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I.  Objectives:

The projeet seeks to investigate the effeets of magnetic field and spin injeetion on eonstruetive
and non-construetive interactions of singlet and triplet exeited states in organie semieondueting
polymers. The goal is to provide new understanding and new methodology for controlling
eoherent and ineoherent exeited proeesses for lasing and photovoltaie applieations by
magnetically clueidating cxciton-exeiton and exeiton-charge interactions.

This projeet has two particular impacts. First, the spin injection and magnetic field effeets can
form a new prineiple to dcvelop magnctically enhaneed next-generation organie semiconductor
devices for lasing and photovoltaie applieations. Sccond, the spin injection and magnetic field
effects can experimentally visualize spin-dependent excited processes eritically occurring in
organie semicondueting materials but ehallenging to measure by eonventional experiments. As a
result, the studies of spin injeetion and magnetie field effeets are erueially important for both
organie optoelcctronies and spintronies.

II. Status of Effort:

Signifieant progress has been made in (1) rcalizing spin injection, (2) diseovering positively and
negatively tunable magnetoresistanee towards magnetieally eontrolling eonstructive and non-
construetive exeited processes, (3) discovering tunable magnetic ficld dependence of
cleetrolumineseence towards developing organic spintronies for magnctically controlling
coherent and incoherent electronie proeesses, (4) revealing singlet and triplet photovoltaie
proeesses, (5) demonstrating triplet enhaneed photovoltaie effieieneies, and (6) clueidating the
underlying mechanism of triplet enhaneed photovoltaie response, and (7) discovering magnetie
field dependence of photolumincscence bascd on inter-molccular exeited states towards
developing organic spin-opties. These achievements have established solid foundations to
develop organie spintronies and to use magnetie field and spin injeetion for controlling eoherent
and ineoherent excited processes towards lasing development. On the other hand, these
achievements have developed unique experimental tools to visualize useful and non-usecful
exeited proeesses in organie solar ecells and therefore provide unique methodologies and new
guidelines to eontrol to improve organie photovoltaie efficieneies.

2.1 Discovery of Novel Approach for Spin Injection

We discovered a novel approach, using ferromagnetic nano-dot electrode, to obtain effieient spin
injeetion in organie semiconducting polymer thin films [Yue Wu and Bin Hu, Phys. Review B,
75, 075213 (2007)]. We found that the ferromagnetie eobalt nano-dot cleetrode ean provide
highly efficient spin injeetion up to 55% into poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-
phenylenevinylene] (MEHPPV). The diffusion length of injected spin-polarized holes was
determined to be about 60 nm. This discovery has solved the long-time ehallenge: extremely low
spin injection cffieieney in polymer thin films. Therefore, this discovery makes it possible to
generate signifieant spin-polarized exeited states and to investigate how spin-polarized excited
states experienee optical gain in organic semicondueting materials.



2.2 Discovery of Unique Magnetoresistance Tunable between Positive and Negative Values
towards Controlling Constructive and Non-Constructive Excited Processes

We diseovered that both positive and negative magnetic field effects can be obtained in organic
semiconducting materials [Yue Wu and Bin Hu, Nature Materials, 6, 985, 2007]. This discovcry
has two important impacts. First, the positive and negative magnetic field cffects can be used to
develop magnetically controllable organic semiconductor devices by using non-magnetic organic
semiconducting materials. Second, thc discovcred positive and negative magnetic ficld cffects
form an effective cxperimental method to visualize the useful and non-useful excited processes
in lasing and photovoltaic devices. Specifically, positive magnctic ficld effeets can be observed
when constructive interaction occurs between cxeited statcs. When non-constructive interaction
oceurs between excited states and charge carriers, negative magnetic ficld cffects can be shown.
Because constructive and non-constructive intcractions are very important exeited processes in
lasing and photovoltaic devices, the positive and negative magnetic ficld effcets will impact the
lasing and photovoltaic research.

2.3 Discovery of Positively and Negatively Tunable Electroluminescence towards
Development of Magnetic Field Effects-Based Organic Spintronics

We recently demonstrated that clectroluminescence dependence of magnetic field can be tuned
between positive and negative values in non-magnetic organic semiconducting materials (to be
published). This experimental demonstration indieates that magnetie field effeets of excited
statcs can be used to devclop organic spintronics without using spin injection. Espccially, this
demonstration shows that the use of magnetic field cffccts provides an alternative approach to
develop organic spintronics based on non-magnetic matcrials, as compared to dclicate spin
injection-based organic spintronics that requires superior magnctic materials.

2.4 Discovery of Detailed Singlet and Triplet Photovoltaic Processes in Organic Solar Cells

We established an effective cxperimental approach, using magnetic field dependence of
photocurrent, to investigate singlet and photovoltaie proeesses intrinsically oceurring in organic
solar cells [Advanced Functional Materials, 18, 2611 (2008); Appl. Phys. Lett. 89, 131116
(2006)]. For the first time, we demonstrated that thrce photovoltaic channels occurring in organic
solar cclls: dissociation in polaron-pair states, charge reaction in excitonic states, and
dissociation in inter-molecular charge-transfer states. Especially, the magnetic field depcndence
of photocurrent shows how donor-acceptor interaction affects these three photovoltaic channels.
This provides critical understanding about how photovoltaic processes should be controlled
towards the improvement of photovoltaic ecfficiencies. Specifically, weak donor-aceeptor
interaction dissociates low-binding-encrgy polaron pairs. Large-binding-energy exeitons undergo
charge reaction and dissociate into frec charge carriers. Reducing the formation of charge-
transfer complex states requires sufficient clectron and hole transport channels. Thesc critical
undcrstanding provide new guidelines to design more cfficient photovoltaic polymers and
devices.



2.5 Triplet Enhanced Photovoltaic Response

We found that triplet excitons can givc risc to more cfficient photocurrent in organic
semicondueting materials [Appl. Phys. Lett. 89, 131116 (2006)]. This cxpcrimental finding
indicates that heavy-mctal complex organic matcrials have potential applications in organic solar
cells. Recently, our magnctic studies of triplct-generated photocurrent show that the strong
electrical polarization associated with heavy-metal complex structures in triplet materials is
responsible reason why triplet excitons can gencrate more efficient photocurrent (to be
published). Specifically, the strong clectrical polarization associated with heavy-metal complex
structures can effectively dissociate triplet excitons and conscquently gencrate more cfficient
photocurrent. This finding elucidates why polythiophene polymer, in which the triplet fraction is
as high as 70%, is a better choice for photovoltaic application. On the other hand, this finding
provides critical information about how internal electrical polarization should be considered to
design better photovoltaic polymers.

2.6 Discovery of Underlying Mechanism of Triplet Enhanced Photovoltaic Response

Bascd on the studies of magnetic field dependence of photocurrent, we recently discovered that
triplet enhanced photovoltaic response comes from the locally enhanced diclectric field caused
by heavy-metal complex structures in the generation of triplet cxcitons (to be published). This
discovery rcvealed why triplet excitons can generate more efficient photocurrent as compared to
singlet excitons. Especially, this discovery provides a new guideline to develop advanced
photovoltaic polymers and design more cfficient solar cells.

2.7 Development of Organic Spin-Optics towards Magnetically Controlling Coherent and
Incoherent Optical Processes

There has been a great challenge to develop organic spin-optics due to the fact that (i)
photoexcitation does not generate spin polarization. This challenge makes photoluminescence
insensitive to an external magnetic ficld in organic semiconducting materials. We reeently found
that the photoluminescence from inter-molecular excited states can show significant magnetic
field dependence under normal photocexeitation (to be published). This experimental finding
provides principle to develop organic spin-optics by using light-cmitting inter-molccular cxcited
states. Especially, this finding indicates that coherent and incoherent processes in intcr-molecular
excited states can be, in principle, controlled by an external magnetie ficld.



ITII. Accomplishments/New Findings

The projeet accomplishments inelude new discoveries and unique demonstrations in both organic
spintronics, towards magnetically eontrolling cohercnt and ineoherent excited processes, and
photovoltaics, towards developing new understanding to develop cfficicnt organic solar cells.

3.1 Discovery of Highly Efficient Spin Injection from Nano-Dot Ferromagnetic Electrode’

We demonstrated, for the first time, that nano-dot ferromagnctic cobalt (Co) electrode can
providc highly efficient spin injection up to 55%. The spin injcction cfficiency dramatically
dccreases with increasing Co dot size (Fig. 1). The realization of spin injcction in organic
scmiconducting polymer thin films has been a long-time ehallcnge because of (i) rough surface
of polymer thin films prepared by spin eoating and (i1) insufficient Schottky barrier to overcome
the critical obstacle for spin injection: conductivity mismatch between ferromagnctic clcctrode
and polymer film. Our discovery presents a novel strategy by using nano-dot ferromagnetie
electrode to rcspond to this long-time challenge in achieving spin injection in organic
semicondueting polymers. The nano-dot ferromagnetic electrode can form high-quality
nanoscale Sechottky ferromagnetic/polymer interfaces that dramatically facilitate the spin
transport from ferromagnctic clectrode to semiconducting polymer. As a result, our discovery of
using nano-dot ferromagnctic electrode paves a solid roadway to investigate spin-polarized
singlet and triplet excited states towards the goal of magnetically incrcasing optical gain of
organic lasing polymers'.
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Fig. 1 (a) Co nano-dot electrode for spin-polarized holc injeetion.
(b) Spin injection efficiency as a function of Co dot size.

3.2 Discovery of Positive and Negative Magnetic Field Effects for Development of
Magnetoresistance Based on Constructive and Non-Constructive Excited Processes’

An external magnetic field can affect the constructive and non-constructive interaetions of
singlet and triplet excited states through changing spin polarization in organic semiconducting
materials. However, the unclear underlying mechanism of magnetie field effects forms a great
challenge in using magnetic field effects to experimentally visualize the constructive and non-
construetive interaetions of singlet and triplet excited statcs. Our recent publication (Nature
Materials) has revealed that the magnetic field effeets (magnetoresistanee) ean be tuned between
positive and negative values if the cxciton dissociation and exeiton-charge reaction are changed



by adjusting electron and hole bipolar charge injection. Fig. 2 shows this unique tuning of
magnetic field effects (magnetoresistance) by using a simplc double-layer light-emitting device
design in two cxample polymers: poly(N-vinylcarbazole) (PVK) and poly[2-methoxy-5-(2’-
cthylhexyloxy)-1,4-phenylenevinylenc] (MEHPPV). This discovery provides a fundamental
mechanism to use magnetic ficld cffects for the investigation of the constructive and non-
constructive interactions of singlet and triplet cxcited statcs towards the goal of magnetically
cnhancing photovoltaic and lasing responses in organic semiconducting materials’.
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Fig. 2 Tuning magnetic field cffect (magnetoresistance) between positive
and ncgative values by controlling dissociation and charge reaction in
excited states through adjusting PMMA layer thickness and the resultant
bipolar electron and holc injcction in double-laycr light-emitting diodes.
(a) Tuning negative magnetic ficld effcct to positive value.

(b) Tuning negative magnetic ficld effect to ncgative value.

3.3 Visualization of Singlet and Triplet Photovoltaic Processes in Organic Solar Cells’

It is known that sunlight absorption generates both singlet and triplct cxcitons in photovoltaic
polymers such as poly(3-methylthiophcne) (P3HT). However, it has been unclear that how
singlet and triplet excitons convert into photocurrcnt in organic solar cells. Particularly,
insufficient understanding of singlet and triplet photovoltaic processes has been an obstacle in
improving photovoltaic efficiencies. We havc developed a unique expcriment: magnctic field
dcpendence of photocurrent to visualize both singlet and triplet photovoltaic processcs.
Specifically, we observed three photovoltaic channels: singlet exciton dissociation, triplet-
cxciton-charge rcaction, and the dissociation of charge-transfer complex states. Clearly, singlet
and triplet photovoltaic processcs give risc to positive and negative responses at low magnctic
field (< 150mT), respectively (Fig. 3). In addition, at high magnctic field (> 150 mT) thc positive
magnetic response indicates that the dissociated clcetrons and holes form bound clectron-hole
pairs, namely charge-transfer complex states. This is the first experimental visualization of
detailed singlet and triplet photovoltaic processes in organic solar cells’. We discovered that
singlct and triplet excitons undergo dissociation and charge reaction, respectively, to generate
photocurrent in organic semiconducting materials. In organic solar cells, we found that the
donor-acceptor interaction can dircctly dissociate both singlet and triplet excitons but gencrates
bound electron-holc pairs, namcly charge-transfer complex states, at the donor-acccptor
interfaces. The charge-transfer complcx states form a scrious loss in the generation of



photocurrent in organic solar cclls. Effectively controlling the charge-transfer complex states
becomes a critical issuc to improve the photovoltaic cfficicncics. We further found that the form
of chargc-transfcr complex states depends on localized diclectric ficld and charge mobilitics.
This experimental finding provides a new guidcline to control the charge-transfer complex states
towards thc improvement of photovoltaic cfficiencics.
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Fig.3 Visualization of dctailed photovoltaic channcls: (i) singlet cxciton dissociation
(positive rcsponsc at low magnctic ficld<50mT)), (ii) triplet cxciton-charge reaction
(ncgative responsc at low magnetic field < 150mT), (iii) dissociation of charge-transfer
complex states (positive responsc at high magnetic ficld>150mT) in organic solar cells.
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3.4 Triplets versus Singlets in Photovoltaic Response in Organic Solar cells’
It has been a big question whether triplct excitons can enhancc photovoltaic response in organic
solar cells due to their large binding cnergics. We found that triplct cxcitons can indeed show a

morc efficient photocurrent as compared to singlet cxcitons® (Fig. 4). This is the first
demonstration that triplet excitons can be used to enhance organic photovoltaic response.
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Fig. 4 Photocurrent from singlet Alqs and triplet Ir(ppy)s.

This demonstration was successfully madc by selccting two particular organic scmiconducting
molccules: Alqs and Ir(ppy)s, which have similar LUMO (lowest unoccupied molecular orbital),
HOMO (highest occupied molccular orbital), chargc mobilities, absorption spectrum, and
absorption coefficient. However, the singlet and triplct exciton ratios are very diffcrent: triplet



fractions® in Algs and Ir(ppy)s are 20% and 100%, respectivcly. This demonstration clearly
shows that triplet excitons can bc used to generate efficient photocurrent.

3.5 Triplet Enhanced Photovoltaic Efﬁciency"

Based on our discovery that triplct exciton can generate cfficient photocurrent, we successfully
improved photovoltaic efficiency by further increasing triplct cxciton density through dispersing
Ir(ppy)s moleeules into P3HT:PCBM solar cell. The photovoltaic powcr efficicncy was increascd
by 20% from 4.0% to 4.8% by adjusting singlet and triplet photovoltaic contributions® (Fig. 5).
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Fig. 5. (a) Photovoltaic cnhanccment by adjusting singlet and triplct
contributions through adding Ir(ppy)s molccules in organic solar ccll of
ITO/PEDOT/P3HT+PCBM+Ir(ppy)s/Al. (b) Schematic proccss to show long-
diffuscd triplet cxcitons to donor-acceptor interface for dissociation.

The triplet enhanced photovoltaic efficiency includes thrce important processes: (i) dispersed
Ir(ppy); molecules increasc the triplet exciton fraction in P3HT matrix, (ii) triplet excitons can
more effectively diffusc to donor-acecptor interfaces for dissoeiation, and (iii) heavy-mctal
complex structurcs in the Ir(ppy)s incrcasc internal dielectric ficld to enhance exciton
dissociation.

3.6 Discovery of Underlying Mechanism of Triplet Enhanced Photovoltaic Response7

It has been experimentally found that triplet excitons can generate morc cfficient photocurrent”.
However, the underlying mechanism is not clear. We recently used unique magnetic field
dependence of photoeurrent and discovercd that the hcavy-metal complex structures used to
gencrate triplet excitons are rcsponsible for triplet ecnhanced photocurrent. Spccifically, the
heavy-metal complex struetures in gcnerating triplet excitons can largely increase internal
dielectric ficld and consequcntly cnhance cxciton dissociation. This discovery indicatcs that
internal dielectric field is eritical important in exciton dissociation towards the improvement of
photovoltaic efficiency.

Fig. 6 clearly shows that dispcrsing Ir-65 hcavy-mctal complex reduces the positive magnetic
ficld depcndence of photocurrent, which is the signaturc of increasing exciton dissociation in
organic semiconducting polymer: poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO). This heavy-metal
complex enhanced exciton dissociation is very similar to the donor-acceptor intcraction



enhanced exeiton dissociation, revealed by the reduction of positive magnetie field dependence
of photocurrent (see the comparison between Ir-65 dye-related magnetic field effects of
photoeurrent and PCBM-related magnetic field effeets of photocurrent). On the other hand, both
Ir-65 dye [Iridium (III) bis(2-(4,6-difluorephenyl)pyridinato-N,C2)]and PCBM doping can
largely increase the photocurrent (Fig. 7).
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Fig. 6 Ir-65 dye and PCBM effects on magnetic field dependence of photocurrent.
Doping (> 1%) of heavy-meal ecomplex Ir-77 and PCBM completely dissociates
singlct excitons in poly(9,9-dioctylfluorenyl-2,7-diyl).
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Fig. 7 Photocurrent spectrum for Ir-65 and PCBM doped PFO system. The
photocurrent largely inereases with Ir-65 and PCBM doping due to enhaneed
exciton dissociation.

Nevertheless, our studies of magnetic field dependenec of photocurrent have revealed that
hecavy-metal structures enhanced exciton dissociation through dieleetrie field is the reason why
triplet excitons can gencrate more efficient photocurrent. Especially, this discovery presents a
new guideline to develop advaneed photovoltaic polymers and design more efficient solar eclls.



3.7 Discovery of Tunable Magnetic Field-Dependent Electroluminescence for Development
of Magnetic Field Effects-Based Organic Spintronics®

We discovered that a low magnetic ficld can change organie eleetrolumineseenee with positive
or negative sign in non-magnetic organie semiconducting materials. This discovery demonstratcs
a new and convenient method to develop organie spintronics based on magnetic ficld effects of
excited states without using diffieult spin injection.

Fig. 8 a shows that magnetic field dependence of clectroluminescenee can be changed between
positive and negative valucs when the bipolar injcction is adjusted towards the balanced and
unbalanced states of bipolar injection, respectively, by using thin PMMA insulating layer
thiekness. This is the first experimental demonstration to show positively and negatively tunable
magnetic field dependence of electrolumineseenee from non-magnetic organie semieonducting
materials. This demonstration provides a guidcline to develop organic spintronics based on
magnetic field cffects in non-magnetic organic semiconducting materials.
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Fig. 8 a: Changing magnetic ficld dependence of electrolumincscence between positive
and negative values by adjusting electron injeetion towards unbalaneed bipolar injeetion.
b: Band diagram for tuning bipolar injeetion by using thin insulating layer.

3.8 Discovery of Magnetic Field-Sensitive Photoluminescence to Develop Organic Spin-
Optics’

It has been a great challenge to demonstratc spin-opties based on organic semiconducting
materials. This is becausc (i) photoluminescence is not sensitive applied magnetic field and (ii)
optieal exeitation ean not realize spin injeetion. We recently found that light-emitting inter-
molecular excited states, namely exciplex states, ean have significant response to a low magnetic

ficld. This experimental funding makes it possible, for the first time, to develop organic spin-
opties.

Our experimental funding is summarized in Fig. 9 for the inter-moleeular excited states (exciplex
states) formed between TPD and BBOT in PMMA matrix. It can be clearly seen that the
photolumineseenee from inter-moleeular exciplex states is significantly scnsitive to applied
magnctic ficld: thc photolumineseence rapidly increases with magnetic ficld and then becomes

10



saturated at the ficld of 100 mT. However, the photolumineseenee from pure TPD and BBOT
shows complete independence of magnetic field. Clearly, this experimental discovery indicates
that organic spin-optics can be developed based on light-emitting inter-molecular excited states
by using organic semiconducting materials.
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Fig. 9 Positive magnetic ficld dependence of photoluminescence (PL) for inter-
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pure TPD and BBOT shows complete independence of magnetic ficld.
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New Discoveries

Highly cfficicent spin injection from ferromagnetic nano-dot clectrode has been discovered
towards magnetically enhancing optical gain in lasing polymers.

Unique tuning of magnctic field effects with positive and negative values has been
discovcred towards the magnetic control of constructive and non-constructive intcractions
of singlet and triplet excited states.

Positively and ncgatively tunable magnctic ficld dependence of electroluminescence has
becn obtained for the development of organic spintronics.

Detailed singlet and triplet photovoltaic channcls have been experimentally visualized by
using magnetic field effects of photocurrent. The photovoltaic cfficiency has been
improved by adjusting singlet and triplet photovoltaic processes in bulk-hcterojunction
organic solar cells.

Triplet enhanced photovoltaic response has been demonstrated for the first time in organic
scmiconducting materials.

The underlying mechanism of triplct cnhanced photovoltaic response has been clucidated.
We found that the local dielectric field caused by heavy-metal complex structures in
generating triplet excitons is responsible for triplet enhanced photovoltaic response.

It has been discovered that photoluminescence from inter-molecular ¢xeited states can
show significant magnetic ficld dependence. This discovery makes it possible to develop
organic spin-optics.

No patent was filed yet.

V.L
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(ii)
(iif)
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Faculty Award for Excellence in Rescarch — April 2008

Department of Matcrials Scicnce and Engineering

University of Tennessee



References

!

Spin Injection from Cobalt Nanodot Electrode in conjugated Polymers

Yue Wu, Anping Li, Jane Howe, Jian Shen, and Bin Hu*

Phys. Review B, 75, 075213 (2007)

Tuning magnetoresistance between positive and negative values in organic semiconductors
Bin Hu  and Yue Wu

Nature Materials, 6, 985 (2007)

Photovoltaie Processes of Singlet and Triplet Exeited States in Organie Solar Cells

Zhihua Xu and Bin Hu

Adv. Func. Mater. 18, 2611-2617, 2008

Dissociation Proeesses of Singlet and Triplet Exeitons in Organie Photovoltaic Cells
Zhihua Xu, Yue Wu, and Bin Hu*

Appl. Phys. Lett. 89, 131116 (2006)

Characterization of the Triplet State of Tris(8-hydroxyquinoline)aluminium(III) in Benzenc
Solution ’

Hugh D. Burrows, Mariana Fernandes, J. Seixas de Mclo, Andrew P. Monkman and Suppiah
Navaratnam

J. Am. Chem. Soe. 125, 15310-15311 (2003)

Triplet Enhanced Photovoltaie Response in Organic Solar Cells

Zhihua Xu and Bin Hu, under review in Appl. Phys. Lett.

Heavy-metal Struetures Effeets on Exeiton Dissociation in Organic Solar Cells

Zhihua Xu and Bin Hu, to be published

Tuning Magnetie Field Dependence of Electroluminescenee in Non-Magnetie Organie
Semicondueting Materials

Ming Shao, Liang Yan, and Bin Hu, to be published

Magnetic Field-Dependent Photolumineseence Based on Inter-Moleeular Exeited States
Liang Yan, Ming Shao, and Bin Hu, to be published

17



