence of the polar additive
[3 - 5]. Using Hoesterey and Letson formalism, it has been shown that the carrier mobility
with relative trap concentration c is product of mobility of the trap free system o and trapping

factor:
E -1
p(c) = [l +c eXp(ﬁﬂ , )



where E; is the energy of trapping level, & is the Boltzmann constant and 7 is the temperature.
It follows, that the current flowing through the sample is reduced when the concentration of
traps is increased. The production of polar traps is always present when the additive posses
permanent dipole moment [7], however in the case of PVK there is also other phenomenon
present.
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Figure 1.a) Under illumination of UV light the spiropyran (left) converts to the metastable
(photo)merocyanine (MC) form (right). b) The absorbance spectra of the PVK:SP 5% by
weight before (O0) and after (o) the photochromic reaction. c¢) Dark current-voltage
characteristics of PVK:SP blends measured before (open symbols) and after (full symbols)
photochromic reaction. Circles represents 2,5 %, squares 5 % and triangles 10 % by weight
mixtures.

The Table 1 shows calculated ionisation potentials (IP) and electron affinities (EA) reported
in the literature for the SP and polymers considered in this study. It should be noted, that these
IP and EA values are for isolated molecules. Therefore they differ from the IP and EA values
of the corresponding solid films because of the large solid-state polarization corrections. Since
there are no data on SP values in the solid state, we will use these values to compare the
materials.

As can be seen the value of the IP for the SP is much closer to the PVK than to the PPV.
Since the carbazole units act as if they were individual molecules [8] and the electronic
coupling is weaker compared to the PPV, the addition of dopant with similar IP leads to more
pronounced increased both structural and energetic disorder and thus lower the hole mobility



compared to the PPV based systems. After the photochromic conversion, the SP molecules
change the electronic properties and the IP gain value lower than PVK. This is likely to create
also chemical traps in addition to the polar traps as opposed to the PPV based system.

Table 1 Reported energy levels of the compounds considered.

EA [eV] IP [eV] Ref.
SP — closed 1,10 8,79 [9]
SP — opened (MC) 1,76 7,09 [10]
PVK 1,50 7,60 [8]
MEH-PPV 1,87 4,57 [11]

4  Conclusions

Charge mobility switching in semiconducting polymers using photochromic spiropyran was
demonstrated. It has been shown that apart from PPV based systems where the switching
process is rather inefficient, the PVK based devices yield the same performance with ten
times lower concentration of the active units. However, the actual switching mechanism differ
since also formation of chemical traps are likely to occur compared to the PPV based devices
where the position of IP doesn’t allows such behaviour.
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Abstract. The application of organic semiconductors, low molecular materials and biomaterials in
molecular electronics are described in the first part of the paper. Thereafter the polymer
photoelectronic device based on interaction between m-conjugated polymer matrices and
photochromic molecules are introduced. The experimental studies proved that the photochromic
reaction in studied devices should eventuate in changes of optical and electrical properties of
polymers such as conductivity. The influence of photoswitchable charge carrier traps on charge
transport were evaluated by Space Charge Limited Current (SCLC) method. It was shown that deep
traps may significantly affect the energy of the transport level, and thus control the transport of
charge carriers.

Introduction

Organic semiconductors are poised as never before to transform the world of circuit and display
technology. After more than 15 years of academic and industrial research worldwide, the class of
organic materials, conjugated polymers and organic molecular systems, has reached a very high
level of outstanding material properties and the potential for different industrial applications is now
emerging. Resistors, capacitors, diodes, photodiodes, organic light-emitting diodes (OLED), field-
effect transistors and optically pumped solid-state lasers can be fabricated by different methods and
integrated into electronic and optoelectronic circuits.

Organic electronics are already entering the commercial world. Major electronics firms such as
Sony, Philips, Samsung, Siemens and Pioneer, and smaller companies such as Cambridge Display
Technology, Universal Display, and Uniax, are developing the low cost and sometimes surprisingly
high performance organic electronic and optoelectronic devices. Large-scale multicolor displays
together with flexible active matrix of organic thin film transistors (OTFT) are now commercially
available. Functional polymers are applied even in the logical circuits, which give rise to a new
branch — ‘Plastic Logic’. It is possible that soon, portable and lightweight roll-up OLED displays
will cover our walls, replacing the bulky and power-hungry cathode ray tube that has been the
television standard for 50 years. Given the need for very low-cost circuits for everything from smart
cards carrying personal information, to building entry cards, to inventory control, it is reasonable to
assume that within 10 years, the square footage of organic circuitry might exceed that of silicon
electronics, though one expects that silicon transistors would still vastly outnumber and outperform
those fabricated from organic materials [1].

The aim of this work is to introduce the recent results and experiences of our group dealing with
the characterization of selected conjugated polymers, low molecular materials and biomaterials for
optoelectronic applications. One of the most promising materials we deal with are low-molecular
3,6-Diaryl-2,5-dihydro-1,4-dioxopyrrolo[3,4-c]pyrroles, commonly referred to as DPPs. They
constitute the most recent addition to the class of the high-performance pigments [2-3]. They are
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endowed with brilliant shades (ranging from yellow-orange to red-violet) and exhibit outstanding
chemical, heat, light, and weather fastness. Furthermore, some of their physical properties such as
the high melting points and the insolubility in most common solvents are exceptional in view of the
low molecular weight relative to pigment standards. In view of their actual importance as pigments,
of their promising applications as charge generating materials for laser printers and information
storage systems and of their potential utility as the core unit in luminescent polymers these
heterocyclic compounds have been the object of intensive studies.

Another material which we are working with is the important biological polymer DNA. DNA is
carrying genetic information and is highly interesting as a functional nano-size material due to its
unique features that cannot be found in other polymers. DNA possesses complementarity, a self-
assembling ability that always forms hydrogen-bonded base pairs of adenine and thymine and of
guanine and cytosine. DNA can be highly integrated error-free with no need for microfabrication
technologies. DNA has an address with 0.34-0.36nm [4] intervals and serves as an information
material that can be used as a template for aligning molecules and clusters in nano-scale without
any fine processing. Therefore DNA is one of the most promising molecules. DNA has the special
double helix structure with m-electron cores of well-stacking bases for the use of long distance (e.g.,
200A) and one-dimensional charge transport [5]. The investigations of DNA on the nanostructure,
electrical conductivity and electronic states have significant implications for the application of
DNA in electronic devices and in DNA-based electrochemical biosensors. The development of
DNA sensors has attracted substantial research efforts. Such devices could be used for the rapid
identification of pathogens, in the detection of specific genes and in the diagnosis of genetic
disorders. Spectroscopic methods afford the necessary sensitivity but require large and expensive
equipment. Electrical detection of oligonucleotide binding is expected to involve less complicated
and less expensive instrumentation [6].

The main task of our work is to clarify charge transfer in the DNA molecules. It is known that
electron migrate over long distances along the DNA in a multispet hopping process where the rate
of each step depends strongly upon its length [7]. The efficiency of this process is not only
determined by the electron transfer rates but also by competing reactions with water, in which the
charge carriers are trapped [8]. Differences in the rate of each step, and in the main, differences in
the charge transfer along DNA can lead us to clarify the relation between DNA structure and
characteristics. To clarify the charge transfer along DNA we are going to use Au electrodes with
hundreds of pm gaps. Measurement results strongly depend on whether the measurement is
conducted in the atmosphere or in vacuum. We need to understand fully the electric property and
electronic states of DNA in order to use DNA in the area of nano-electronics.

Finally, our interest is focused on molecular bistable switching systems, which will be describe
in details in this contribution. The molecular switch is based on the control of charge carrier
transport in m-conjugated polymers by photochromic additive. In a photochromic molecule the
absorption of a light quantum leads to reversible conformational changes and the process follows
displacements of the optical absorption bands. Examples of such photochromic molecules utilized
in optical and optoelectronic switches are spiropyran and spirooxazine derivatives. In these
materials a photochromic transformation between low and high energy state is accompanied by
change of conjugation lengths resulting in control of the electronic structure along the molecule.
The photochromic conversion can also results in the change of the dipole moment of the molecule,
which consequently act as charge trap. This feature has been used in the design of a special type of
optoelectrical molecular switch.



Nano 06 Brno

Experiment

Polymer devices were manufactured as a sandwich cell with a dielectric multilayer. Samples
consisted of transparent indium tin oxide (ITO) electrode on a glass substrate on to which the 15 nm
thin layer of poly(2,3-dihydrothieno-1,4-dioxin) (PEDOT) was spin cast from water solution to
decrease the injection barrier for holes. Then, the active polymer layer, typically 150 nm thick, was
spin coated from chloroform solutions of P(MEHPV-alt-PV) with 5+30% wt. of spiropyran. To
decrease the contact injection barrier for electrons a thin 10 nm layer of Alq; (8-hydroxyquinoline,
aluminium salt) was vacuum evaporated and the structure was completed by evaporation of
aluminium top electrode 100 nm thick. Average device area was 3 mm”.

The photochromic reaction of SP was activated using a mercury discharge lamp HBO 200 with
band filter (360 + 20) nm. Optical switching was studied using standard absorption and
photoluminescence spectroscopy (PL). The electric response was studied by measuring the current-
voltage (I-V) characteristics of the samples in the dark with Keithley 6517A electrometer.

Results and Discussion

Under irradiation of an appropriate light energy, the spiropyran exhibits photochromism as shown
in Fig.1. The photochromic reaction is accompanied by a charge redistribution resulting in a
significant increase of the dipole moment of the molecule.

Hj

Figure 1. Photochromism of the spiropyran molecule.

The photoswitching of charge carrier mobility was studied by standard current-voltage
measurement (see Fig. 2a). The influence of charge carrier traps induced by spiropyran on charge
transport was evaluated by Space Charge Limited Current (SCLC) method. The SCLC method is
differential method which extracts information concerning energy distribution of traps inside the
bandgap of semiconducting material from the shape of current (I) vs. voltage (V) characteristic. As
the voltage applied to the sample is changed, the charge carrier concentration change in the bulk
causes a shift of the Fermi level and the corresponding current. This causes the occupancy of states
to change and enables to scan the distribution of energy from the current changes. The increment of
the charge dng /dEr due to the shift of the Fermi level Er with applied voltage V can be written in
the form[9], [10]

__J~ ()df(E E;) _15£0V2m 1

d(E-E,) KT el O

{1 (2+3m)B + M}

d(InV)

where f(E — Ef) is the Fermi—Dirac statistical occupation function, E is the energy, K is the
Boltzmann constant, T is the temperature, g is the electric permitivity, e is the unit charge, L is the
electrode distance and m=d(Inl)/d(InV) is the slope of the experimental current-voltage (I(V))

characteristic.
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Figure 2. Top: the current-voltage characteristics of the ITO/PEDOT/MEH-PPV:SP/Al (30 % by
wt.) sample before (O0) and after (®) the photochromic conversion of spiropyran molecules by
irradiation of UV light. Decrease in the current flowing accompanied by the change of the shape
can be clearly seen. Bottom: The normalised distribution of energy states on the shift of the Fermi
level centred around the common trapping level AE,. = E. —E,. The arrows depict the decrease of

the density of traps introduced by the spiropyran molecules and the creation of new trapping level
due to the formation of metastable (photo)merocyanine. See text for further discussion.
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The parameter B = [dm/d(InV )]/[m(2m —1)(m —1)] reflects the influence of the second derivative of

the I(V) on the total charge carrier concentration ng.. The h(E) function is called density of states
(DOS) and can be obtained after the deconvolution of the integral in (4). In the case of gradual
changes in the density of states one can assume that dng /dEr ~ h(E). Since this condition is fulfilled
we will use this simplification in further discussion.

Figure 2 shows the influence of the spiropyran photochromic conversion on the current flowing.
The top of the figure shows the experimental I(V) characteristic in the bilogarithmic scale. It can be
seen that the current is decreased and also that the shape of the dependence has changed. In the first
region (0—4 V) the slope of the two characteristics approaches identically to m = 2, suggesting that
the currents are governed by the presence of one shallow trapping level with concentration N; at the
position E,. Above this region the slope increases differently according to their respective density of
energy states.

The bottom of the Figure 2 reveals the distribution of the energetic levels normalised to the
maximum of the most populated trapping level h(E)/N; common to both of the systems on the shift
of the Fermi level AEg. It has to be noted that the thermodynamic Fermi level after the spiropyran
conversion was shifted by about 0.02 eV towards the LUMO orbital. The figure uses recalculated
energy axis centred on the common trapping level AE, = E; —E,, which is the most populated. It

can be clearly seen that the minor trapping level situated at 0.06 eV under the reference E; was
reduced after the photochromic conversion. On the other hand new level appeared at about 0.02 eV.
Since this effect is reversible, we attribute this switching to the creation of the metastable
(photo)merocyanine and extinction of spiropyran molecules, respectively.

Conclusion

Several types of organic semiconductors pertinent to molecular electronics were describe. The new
molecular switch based on photoswitching of charge carrier mobility was demonstrated. The
experimental behaviour of the system explored by means of SCLC method showed a change of the
density of states in the bandgap of the polymer. Reversible creation of new trapping level during the
photochromic conversion was observed. According to the trap controlled hopping model for the
description of charge transport, the presence of new trapping level results in the decrease of the
charge carrier mobility as predicted by the theoretical calculations.
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