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Chapter 1. Introduction to Organic Light-Emitting Devices (OLEDs) 

I. General Background 

Organic Light-Emitting Devices (OLEDs), both small moIecular and polymeric have 

been studied extensively since the first efficient small molecule OLED was reported by Tang 

and VanSlyke in 1987 '. Burroughes' report on conjugated polymer-based OLEDs * led to 

another track in OLED development. These developments have resulted in full color, highly 

efficient (up to -20% external efficiency 60 lmlw power efficiency3 for green emitters), and 

highly bright (>140 000 Cdm2 DC ', -2000 000 Cdm2 AC '), stable (> 40 000 hr at 5 

mA/cm2) devices '. OLEDs are Lambertian emitters, which intrinsically eliminates the view 

angle problem of liquid crystal displays (LCDs). Thus OLEDs are beginning to compete with 

the current dominant LCDs in information display. Numerous companies are now active in 

this field, including large companies such as Pioneer, Toyota, Estman Kodak, Philipps, 

DuPont, Samsung, Sony, Toshiba, and Osram, and small companies like Cambridge Display 

Technology (CDT), Universal Display Corporation (UDC), and eMagin. The first small 

molecular display for vehicular stereos was introduced in 1998, and polymer OLED 

displays have begun to appear in commercial products. 

Although displays are the major application for OLEDs at present, they are also 

candidates for next generation solid-state lighting.* In this case the light source needs to be 

white in most cases. Organic transistors, organic solar cells, etc. are also being developed 

vigorously. 
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1. Historical Background 

The first electroluminescence (EL) from organic solids was reported in 1963 by Pope 

and coworkers ’. The material used was single crystal anthracene, Following studies on 

anthracene OLEDs using powdered graphite electrodes yielded high quantum efficiency 

devices l o  (external quantum efficiency - 4-6%). These achievements did not stimulate 

interest in industry due to the high driving voltage of the devices (-100 V), which was due to 

the - 100 pm thickness of the anthracene crystals. 

On the other hand, Vincett used vacuum sublimation to deposit amorphous thin films 

of anthracene. The voltage dropped, demonstrating that vacuum sublimation is a viable 

method of producing small molecular organic EL devices, since it yields uniform thin films 

deposited over a large area. However, in the early single layer devices, the recombination 

zone was dose to the injection contact and the external quantum efficiency was less than 

0.1%. 

The breakthrough was achieved by Tang and Van Slyke in 1987,’ who described a 

double-layered hetero-structure EL device with good efficiency (external -1 %) and low 

operation voltage (-10 V). This breakthrough showed the potential of organic materials as an 

efficient emissive technology applicable to displays and stimulated the worldwide extensive 

studies on OLEDs. 

Following the success in fabricating small molecular OLEDs, in 1990, Friend and 

coworkers described the first polymer LED, in which the luminescent poly-(para-phenlene 

vinylene) (PPV) was fabricated by spin-casting a precursor polymer onto indium tin oxide 

(IT0)-coated glass and then thermally converted to PPV. Unlike molecular film, where there 

is only a weak Van der Waals attraction between molecules, the polymer chain is held 
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together by strong covalent bonds. Also, in polymer film, the chains are typically entangled, 

which further increases the mechanical strength of the film. The molecular weight of polymer 

is too large to be thermally evaporated, thus the standard deposition method is spin casting, 

for which high vacuum is not needed as in small molecular OLED fabrication. 

Progress in OLED technology has been very rapid. Figure 1.1 shows the progress of 

inorganic and OLEDs over time. As clearly seen, the pace of OLED improvement has been 

very impressive. 

OLEDs have some very attractive advantages in large area displays, Emissive like the 

phosphorescent screen of a cathode-ray-tube (CRT) but thinner than an LCD, it has the 

potential of creating a whole new breed of portable displays, Because it is emissive, OLED 

provides f d l  angle viewing. The efficiency of OLEDs is now also high. Current commercial 

product including multi-color passive matrix displays for car stereo panels, available from 

Pioneer Cop. ’, and an alphanumeric cellular phone with blue-green OLED display from 

Motorola. Full color passive and active matrix high resolution OLED-based displays are 

being developed intensively and prototypes include Kodak and Sanyo’s 15-inch full-color 

active matrix display I 3  (Figure 1.2). OLED are also promising for flexible displays, but they 

require flexible coatings which will product the devices fiom oxygen and water. 14 

2. Inorganic vs. Organic Semiconductors 

Inorganic semiconductors are generally characterized by the strong covalent bonding 

between the atoms in the lattice. For facile charge transport, a strong exchange interaction 

between overlapping atomic orbitals in a close-packed structure is required. The mobility of 

carriers is high in inorganic semiconductors (-1000 cm2N-s). Due to the band-like nature of 
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Figure 1.1, Comparison of progresses in inorganic and organic light-emitting devices 

Figure 1.2. Kodak-Sanyo 15” Active-Matrix OLED display 
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their electronic structure and the recombination of electrons and holes may result in interband 

emission of light. Dielectric charge screening is more efficient in inorganic semiconductors, 

where typically cr- 10. In turn, polarization energies are small and the resulting electron-hole 

binding energies are small, 4.9 meV in GaAs. Hence the bound electron-hole pairs, called 

Mott-Wannier excitons thermally dissociate at temperatures well below room temperature, 

where kT= 25 m eV. 

Organic semiconductors are molecular semiconductors, which are characteristically wide 

gap, with low carrier mobility and low melting point. Most organic semiconductors should 

really be designated as insulators. They are called semiconductors because their dark electric 

conductivity increases exponentially with temperature and some other properties are similar 

to those of inorganic semiconductors, Semi-conducting or conducting properties in organic 

materials usually derive from the presence of extended 7~ orbitals formed by overlapping pz  

orbitals. Thus the term nconjugated material is often used, The intermolecular separation is 

large in organic materials so that the molecular energy levels are relatively less disturbed. 

Organic materials are characterized by charge localization to a single molecule, their 

dielectric constant is low (~,-3), and polarization energies are as large as 1 eV. The binding 

energy of excitons is large (-1 eV), and hence the excitons are localized Frenkel excitons. 

Because the mean free path of the carriers is of the order of the intermolecular distance, the 

conduction and valence bands are not weli defined. The transport properties of thin organic 

films are dominated by carrier hopping from site to site in the disordered organic film. The 

carrier mobility is much lower in organic materials, typically 10a6-104 cm2N-s. 

Light emission fkom organic semiconductors is due to exciton decay. If the spins of the 

recombining carriers are uncorrelated, then simple spin statistics mandate that of the resulting 
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excitons, 75% will be triplet excitons (TEs) and 25% will be singlet excitons (SEs). In 

inorganic semiconductors, since the exciton binding energy is small, the exciton is relatively 

delocalized, the exchange interaction between the electro and the hole is small, and the 

singlet and triplet wavefunctions are almost identical. In fluorescent organic semiconductors, 

only the SEs radiate, hence the upper limit of the internal quantum efficiency is 25% in 

fluorescent OLEDs, while it is 100% for inorganic semiconductors. Fortunately, 

phosphorescence, ie.,  the radiative decay of TEs, can also be achieved to get nearly 100% 

internal efficiency in OLEDs. 

The optical energy gaps of organic semiconductors are -1.5 to 3.5 eV, thus their emission 

spectra span the visible region. Because the interaction between organic molecules is the 

weak Van der Waals interactions rather than strong covalent bonding, no strong chemical 

bonds need to be broken at the interfaces or surfaces of molecular materials, and there need 

not be any surface or impurity states within the semiconductor gap. Hence, from a device 

point of view, the interface requirements are greatly relaxed and relatively simple fabrication 

techniques can be used very successfully to fabricate multilayer device structures. This 

renders organic semiconductor device fabrication much easier and cheaper than inorganic. In 

particular, large-area, or bulk fabrication of organic semiconductor devices is feasible, in 

contrast to the difficulties encountered in crystalline inorganic semiconductor technology. 

High mechanical flexibility of organic thin films allows for compatibility with a large 

number of substrates, including flexible substrates. Due to the strong covalent or ionic bonds 

between atoms, the growth of crystalline inorganic thin films requires a close lattice match to 

the underlying substrate. This limits the combination s of inorganic materials. The 

intermolecular Van der Waals interaction enables growth of crystalline organic solids with 
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substantial lattice mismatch, which results in a large number of organic hetero-interfaces 

being possible. 

Unlike inorganic semiconductor devices, which use crystalline structure, the thin organic 

layers of OLEDs are typically amorphous. The amorphous structure leads to a reduction in 

quenching of the radiative decays from internal conversion processes present in strongly 

coupled, crystalline organic systems, since many phonon modes are associated with the 

crystal lattice. Consequently the radiative recombination efficiency of Frerikel excitons 

increases. 

Organic materials also have unique optical and electrical properties. For example, they 

normally have large Franck-Condon shift, which makes them transparent to their own 

emission. This largely eliminates self-absorption in OLEDs and has enabled the development 

of transparent OLEDs. 

3. Molecular structure and electronic processes in organic materials 

(1). n-conjugated materials 

Chemically, organic semiconductors are n-conjugated materials, i.e., materials in which 

single and double (in most cases) or single and triple bonds alternate throughout the molecule 

or polymer backbone. 

Carbon-carbon double bonds are formed in a process called sp2 hybridization. In this 

hybridization, the s orbital combines with only two of the three p orbitals. Three sp2 hybrid 

orbitals result, and one p orbital remains unchanged. The three sp2 orbitals lie in a plane at an 

angle of 120" to each other, with the rernainingp orbital perpendicular to the sp2plane. (See 

Figure 1.3a) 
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2 
t Pz 

Figure 1.3. (a). sp2 + p z  orbitals (b) Orbitals in ethylene (C2H4). 

When two sp’-hybridized carbons approach each other, they form a G bond by sp2- 

sp20vedap. At the same time, the un-hybridizedp orbitals approach with the correct 

geometry for sideways overlap, leading to the formation o fn  bond (Figure 1-3 (a)). The x 

bond has regions of electron density on either side of a line between nuclei but has no 

electron density directly between nuclei. The C=C double bond in ethylene is both shorter 

and stronger than the single bond in ethane because it results to the sharing of four electrons 

rather than two. Ethylene (C2&, Figure 1.3 (b)) has a C=C bond length of 133 pm and a 

strength of 61 lH/mol. C=C bond is considerably less than twice as strong as a single bond 

because the overlap in the IT part is not as effective as the overlap in the CT part. 

Figure 1.4 shows the six 1 molecular orbitals of benzene, which virtually exists in all 

organic materials of interesting. The carbon atom in the benzene molecule has three sp2 
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orbitals with the inter-bond angle of 120' on the same molecular plane for sigma-bond 

formation and a 2p, orbital perpendicular to the molecular plane. In the ground state (vi, 

bonding), the lone 2p, orbitals overlap to form a n-orbital and the electron charge density in 

the .Ir-orbitals is symmetrically distributed to form two streamer-type layers stretching around 

the ring. Therefore, the number of nodal planes in which the T-electron density is zero, is 

zero. The 0-orbitals are symmetrical around the bond axis giving localized C-C and C-H 

bonds. 

The electrons occupying the a-orbitals are localized, and concentrated mainly along the 

. .  . 

Figure 1.4. The six benzene 7r molecular orbitals. Note that as the energy increases, the 

number of nodal plane increase from 0 in bonding case to 3 in antibonding case. 
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line joining the two nuclei and are localized. But the electrons occupying the n-orbitals are 

delocalized over all the atoms so they can move freely inside the molecule. Through such 

mobile T-electrons, charges can easily propagate from one part of the molecule to another. 

These r-electrons are consequently responsible for the semiconducting properties of T- 

conjugated materials. 

In any organic molecule, the number of molecular orbitals (MOs) is the sum of the 

number of atomic orbitals. If a MO has lower energy than the starting atomic orbitals, it is 

called bonding; if it is higher, it is called antibonding. 

h the important case of benzene, there are six n-MO’s. In Figure 1.4, if the adjacent p- 

orbitals are of the same color, they form bonding orbitals; otherwise, they form antibonding 

orbital, and there is a node in between with r-electron density being zero. The lowest-energy 

7rMO has no node between nuclei and is bonding. The T MU of the next lowest energy, y2, 

and [ y 3 ,  has two nodes (one nodal palne) between nuclei and is also bonding. Aboveyz, and y 

3 are two antibonding T MOs, y: and p5*? each has four nodes (two nodal planes) between 

nuclei. The highest-energy MO, 

antibonding. 1y2  and 1y3, andqi: and yg*, are degenerate. In the ground state, the six p 

electrons of benzene occupy the three bonding Ir-orbitals and are delocalized over the entire 

conjugated system, leading to the observed 150 kJ/mol stabilization of benzene.ry2 and y3 are 

called the highest occupied molecular orbitals (HOMOS) and q.14 , [ y 5  are called the lowest 

unoccupied molecular orbitals (LUMOs). The HOMO corresponds to the top of the valence 

band in inorganic semiconductors and the LUMO corresponds to the bottom of the 

conduction band. Both are very important in the study of organic semiconductors and 

OLEDs. 

has six nodes (three nodal planes) and is also 

* *  
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And similar to amorphous inorganic semiconductors, the amorphous nature of the organic 

layers in OLEDs results in highly localized electronic states with a random but relatively 

broad density-of-states @OS) distribution of energy. The primary contribution to the energy 

disorder is the interaction of the charge with all of the dipoles in the surrounding medium.” 

In the amorphous structure, each molecule is randomly oriented, and experiences a different 

environment. Thus the intermolecular orbital overlap varies, which affects the transport 

behavior, In polymers, topological defects, either intrinsic (e.g. kinks, torsional 

conformations, cross-link with neighboring chains, etc.) or external (e.g., H, 0, CI, or F 

atoms) can interrupt the conjugation in’the otherwise long polymer chain, Thus conjugated 

polymers are actually an assembly of conjugated segments with random length, which is the 

major source of energetic disorder. In molecular glasses, estimates of the energy disorder 

have been made by charge mobility measurements, which shows they are in the range of -0.1 

eV, comparable to the bandwidth. l6 

(2) Excitations in n-conjugated materials 

One of the first theoretical work on excitations of n-conjugated materials was by Su, 

Schrieffer and Heeger (SSH) l7 on the simplest conjugated polymer possible - trans- 

polyacetylene with a degenerate ground state since the infinite chain of it has two equivalent 

structures with the same energy. They found that the bond alternation defect is not localized 

at a single carbon site, but is spread over some 10 to 15 carbon sites. The soliton was invoked 

as the fundamental excitation in this long chain polymer, and the delocalization is crucial. to 

the energetics of the stabilization of the soliton, Zn the SSH model, the soliton has associated 

with it an energy level that lies at mid-gap and is of nonbonding pz character. 
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In polymers with a nondegenerate ground state, such as PPV, the two alternative senses 

of  bond alternation do not have the same energy. Then the soliton is not a stable excitation '* 
since the high-energy form can only exist over a finite length of the chain. The charged 

excitations are now termed polarons or bipolarons and represent localized charges with an 

accompanying local distortion. Polarons and bipolarons may be considered as equivalent to a 

confined soliton pair and the two nonbonding mid-gap soliton states form bonding and 

nonbonding combinations, and produce two gap states symmetrically displaced about mid- 

gap. These levels can be occupied by 0, 1, 2,3,  and 4 electrons, giving a positive bipolaron 

p c s % i % T # 4 ? A ~ ~ ~  L.mm:%:wl 

t 
........................................ 2A ......................................... 

Bpz' P+ SE P- 

_t+_ 

B P  

Figure 1.5. Polaron, bipolaron, and singlet exciton (SEE) energy levels in a nondegenerate 

ground state polymer with energy gap 211. The soliton energy level is in the middle of the 

(BP2+), positive polaron (P?, polaron exciton, negative polaron (P-) and negative bipolaron 

(BP2-), respectively. A schematic figure of these excitations is shown in Figure 1.5. 

Like an electron, a polaron is a spin 1/2 species; bipolarons are spinless. A bipolron has a 

greater degree of relaxation than a polaron and this stabilizes the coalescence of two like- 

/ 
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charged polarons to form a bipolaron. 

Physically, polaron formation is driven by the electron-phonon interaction, which is 

particularly effective in organic materials since they have both strongly coupled 

intrarnoleclular phonons and many low energy intermolecular modes. At low temperature, 

the phonons dress the mobile electrons and holes forming large polarons and leading to an 

increase in their effective mass. As T increases, the phonon interaction leads to narrowing of 

the electron bandwidth, and to the formation of a small polaron, i.e., the electron is localized 

on a single molecule, which is distorted to accomodate the extra charge. The transition from 

large to small polaron was found to be well below room temperature even in crystalline 

compounds with favorable molecular arrangement. l9 

Exciton dynamics are of primary importance in light emitting materials and OLEDs. An 

exciton is a bound electron-hole pair:. If the pair is localized on one molecular unit and 

typically has a large binding energy (-1 eV), it is a Frenkel exciton. If it extends over many 

molecular units and typically has a low binding energy (a few meV), it is a Mott-Wannier 

exciton. The intermediate case, where the exciton extends over a few adjacent molecular 

units, is called a charge-transfer exciton (CTE). 

h inorganic semiconductors the carriers have low effective masses and the materials 

have a relatively high relative permitivity, so the excitons are usually Mott-Wannier. In 

organic semiconductors, thhe carriers have high effective masses, and thhe permitivity of the 

materials is relatively low so the excitons are Frenkel excitons. 

Due to the large exciton binding energy, the electron-electron exchange interaction must 

be considered for Frenkel excitons. The result is that SEs and TEs are of different energy, 

with the SE energy typically 0.4 - 1.1 eV higher. The TE is considerably more localized than 
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SE. Calculation by Shuai et al?' and Beljonne et al?' verifies that the TE in PPV is stabilized 

by 0.65 eV compared to the SE. 

If an exciton extends over two or more identical molecular units, it forms an excimer. An 

exciplex is formed if the exciton extends over two or more different molecular units. 

The systems studied in organic semiconductors normally have significant electron- 

phonon interaction. Thus the exciton is called polaronic exciton and its transportation is more 

appropriately described by hopping between sites. 

(3) Electronic processes in organic semiconductors 

In principle, all the macroscopic properties of a system can be deduced once the 

wavefunction be obtained by solving the Schrodinger equation, However, in reality, even the 

simplest molecules are too complex to yield analytical solutions. 

The treatment of transitions is generally performed within the framework of the Born- 

Oppenheimer (BO) approximation, whose use is based on the fact that there is a large 

disparity between the nuclear and electronic masses. Since the mass of nuclei is much larger 

than that of the electron, the electrons can be considered to response instantaneously to any 

change in the configuration of the nuclei. Thus in determining the energy level of molecules, 

one can fix the nuclear position and solve the electron energies in a static potential. 

The B-0 approximation results in the Franck-Condon principle in optical transitions, It 

states that there are no changes in the nuclear coordinates during an electronic transition and 

the most probable vibronic transitions are vertical, since electronic transitions take place in 

s for nuclear motions. These vertical transitions are 

. 

s, as compared with - 

also called Franck-Condon transitions. 
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Following the emission or absorption of a photon, the vibrational state of the molecule 

relaxes, This leads to a red-shift in the emission spectrum with respect to the absorption 

spectrum, known as Franck-Condon shift. In organic molecules, the Franck-Condon shift is 

normally large (up to 1 eV). Consequently, the molecules are transparent to their own 

emission. As mentioned before, this property can be exploited to make transparent OLED. 

' 

In molecular transitions, the electrons of interest are those in the HOMO because they are 

most likely to participate in electron transfer or optical transitions. We will now consider 

eiectronic dipole transitions, 

Ignore the rotational wavefunction, the probability of exciting the molecule R1: can be 

expressed as: 

R,2, ((v.,, 1 ~ 1  v e t ,  )I I( X", I X",t >I /(Vd I rys, >I (1) 

The electronic wavefunction is the product of two non-interacting terms: ve (only 

depends on the spatial coordinates of the electron), and yS (only depends on the spin 

coordinates). xv is vibrational state wavefunction. I and u denotes the initial and final state for 

the transition. 

The dipole moment operator a appears only in the electronic term because the nuclei 

cannot respond rapidly enough to optical frequencies and the spin is insensitive to the electric 

field. 

Dipole allowed transitions are those for which the first term in Eq. (1) being nonzero. 

Since ~ is a sum of odd operators, this term vanishes unless I and u are of opposite 

symmetry with respect to the inversion operator. Since the ground-state wavefunction of  
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most 7r-conjugated materials is IA, state, the dipole allowed transition leads to odd, i.e., u- 

excited state (Elu). 

The second term is called Franck-Condon factor. As mentioned before, the electronic 

transition is vertical. The last term defines spin selection rule. For spin allowed transition, 

e.g., singlet - singlet, this term is 1. For spin-forbidden transition, i.e., singlet - triplet, it is 

zero. The actual value of the third term depends on spin-orbital coupling. 

In organic semiconductors, excitons are modeled as two-electron systems, with one in a 

partially filled LUMO and the other in a partially filled HOMO. For a two-electron system, 

the total spin may be S=O or S=l . 
The S=O state is singlet state, which is antisymmetric under particle exchange: 

The S= 1 has three states (triplet states), all symmetric under particle exchange: 

Electronic Processes in organic molecules 

In most stable molecules, the HOMO is completely filled in the ground state. Thus the 

ground state wavefinction is spatially symmetric under electron exchange, which determines 

that the ground state is singlet. So usually only singlet exciton can decay radiatively to 

ground state. 

Figure 1.6 shows the Electronic Processes in molecules in the form of Jabilonski 

diagram. 
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Optical absorption of the ground state of an organic molecule normally results in a 

vibronic excited state, i.e., it includes both an electronic and a vibrational excitation. Then 

internal conversion where thermal motion of the lattice removes the vibrational excitation 

deml of available 

Ktrrounding d e c d e s  
San r Tstateson 

I 

U 

FORSTER. DOTER 

Figure 1.6. Electronic processes in organic molecules. S represent singlet state, and T 

represents triplet state. 

and leads to pure electronic excitation occurs. In generai, internal conversion is a non- 

radiative transition between two. states of like multiplicity. 

Intersystem crossing (ISC) is a term describing a non-radiative process involving states of 

different multiplicity. The origin of ISC is an electron-electron interaction that breaks the 

degeneracy between the singlet and triplet energy levels. It can be shown that the spatial 

wavefunction which is antisymmetric under exchange of electrons, i.e., the wavefunction of 

the triplet states, has a lower energy. The ISC rate, from the lowest excited singlet (SI) to the 
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lowest excited triplet (TI), via a highly vibrating level of T1 (TI*), depends on the spin- 

orbital coupling. 

Fluorescence is the emission which originates fiom and terminates at the same 

multiplicity. Since most organic materials' ground state is the singlet state So, fluorescence is 

the radiative transition fiom the lowest excited singlet SI to SO. This process is fast with a 

time constant which is typically -1 ns. 

Phosphorescence is the radiative transition in which the initial and final states differ in 

the multiplicity. In most cases, it is fiom the lowest triplet state T1 to the ground state SO. 

Since it is a spin forbidden transition, the lifetime of this process is relatively long, typically 

microseconds to milliseconds, 

Radiative energy transfer involves the emission of a photon by donor molecule and the 

subsequent re-absorption of this photon by acceptor molecule. Clearly, it can occur only if 

the fluorescence spectrum of the donor overlaps the absorption spectrum of the acceptor, and 

the medium between the two molecules is transparent to the radiation involved. 

Forster and Dexter energy transfer are both so-called resonance transfer processes with 

the necessary conditions being the same as that of a radiative energy transfer. The main 

difference is that no actual emission or absorption of photons occurs in the process. 

The general equation for energy transfer can be expressed as 

D * + A +  D + A * + ~ v T +  D+A+IzvA (3) 

where D is the donor molecule, A is the acceptor molecule, * means an excited state, and 

h v ~  and hvT are the optical and thermal energies emitted in the process, respectively. The 

interaction between D* and A is expressed by a Hamiltonian H, which could be electrostatic 

(Coulombic or Forster), or electron exchange (or Dexter). 
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Fermi ’s golden rule expresses the probability of evolution from the initial state ‘3’; (D* 3- 

A) to the final state Yf (D + A*): 

where p(E) is the density of states. We now treat the Forster and Dexter resonant energy 

transfer processes in some detaii. 

1. Forster energy transfer 

This is a dipole-dipole-interaction-facilitated energy transfer, Forster*’ first recognized 

that if the emission of the donor molecule overlaps with the absorption of the acceptor 

molecule, then rapid, long-range (-4 OOA) energy transfer may happen without the emission 

of a photon. 

The dipole-dipole interaction Hamiltonian is 

where E~ i s  the relative dielectric constant, ED is the permittivity of free space, pd and 

are jj the eIectric dipole moment operators of the donor and acceptor molecules; and 

j is the unit vector between the donor and acceptor molecules. 

It can be shown that the Fijrster energy transfer rate can be written as 

where 

‘I: is the observed donor lifetime, NA is the number density of acceptor molecules, FD is the 

normalized emission spectrum of the donor, FA is the normalized absorption spectrum of the 

acceptor and a A  is the total absorption coefficient of the acceptor. Clearly, Ro is the donor 
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acceptor distance at which transfer competes equally with the total rate of removal of energy 

from D by any other means, such as radiative or radiationless decay or hopping away. 

Typical values of Ro range from 30 to 1 OOA. The energy transfer efficiency can be shown 

to be 

Hence, almost all the energy transferred for R<Ro. Note that 30 - 1 OOA corresponds to a 

minimum acceptor molecule concentration of 0.01% to 0.3%. 

2. Dexter energy transfer 

Dexter extended the theory of resonance energy transfer to exciton states with electronic 

dipole-forbidden transitions, i.e. by higher multipole interactions or by electron exchange. In 

the important case of triplet-triplet energy transfer in which the electron exchange is the 

dominant interaction, Dexter showed that the transfer rate could be expressed as 
2n 

KDerrer (‘1 = Y ~ P D A ’ ~  j.r;b (E>.F, ( E ) ~ E  q-2R‘L 

is the exchange energy interaction between the molecules, E is the energy, 
P D A  

where 

FD(A) and &(E) are the normalized phosphorescence spectrum of the donor and the 

normalized absorption spectrum of the acceptor, respectively, arid L is a constant. 

Due to the electron exchange, the energy transfer is a contact type, and hence it occurs only 

over a short distance of -1OA. 

In Forster dipole-dipole energy transfer, due to the spin selection role AS = 0, the spin of 

both D and A must be conserved. Thus the allowed transitions are: 

ID* + ‘A -+ I D  + ‘A* (10s) 

(1 0.2) 
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Note that since the ground state of most organic molecules is a singlet state, the second 

transition is rare. In addition, to the extent that spin-orbit coupling allows electric dipole 

optical transitions with AS #O in complex molecules, Forster energy transfer can occur by 

the dipole-dipole mechanism. Transfer is likely to be slower than for exchange processes 

where transitions for donor and acceptor are hlly allowed. But since the actual radiative 

lifetimes of the triplet states (3D*) are also long, the long-range energy transfer process may 

still be important relative to radiative process (3D* + 'D), This is the Fiirster triplet-singlet 

transition 

3D* + 'A + 'D + 'A*. (10.3) 

Triplet -singlet exchange has in fact been detected by the emission of sensitized delayed 

fluorescence in rigid glasses of triphenylamine (donor) and chrysoidine (acceptor). This 

mechanism has also been used to achieve 100% internal quantum efficiency q i n t  for 

fluorescent dye using efficient phosphor to convert triplets to singlets by pumping the dye?3 

In electron exchange Dexter transfer, only the total system spin must be conserved, thus 

the triplet-triplet energy transfer is allowed here: 

3D* + 'A += 'D + 3A'. 

Of course, singlet-singlet is also an allowed Dexter transition. However, since Forster 

singlet-singlet transfer is much faster and of  longer range, Dexter type singlet-singlet transfer 

is normally negligible compared to Forster type. 

(10.4) 

Figure I .7 shows Forster and Dexter type singlet - singlet transfer processes. 
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IP: Ionic potential 

Figure 3. .7. (a) Forster and (b) Dexter energy transfer for singlet - singlet energy transfer 

tD 
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z AEe: Electron injection barrier 

AEh: Hole injection barrier 

EF: Fermi energy Ievel 

IF 

' IT0 Organic layer A1 

Figure 1.8. Principle of single layer OLED operation 
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1. Carrier Injection 

In organic materials, disorder, low bandwidth, electron-phonon interactions, and 

temperature all work together to localize charges carriers. Thus the primary injection event 

consists of a transition from an extended band-like state in the metal electrodes into a 

localized molecular polaronic state in the organic material. Microscopically, each individual 

transition can be described as a tunneling event from a thermally excited state in the metal to 

the HOMO or LUMO of the target molecule. 

There are two principle mechanisms for injection of charge carriers in t?x presence of a 

barrier: thermionic emission and quantum mechanical tunneling. 

A 

Vacuum level 

Figure 1.9, Image force barrier lowering at metal-organic interface 
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When discuss carrier injection over a barrier, image-force lowering of barrier height need 

to be considered (Figure 1.9). When an electron is placed at a distance x from a metal 

surface, a positive charge is induced on the sudace of the metal. The effect of this charge is 

the same as that of an image charge placed at a distance x behind the surface. 

E = &,E, 

we get the effective potential barrier height as: 

where #,,, is metal work function, xis  electron affinity (EA), F is electric field, and q is 

electron charge. 

The barrier lowering is 

% -/E - 4?r& (13) 

The above treatment holds for neutral contact between metal and wide-gap intrinsic 

semiconductor, which is the case for organic semiconductors since they are “undoped”. - I  

1). Thermionic Emission 

The first studies by Richardson and Dushman 24 on thermionic emission were on electrons 

from a metal surface into the vacuum. 

Emtage and O’Dwyer (EO)25 solved drift-diffusion equation for the injection from metal 

into a wide-gap intrinsic semiconductor, in which the depletion width is infinite without 

injection. The results involves integral and EO derive that: 

(a) in the low field limit, E << 4nEk2TZ / q 3  
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(14.1) 

and 

(b) in the high field limit 

112 

J = N o p ( F )  (167~~qE~)1’~ e ~ p ( - q # ~  / k T ) e ~ p ( f ) ” ~  (14.2) 

Although not explicitly shown, the backflow current is present. The origin of the backflow 

in wide bandgap organic semiconductors is disorder. 

The existence of disorder in organic semiconductors adds an obstacle to the injected 

carriers. Due to the disorder, a distribution of site energies is created, and carriers injected 

occupy the molecular sites in contact with electrodes and also at the low-energy end of the 

distribution. To move further into the organic materials, the carriers must overcome random 

energy barriers in addition to the image potential. For this reason, most injected carriers will 

backflow into the electrode at low applied field strength. When the electric field is increased, 

the efficiency of injection increment will be more significant than in the case when only 

image force is considered. This thermal injection process has been proved both by Monte 

Carlo simulation 26 and experiment 27. 

2). Field Emission 

At sufficiently low temperatures or for large barriers at high fields, emission due to 

quantum tunneling through the barrier--field emission-- can be important. 

Fowler-Nordheim (FN) tunneling theory predicts that 28 

J cc F 2  exp(-bF) 

where F is electric field. For tunneling through a triangular barrier, 

(15.1) 
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(15.2) 

where h is Planck constant 

At the current understanding of carrier injection, it is widely accepted that thermionic 

emission dominate at low bias, while FN tunneling becomes significant at high bias. 

2. Carrier transport in OLEDs 

In single crystals the trap energy levels are generally discrete, while in amorphous and 

polycrystalline materials they are distributed in accordance with certain distribution 

hunctions. The latter has been attributed to the intrinsic disorder of the lattice, which is due to 

the variation of the nearest-neighbor distances. 

1) Space-Charge Limited Current (SCLC) 

With no traps, using Poisson’s equation: 

dF(x)/dx = p /E , 

and J = qp F(x), with p = qp(x) 

we can get Mott and Curney equation for trap-fiee SCL current : 

9 v 2  J = - & p y  
8 d  

At low applied voltage, if the density of thermally generated free carriers (say Po) is 

Y 9 Y 2  
d 8  d 

predominant, i.e. gpop ->> - &p3 , the J-V characteristics will be Ohmic. And the 

transition voltage is 

8 4Pod2 y =-- 
9 E  

R 
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With traps confined in discrete energy levels, the SCL current becomes 

P 0, =- 
P + P1 

where p t  is the trapped carrier density. 

Starting from the Ohmic region, as the applied voltage is increased, the density of fi-ee 

carriers resulting from injection can increase to such a value that the quasi-Fexmi level EF 

moves down below the shallow hole trapping level Et, and most traps are filled. The traps- 

filled limit (TFL) VTFL is the condition for the transition from the trapped J-V to the trap-free 

J-V characteristics. 

1 10 
Voltage [vl 

Figure 1 .lo. Current-voltage characteristics of TPD 2 7 d A l q 3  55 nm OLED at various 

temperature. Inset: Temperature dependence of the power law parameter implying T, = 1780 
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In organic semiconductors, the trap distribution is usually found to be exponential. The 

current density can be shown to have the form 

Using this model, Burrows29 derived the width of the exponential trap distribution of 

-0.lSeV and T, -1780K for tris(8-hydroxyquinoline) (Alqs). The results were shown in 

Figure I .lo. 

2) Field dependent mobility 

Unlike inorganic semiconductors, in which the’ carrier mobility is generally independent of 

the applied field, in most organic materials, the carrier mobility is strongly dependent on the 

applied electric field. Over a reasonable range of fields by time-of-flight (TOF) 

measurements 30131g32B33c~nfirmed the phenomenological result. 

,u = po exp[-d,/k,T]e~p[pF”~((l/k,T)- (Uk&))] (21) 

Or simply lnp  a S * F”’, where S is a constant, and F is electric field. 

The dependence of In ,u on F1” is of the Poole-Frenkel type. The Poole-Frenkel effect 

describes the electric-field-assisted detrapping phenomenon. When a field is applied, the 

trap-potential in which a carrier is trapped will be deformed into an asymmetric shape. The 

situation is very similar to Schottky barrier lowering due to image force with the difference 

being that one is in the bulk and the other is in the interface. Both cases result in the F1’2 

dependence. 

Although the Poole-Frenkel mechanism predicts a field-dependence in agreement with 

experiment, it is not possible to have a high concentration of charged traps in all organic 
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materials, as is necessary for the usual application of Poole-Frenkel theory. The temperature 

coefficient of the mobility was found to be independent of the chemical composition, which 

is clear evidence against the dominance of impurity effects. In addition, a deviation of both 

the magnitude of S and its temperature dependence from the prediction of Poole-Frenkel 

theory is observed.16 
I 

Gaussian disorder models 16, and most recently a theory based on the spatial correlation 

of energetic disorder 34 have been suggested. The energy DOS is typically 0.1 eV. Spatial 

correlation can be caused by molecular density fluctuations. In the case of 7r-conjugated 

polymers, additional energetic disorder arises from the distribution of the conjugation 

lengths. The existence within the polymer of more crystalline and less crystalline regions also 

suggests spatial correlations. 

3. Bimolecular charge Recornbination (Langevin recombination) 

After carrier injection and transport, carriers meet and recombine. The recombination of a 

hole and electron releases considerable energy and one must consider how this energy is 

dissipated. Recombination can lead to the creation of a charge-pair state that decays to the 

ground state by emission of a photon plus some phonons (radiative recombination), or 

exclusively by phonon emission (non-radiative recornbination). 

2 - I  - I  For organic semiconductors, the narrow bands lead to very low mobility (< 1 crn V S ). 

In Langevin theory, the mean fiee path h of the carriers must be less than the radius of 

capture of one carrier by the other. In organic semiconductor, the scattering length is of the 

order of the lattice parameter and the Coulornbiccapture radius r, is 

Langevin requirement is satisfied. 

cm. Hence the 
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Longevin theory is applicable to the case where random diffusive motion of charges is 

dominant and drift can be viewed as a small bias in the time-averaged displacement, the 

average electron-hole pair that approach each other within a distance such that their 

Coulombic binding energy exceeds kT will ultimately recombine. 

The radius of capture r, is defined as the distance where coulombic energy equals the 

thermal energy. 
e 

4 m  r ,  
= kT 

e 2  
4 m  kT 

r ,  = 

Since the carriers thermalize quickly, the recombination may be viewed as the drift of 

two charges together under the action of the Coulombic field F. From another stand point, 

we can regard one carrier as static while the other moves with (total) mobility 

PT=Pe  ' P h  

It can be shown that the recombination rate constant is then 

Y e h  = e/% l E  (24) 

Assuming that the e-h capture process is spin-independent (as implicit in the Langevin 

model), excitons in the triplet and singlet configuration would be formed in the ratio 

r,,,, = 1/3.  

There is evidence that in polymers, the singlet and triple exciton formation cross sections 

are not equal. Consequently, rsE,TE)113 and could be as large as 1. 35 36 37 38 This conclusion 

is stiIl being debated intensively. 39,40 
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111. Optimization of OLED performance 

In this section, I briefly review the important steps in the optimization of OLED 

performance. 

As a guideline, we first consider the external quantum efficiency # E L ,  which is defined as 

photons extracted in the forward direction per electron injected. 

4 E L  = X 4 P L V r r l e  (25) 

where 

xis the fraction of charge carrier recombination in the material resulting in ernittable 

excitons, which from spin statistics is presumed to be ?4 in small molecular fluorescent 

OLEDs (but may be higher in polymer OLEDs). In phosphorecent OLEDs, it can be 

nearly 1. 

#pL is the photoluminescence quantum efficiency of the emitting material. 

vr is the fraction of injected charge carriers that form excitons (determined by charge 

balance) 

v e  is the fraction of emitted photons that are emitted from the device in the forward 

direction. qe is determined by the geometry of device; it typically is -l/n2, where n is the 

index of refiaction of the organic material. 

We now consider ve briefly. 

The typical OLED structure consists of a planar glass substrate (tsub - 1 mm, nsub =1.51), 

an IT0 anode ( t ~ ~ p  100 nm, n1~0 -1.8), organic layers (torg -100 nm, nOrg = 1.6-1.8) and a 

reflecting metal cathode. 

The output-coupling efficiency is defined as the light emitted out of the glass substrate 

over the total light generated internally, Since the organic layers and the glass have a higher ' 
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index of refraction than air, organic-air critical angle is the major limiting factor. From 

Snell’s law, this critical angle is 8, = Sin-’(nair/brg). 

Assuming the cathode is a perfect reflector, and assuming isotropic emission in the 

organic layer, the fraction of generated light escaping from the substrate is 41 

A more detailed half-space radiating dipole model 42 predicts the out-coupling efficiency 

can be 0.75 n”2 for isotropic dipole case, and as large as 1.2 n-2 for the in-plane dipole case. 

Under the same assumption, the external luminous intensity distribution (with B E  be the 

view angle in the far field) is given by Gu, et al. 43, to be 

F M~,> = - 
(27) 

This result is similar to the cosine intensity profile 

of a Lambertian emitter. 

To improve the out coupling efficiency, methods like introducing rough or textured 

surfaces,44 mesa structures and and the use of reflecting surface or distributed Bragg 

even ordered microlens arrays4’ were used. When use a substrate with an index 

matched or slightly higher than the organic and a large lens, the total emitted light could be 

improved as much as a factor of five. 48 

1. Single layer to multilayer device 

Tang and VanSiyke introduced their classic double-layer structure in 1987. In single 

layer devices, the recombination zone is not well defined. Unless the energy levels of the 
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cathode and anode are extremely well matched to the molecular levels of the organic 

compound, and the carriers’ mobilities are well matched (which is very rare), the electron 

and hole currents are not balanced. The dominant carrier will then cross the entire structure 

without finding a carrier of the opposite sign with which to recombine. In this case the 

recombination will occur at the appropriate organic/electrode interface, where severe 

quenching of emission will occur. This situation is wasteful of energy and leads to low 

efficiency in the conversion of electrical to optical power. 

In the double layer device (Figure 1.1 l(a)), a hetero-structure is formed when the 

materials are chosen properly, so one mainly transports holes and the other is optimized for 

electron injection and transport. In Tang’s structure, diamine is the hole transport material, 

and Alq3 is electron transport and emitting material. This leads to two effects: (i) it blocks the 

transmission of the majority carrier, creating a space charge and balance carriers transport. 

(ii) Electrons and holes accumulate at the diamine/Alqj interface. The recombination zone is 

confined far from organic/electrodes interfaces, so it improves the efficiency significantly. 

Adachi introduced another layer specifically chosen for its luminescent efficiency arid 

formed a triple-layer structure 49 (Figure 1.1 l(b)). Each of the three organic layers can be 

separately optimized for electron transport, for hole transport, and for lurninescence. 

The majority of OLED structures in the literature are derived from the double layer 

structure. The reasons might be difficulty in finding proper material just for emission layer, 

and one layer (either hole or electron transporting layer) can act as emitting 1ayer.since the 

emission is at the heterojunction. 
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2. Organic/electrode interface engineering 

The organic/electrode interface is very important not only for carrier injection, but also 

for device lifetime. 

Two organic layers 

4- 

Three organlc layers 

Figure 1.1 1. Double-layer (a) and Triple-layer (b) OLED device structures 

There is a barrier for electron (hole) injection at the organic/cathode (anode) interface. To 

reduce the device operation voltage, the barrier should be minimized. On the cathode side, 

low work-function Q, metals like Ca5' (@=2,9eV), Mg '(@=2.9 eV), and Li (9=3.7eV) were 

used instead of AI ($=4.3 eV). However, low work-function metals are generally reactive 

and unstable in air. Thus, compound cathodes have been developed, which deliver superior 

performance. The most widely used, with the best performance ones were LiF/AZ 51 and 

CsFIAI 52. Others like AIO, 53, CuO, NaF, Cs acetate, were also reported to improve electron 

injection. The mechanisms behind the behavior of compound cathodes are believed to be 

either the dissociation of LiF or CsF, andor the formation of a dipole layer across the thin 

buffer layer. 
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On the anode side, indium-tin-oxide (ITO) has been the only anode material to have a 

high work hnction (a4.8 eV), low resistivity (-2” lo4 0 cm) and excellent transparency 

(>go% at 550 nm)’. Zinc oxide 

Zirconium-doped Indium dioxide 56 have also been studied. After a cleaning process, such as 

ultrasonic action in an organic solvent, acid treatment 57, W-Ozone treatment ”, 0 2  plasma 

treatment 59, all to increase the IT0 work function, the ITO’s contact with the hole transport 

material (e.g. N,N’-diphenyl-N,N’-bis(3-methyfphenyl) -1,1 ’-biphenyl-4,4’-diamine (TPD) or 

4,4’-bis[N-( I-naphyl)-N-phenyl-amino] biphenyl (NPB)) is still not optimized. A buffer layer 

is used to hrther reduce the barrier to hole injection and also improve the ITO/organic 

contact. One’such buffer material is copper phthalocynine (CUPc). 6o By inserting a CuPc 

layer, the initial driving voltage and the device stability are significantly improved. The CuPc 

thickness is <20 nm, so it is not enough to smooth the IT0 surface. On the other hand, the 

conducting polymer polystyrenesulphonic acid (PSS)-doped poIy(dioxyethy1ene thienylene) 

(PEDOT) 

smoothes the IT0 and improves hole injection. The thickness of PED0T:PSS can be very 

thick and the device characteristics becomes independent of the IT0 properties such as 

surface roughness, inhornogenity, or work hnction. The thicker layer also reduces the 

probability of pinholes and short circuits. 

and its variant with A1 doping (AlZnO)?’ and 

first used in polymer OLEDs, and now in small molecular OLEDs as well, 

3 .  High thermal stability organic materials 

Basically, the heat stability of an OLED is governed by the glass transition temperature 

(Tg) of the organic materials in it. Low T, material will easily gets crystallize and degrade the 

device. In a classic CuPc/TPD/Alq3 device, the T,s’ of organic materials are 



36 

>200°C/630C/1750C, respectively. Thus, TPD is the weak link in this structure. By replacing 

TPD with NPB (Tg = 96*C), the thermal stability of the device is largely improved 62.  Hole- 

transport materials with even higher Tg were also reported as starburst molecules. 63. Another 

example is replacing 4,4’-bis(2,2’-diphenylvinyl)- 1,l ’-biphenyl (DPVBi) (Tg = 64’C) with 

Spiro-DPVBi (T,=l 3OoC) in efficient blue emitting devices. 

4. Doping with fluorescent or phosphorescent dyes 

In reality, few organic material luminance with a high PL efficiency in the neat solid 

state. This leads to limitations for high efficiency OLEDs, as seen from the equation of 

external quantum efficiency. However, when some dyes are doped into proper host materials, 

the ‘ ~ j p ~  is very high and so is the EL efficiency. For example, rubrene in TPD or Alq3 was 

shown to have r ~ p ~ =  100%. Doping is also a very important method to tune the color of 

OLEDs. In addition, it is also the key route to achieve highly bright white OLEDs. As 

mentioned in the previous section, crystallization is a major degradation mechanism for small 

molecule OLEDs; doping Alq3 or TPD was shown to strongly inhibit the crystallization of 

these amorphous thin films and the lifetime of devices based on them was significantly 

improved. 

Rubrene, perylene, coummin, are examples of fluorescence dyes, for which the energy 

transfer from the host to the dye occurs via the long range dipole-dipole Forster energy 

transfer mechanism. In this energy transfer, only SEs are involved. As mentioned in the 

former section, if the formation cross section of SEs and TEs are the same, then only 25% are 

SEs whose radiative decay gives fluorescence. The remaining 75% are triplets whose 

radiative transition to the ground singlet state is forbidden. 
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Although radiation from triplet states is “forbidden”, some materials can emit efficiently 

from the TE state. In such materials, the SE & TE states are mixed, so the radiative decay of 

the triplet state is partly allowed. The most important interaction mixing singlet and triplet 

states is the spin-orbit coupling, which refers to the interaction between an electron’s spin 

and the magnetic moment created by the electron oscillating in a closed orbit, To increase the 

spin-orbital coupling, organic materials with heavy metals like platinum (Pt) or iridium (Ir) 

are needed. The first two reported phosphorescence dyes are 2,3,7,8,12,13,17,18-octaethyl- 

2 1HY23H-porphine platinum (11) (PtOEP) 64, and fac tris(2-phenylpyridine) iridium (Ir(ppy)j) 

65.  The energy transfer from the fluorescent host to the phosphorescent guest is Dexter 

transfer, which is a contact-energy-transfer and thus requires a relatively high concentration 

(-6%) compared to Forster energy transfer (-1 %). 

The phosphorescent OLEDs (Ph-OLEDs) operates as follow: The host SE transfers its 

energy to the phosphorescent guest SE by Forster (mainly) or Dexter energy transfer; the host 

TE energy is transferred to the guest TE state by the Dexter mechanism; then the guest SE 

intersystem crosses to the guest TE; finally, the guest TE decays radiatively, resulting in the 

phosphorescence. 

5.  Alternating Current (AC) driving scheme 

Early lifetime measurements used DC continuous operation, It was observed that this 

causes polarization of the device due to charge trapping, which reduces the stability of the 

devices. Using a constant current mode in the forward bias and reverse biasing in the 

constant voltage mode were observed to suppress the increase of driving voltage required to 

maintain a constant It is’believed that the reverse bias efficiently prevents a buildup 
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of trapped space charge in the organic layers, accumulated during the current flow in the 

forward cycle, by “de-trapping” them during the reverse bias. Also, the reverse bias may 

cause the bum out of any localized conducting filaments that might connect the two parallel 

electrodes in the thin film device. 

Forrest and coworkers achieved a half-life t l / p  lo7 h in phosphorescent OLEDs with 

AC excitation scheme. 

IV. Fabrication of OLEDs 

Two types of OLEDs with different geometries were fabricated for different 

measurements, 

For ODMR studies, the geometry was - 4Smm wide by 20 mm long to fit into the 

microwave cavity. The other geometry was for combinatorial studies of exciplex formation, 

for which a 2” x 2” ITQ substrate was used and a sliding shutter technique was used to 

fabricate 5x5 = 25 OLEDs with a systematic variation in the thickness of two active layers. 

Prior to device fabrication, the substrates were thoroughly cleaned by IT0 detergent, 

electronic grade isoprpanol, and acetone. The substrate was then blown dry by pure Ar gas. 

For the 2”x2” substrate, partial etching of IT0 by diluted aquaregia was also performed in 

order to reduce device driving voltage and improve the efficiency of the OLEDs. 

AI1 the fabrication processes were performed in an Ar-filled glovebox, in which the 

deposition chamber located. The deposition of the organic materials and metals was 

performed in the evaporation chamber by thermal evaporation, in which tungsten filaments 

were the heating source. A co-deposition technique was used when doping was needed. The 
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deposition rates were independently controlled by adjusting the currents of two independent 

power supplies. 
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Chapter 2. Introduction to Optically Detected Magnetic Resonance 

(ODMR) 

I. Background 

Magnetic resonance spectroscopy has been one of the most important experimental tools 

in physics and chemistry. Few other spectroscopic methods offer such direct and detailed 

insights into the structure and dynamics of atoms, molecules and condensed matter. 

A magnetic resonance experiment involves the absorption of a rf or a microwave photon 

that changes the populations of magnetic substates of nuclei, atoms, or molecules with non- 

zero total angular momentum. Depending on the origin of the angular momentum, electron 

spin resonance (ESR, aIso known as electron paramagnetic resonance (EPR)) and nuclear 

magnetic resonance (NhdR) are the two major types of magnetic resonance spectroscopies, 

other variants include both electronic and nuclear moments. 

Magnetic resonance spectroscopy study originated kom Van Vleck’s theoretical work on 

magnetic relaxation and Cleeton and Williams’ primitive microwave spectrometer, which 

was used to detect the inversion of the ammonia molecule in 1934. In 1936, Gorter 

introduced a technique to detect a magnetic resonance in solid.3 However, it was the great 

radar research during World War 11 that provided the necessary microwave and electronic 

technology for realizing ESR with sufficient sensitivity arid resolution: Magnetrons, highly 

directional antennas, sensitive crystal detectors, narrow-band amplifiers, lock-in detectors 

and noise-reducing circuits, etc., are among the many critical components invented during 

this period. The first ESR experiment was performed by Zavoislq’ in 1944, and the first 

NMR experiments followed quickly in 1946 by Purcel16 and Bloch7. 

, 
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A major handicap of magnetic resonance spectroscopy is low sensitivity. To get a 

detectable signal, large numbers of spins are needed (10l6- 1Ol8 for NMR, 10" - 10l2 for 

ESR). Although ESR requires far fewer spins than NMR, it is often not sensitive for the 

monitoring thin films and thin film devices. For example, Due to a low concentration of 

paramagnetic defects, ESR is normally undetectable for polymer and small molecule thin 

films.' 

A successful technique to enhance the sensitivity is to transfer the detection of 

microwave absorption by paramagnetic species to the optical domain, Le., the detection of 

changes of an optical quantity under magnetic resonance conditions. This takes advantage of 

the concomitant increase in photon energy to enhance the sensitivity of the experiment. For 

semiconductors, the approach is based on the fact that recombination processes are often 

spin-dependent. Microwave transitions between Zeeman sublevels may result in a change in 

the absorbed and /or emitted light associated with the excitation. This method is generally 

called optically detected magnetic resonance (ODMR), and it has proven to be a highly 

sensitive method to detect paramagnetic excited states in a variety of organic and inorganic 

materials, usually semiconducting or insulating. Indeed, ODMR is usually lo3 - 1 O5 times 

more sensitive than conventional ESR. As a matter of fact, in 1993 a single molecular spin 

was detected by ODMR on single pentacene molecules embedded in a p-terphenyl host 

crystal, independently by Kohler et al? and J. Wrachtrup et al.. 10 

ODMR on organic molecules was first reported by M. Sharnoff in 1967-68 in the form of 

photoluminescence (PL)-detected magnetic resonance (PLDMR). '' The change in the PL of a 

sample in a microwave cavity was monitored as the magnetic field was varied slowly. 

Sharnoff detected the ''h3 = +2" transition in the lowest triplet state of naphthalene through 
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a change in the phosphorescence intensity at the field for resonance. In 1973, van DorpI2 

showed that the change in fluorescence intensity upon a magnetic-resonance transition could 

also serve as a detection charnel, which enables the study of non-phosphorescent triplet 

states. Absorption-detected magnetic resonance (ADMR) can be used to study non-radiative 

systems since the absorption or emission of a microwave photon may lead to a change in the 

optical absorption; Clarke et reported the first ADMR experiment in 1972. 

11. Spin-dependent Decay Channels in 7r-conjugated Materials 

The radiative decay of singlet excitons (SEs) is the source of the PL and EL in 

fluorescent n-conjugated materials and OLEDs. Thus the competing decay channels of SEs 

are of at most importance in OLED research. 

In chapter one, we discussed the excitations in r-conjugated materials, including 

polarons, excitons and bipolarons (or dianions and dications in small molecular materials). 

The interactions among them are important not only for ODMR, but also for all OLED 

development, If the decay process is spin dependent, then an ODMR may occur. 

Former studies distinguished two types of polarons, free and trapped. If the 

recombination of the p+ - p- trapped polaron pairs is nonradiative, i.e., 

p t +  + p, -  + S, + phonons (1) 

where So is the ground state. This is a spin-dependent process in which the antiparallel 

configuration is needed for decay, The trapped polarons are thus essentially charge-transfer 

states. They are also efficient non-radiative SE quenching centers, Le., 

Sl* + pr* + So c pr* + phonons (2) 
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'Free polarons, to which the injected electrons and holes immediately relax, are the origin 

of the excited singlet states: 

p f' + p j -  + SI' +1'13,, + So + h li + phonons 

pr+ + p t -  + s; 49, + s, -k hv + phonons 

or 

or (3) 

p r ' + p f -  +SI* +llBu +S,+hv+phonons 

where 

conjugated materials. To form SI*, the two polarons must be in the singlet: pair configuration. 

If they are in the triplet pair configuration, they will form triplet excitons (TEs). 

1'B, is the group theory notation of the lowest state in the singlet manifold of T- 

P , * + P , -  +T or 

P,++P,- +TI 

These processes are clearly spin-dependent. 

Due to trapping, the lifetime of trapped polarons is much longer than that of free 

polarons. Thus although both trapped and free polarons generate an electrical field, due to 

their long lifetime, the trapped polarons are much more efficient SE quenching centers than 

free polarons. In addition, the lower energy of a trapped polaron pair may also exclude them 

from forming singlet excitons. 

Bipolarons (or dianions or diacations) are doubly charged spinless excitations formed by 

the fusion of like-charged polarons: 

pk -I- p* + bp** ( 5 )  
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Since polarons are spin-1/2 and bipolarons are spin-0, this process requires that the like- 

charged polarons be in the singlet pair configuration. Bipolaron formation is therefore a spin- 

dependent process. 

The most likely decay process for bipolarons is by recombination with a f?ee polaron: 

Thus bipolarons are probably longer Iived and have a low mobility, These properties and 

their doubIe charge enhance the role of bipolarons as efficient SE quenching centers, in 

addition to their “consumption” of free polarons, which otherwise can contribute to SE 

formation. 

TEs can also interact with each other or with other excitations. TE-TE annihilation into 

SEs is a well-established phenomenon in some organic systems, e.g., anthracene: 

T,+T,  +SL* -+S,+hv+phonons (7) 

This process is spin-dependent and was proposed to explain some early ODMR results in 

n-conjugated polymers. However, this process is generally very weak in most luminescent n- 

conjugated materials, and the mechanism is ruled out by photoinduced absorption (PA)- 

detected magnetic resonance (PADMR) results. 

TEs can also interact with SEs to quench fhe SEs: 

+ s,* + T, + S, + phonons (8) 

i.e,, TE acts as a SE quenching center. 

The energy levels of the excitations are qualitatively given by the scheme in Figure 2. I. 
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Figure 2 , l .  Schematic energy levels of SEs, TEs, trapped and free polarons, and the 

bipolaron manifold in luminescent x-conjugated materials. l 4  

111. The Spin 1/2 Polaron Resonance 

In organic semiconductors, electrons (or hole) interact with lattice, becoming “dressed” 

with a strain field. The resulting particle is called a polaron. The energy of a polaron is lower 

than that of an electron or hole, so it produces a state in the gap. 

When a particle with non-zero spin is placed in a magnetic field, its magnetic energy can 

be expressed by the well-known spin Hamiltonian: 

H = S.gp.R (9) 

Where $ is the spin of the particle, 9’ is a tensor describing the interaction of the field 

particle with the field By and p is Bohr magneton. 
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As mentioned by Gordy, l5 organic molecules have nearly isotropic gyromagnetic ratios 

or Lande g-factor. This is because the electrons in n: orbitals are locked in fixed directions, 

relative to the molecular frame, by the electric field of the chemical bonds, and are not free to 

precess or become oriented in an applied magnetic field, Thus the electronic orbital motion is 

decoupled from the spin in a so-called “quenching” process. The result is that the orbital 

angular momentum is effectively quenched and the organic moleclues have nearly isotropic g 

factor close to that of the free eIectron, which is g = 2.0023, Under this condition, the 

Hamiltonian can be simplified to: 

H = gpS*R 
For weakly bounded Wannier excitons or polaron pairs, the spin-spin coupling energy is 

negligibly small compared to the Zeernan splitting. The energy levels formed in these 

electron-hole systems can be expressed as 

E = 1/2( kge k gh)P HO (11) 

where the subscripts e and h represent electron and hole respectively, and Ha is the 

magnitude of the applied magnetic field. 

Figure 2.2 shows the energy levels for weakly bound e-h pairs (Wannier excitons) in a 

magnetic field. 

A necessary condition for the observation of a resonance is that the populations of the 

spin sublevels be different off-resonance. When the ground state is the singlet state, only the 

singlet pair configuration of the e-h states can decay radiatively to the ground state. Hence 

the decay of parallel spin states 1 and 4 is slower than that of 2 and 3. Hence off-resonance, 

n2, n3 < nl, IQ. At low enough temperature, the spin-lattice relaxation rates are slower than the 
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Populations 
n2, n3 < n1, n4 

Rates 
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Spins 
0 - 9  P 3  

Magnetic Field ___, 
Figure 2.2. Energy levels for weakly bound e-h pairs in a magnetic field. 

decay rate. Thus this condition is satisfied. When microwave photons with energy 

h~ = g,pH, or h v =  g#Ho (12) 

was zpplied on the sample, they induce a net transfer of population of pairs from states 1 and 

4 to states 2 and 3. The process is called spin mixing, as it tends to equalize the singlet and 

triplet polaron pair configuration populations. 
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IV. Spin-1 Triplet Resonance 

In n-conjugated materials, when a large number of electrons and holes couple to form an 

excited state, if the cross sections for formation of SEs and TEs are the same, only 1/4 will be 

SEs, while the other 34 will be TEs. Unlike the uncorrelated or weakly correlated electron- 

hole system we discussed in spin % resonance, both SEs and TEs are tightly bounded, or 

Frenkel excitons. Thus the spin-spin interaction must be considered. 

In a magnetic field, the Hamiltonian of a pair of interacting spin-1/2 particles is 

H = H ,  + H s s - s  + H ,  

Where H ,  is Zeeman interaction of spins, HsUs is the spin-spin dipole interaction and Hh/. 

is hyperfine interaction between electronic and nuclear dipoles. Note there is a much stronger 

exchange interaction which separates the singlet and triplet state. However, it is the magnetic 

dipole-dipole forces between two unpaired electrons that removes the degeneracy of triplet 

states.16 Here we assume that the molecule is exchsively in the triplet state. 

The systems of interest in n-conjugated polymer and small-molecular materials are 

mostly disordered. As a result, fast exciton diffusion leads to fast sampling of all possible 

hyperfine environments. On the other hand, the triplet resonances detected (“powder 

pattern”) are pretty wide (>200G), so the hyperfine interaction only leads to a slight 

broadening of the triplet resonance. Thus H ,  term can be neglected. 

The general dipole contribution to the Hamiltonian of two spins S I  and SZ is: 

In matrix form, 
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where fi is spin-spin coupling tensor, with its component be 

where the bracket means the average over the spatial part of the wavefunction, p is Bohr 

magneton, i, j, = x, y, z are the coordinates of the relative positions of the two spins. 

The D matrix can be diagonalized, and the new basis determines the principal axis of the 

triplet. 

Since X + Y i- Z =0, only two of the parameters are independent. Choose 

D = - -  32 2 = + ( g p ) 2 ( r 2 - 3 z 2  r s  (1 8) 

E = y-x= 2 - L ( g p ) * ( * )  4 

then the spin-spin interaction Hamiltonian can be written as 

H , , - s z  = D [ S %  - f S ( S  + l)] + E ( S , :  + S:} (1 9) 

D and E are called zero-field splitting (ZFS) parameters and have units of energy. When the 

triplet state is axialiy symmetric, E = 0. When E f 0, the axial symmetry breaks. So E is a 

measurement of the departure from axial symmetry. The axes x, y and z are defined such that 

E is always smaller or equal to D/3, and the z axis is the one split the farthest from the other 

two. The splitting between the X and Y sublevels is 2E. 

The splitting of the TE energy levels in the absence of an external field is shown below. 
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z z 

Figure 2.3, Splitting of triplet energy levels in the absence of an external magnetic field 

Since 

D I f (gp , z ( r -3 )  

it sets an upper limit for the extent of the triplet wavefunction. 

The system’s Hamiltonian The final form of this system’s Hamiltonian now becomes: 

H = gpi L! + D[s; - +S(S +I)] + E(S,; - s;) (22) 

In the cases that the magnetic field H being along the axis of the system, closed form 

solutions for the energy can be obtained. 

The eigenvalues of the spin Hamiltonian depends on both the magnitude of external 

magnetic field Ho and its direction relative to the principal axes of the organic molecule. 

Thus the orientation of the molecule relative to Ho will determine the energies of the triplet 

sublevels. 

Figure 2.4 shows the energies vs. magnetic field diagrams of the three triplet states when 

the field is along one of its three principle axes. 
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The IO> sublevel is the one whose axis is parallel to the applied field. The other two 

sublevels I+l> (and I-l>) are split upwards (downwards) in energy with applied field. 

A and B represent the so-called hll-field transition (I-l> +, IO> or IO> 4 1+1>), while C 

represent half-field transition (I-l> to 1+1>). 

Depending on the orientation of the principal axes of the triplet state relative to the 

magnetic field, the triplet resonance signal will be detected at different fields. When a single 

crystal sample is used, by measuring the positions of the resonance transitions at different 

orientations of the crystal with respect to magnetic field, the ZFS parameters can be 

detekmined. 

z 
Y x 

>r m 
Q) 
G 
111 

Lr 

-H+ 

Figure 2.4. Energies of triplet levels for a magnetic field I& aligned with each of the three 

principal axes. 
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Powder patterns 

For triplets in polycrystalline or amorphous samples, a “powder pattern” is formed 

due to the random orientation of the principal axes of the TEs with respect to 

the applied field Ho. In OLEDs, all the organic material is in the amorphous state, thus a 

“powder pattern” is expected. While the analyskis somewhat more complex than for a single 

crystal, it is not difficult to extract the ZFS parameters D and E from a powder pattern. 

Powder patterns are determined by first finding the resonant magnetic field H, at which 

the absorption of microwaves occur; &(n, 4 ) is a function of the polar angle 0 (n = cos 0) 

and the azimuthal angle q5+ 

Detailed theoretical treatment of triplet powder patterns can be found in L.S. Swanson’s 

thesis. The simplest case is when E = 0, in which the resonance field is independent of 6. The 

probability of finding HO at angle 0 is proportional to sin 19 d 0 = -dn. The intensity of 

absorption at HO = H is then: 

where H = H(n) has been inverted to n = n(H) and A(H, n)  is the transition probability. 

In general, the full-field powder pattern due to the Ams= -t-l transitions has the following 

critical points: 

singularities at H= Ho 5 ( D-3 E >/ 2 g p 

and steps at 

where HO = h v/ g p. 

H= Ho+ D/g p 
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The half-field powder pattern due to the Ams= -1-2 transitions are much narrower since it is 

dependent on D and E in second order only. The half-field powder pattern has the following 

two critical points: 

A singularity at 

(27) 

and a shoulder at 

The following are two typical simulations of full field (g - 2, Figure 2.5) and half field (g 

- 4, Figure 2.6) PLDMR triplet powder patterns by Swanson. In Figure 2.5, D = 520 G, E = 

0, and Figure 2.6, D = 602 G, E = 0. 

V. Frequency resohed ODMR (FR-ODMR) 

In the CW mode ODMR, frequency resolved technique can be used to get usefhl 

information about the lifetimes of the species responsible for the ODMR. The method is 

simple as setting the magnetic field on resonance and simply varying the microwave 

chopping frequency vc. The dependence of ODMR on Y, then yields the Iifetime(s). 

FR-ODMR has been applied to study the kinetics of radiative recombination.I8 It is a 

phase shift spectroscopy technique in which the phase shift between the microwave pulse and 

the resonant change of the luminescence (PL or EL) is measured to deduce the time constants 

of processes contributing to the recombination. Under resonance conditions, by varying the 

modulation frequency of the microwave power, the in-phase and out-of-phase (quadrature) 

output signals of the lock-in detector are measured. 
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Following Depinna et al., for a sine-shaped modulation of the excitation, the lock-in in- 

phase output signal is: 
1 

X ( 0 , z )  = Y o  1 

1 + ( W X  

The lock-in quadrature output signal is: 
wz Y ( w , z )  = v, 

1 -t ( U T  ) 2  

The total output signal then has a form 

In all these expressions, 7 is the lifetime and w is the chopping frequency of the 

microwaves. As can be seen, the quadrature signal reaches its maximum when UT = 1, which 

can be used to derive the lifetime of the process. This is the simplest form of FR-ODMR. 

However, it is problematic if the resonance involves two or more processes with different 

lifetimes. On the other hand, fitting the resonance magnitude S(w7) vs. w curve to Eq. (3 1) 

aIso commonly used. If the process involves is more than one lifetime, the observed behavior 

is fitted to the sum of two Lorenzians, each given by Eq. (3 1). 

VI, Description of ODMR Experimental Apparatus 

All ODMR spectra shown in this thesis were obtained using an ODMR spectrometer 

modified from an ESR system. The system detects the microwave-induced change in an 

optical transition vs. the \applied magnetic field, 

In this scheme, when using single crystal samples, the zero-field splitting (ZFS) 

parameters can be precisely determined. When polycrystalline or amorphous samples (as in 

all materials in OLEDs), the analysis of triplet powder patterns can also provide the ZFS 

parameters. 
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Zero-field ODMR 

Zero-field ODMR does not require external magnetic field. In this technique, the 

microwave frequency is swept through a resonance condition, which occurs at the frequency 

equal to the zero-field splitting between the magnetic sublevels. Since the field is zero, it 

does not yield a powder pattern for random orientation of triplets. However, it cannot be used 

to study paramagnetic species with no zero-field splitting. 

In electroluminescence (EL)-detected magnetic resonance (ELDMR) spectroscopy of 

OLEDs, the EL of the OLEDs is focused by lenses to an appropriate photodiode (with gain 

up to -lo6). The change of the EL is monitored by a lock-in detector, which allows one to 

detect signals with very low signaVnoise ratio ( S N R ) .  When a specific wavelength range is of 

particular interest, optical filters or a monochrorneter can be used to detect signals within that 

band. In this thesis, the ELDMR of a phosphorescent dye (PtOEP) lightly doped into Alq3, 

which yields both PtOEP and Alq3 emission, was obtained by using a red and a green filter, 

respectively. 

ODMR signals are normally very small, requiring lock-in detection. The output of the 

silicon photodiode which monitors the EL is therefore fed into the input of a lock-in 

amplifier and the signal is referenced to the amplitude modulation frequency. To detect an 

ODMR, the period of the modulation frequency should be long compared with the spin- 

lattice relaxation time (TI). 3 y  increasing the modulation fi-equency, the spin polarization is 

artificially limited, and this phenomena can be used to detect the lifetime of the species of 

interest (FR-ODMR). 
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Figure 7 is a schematic of the ODMR spectrometer used in this study. Most of the 

measurements were ELDMR. In PLDMR, visible excitaiton is provided by an argon ion laser 

(Ar+). A proper filter is used to block the laser light from entering the detector. 

The system is mainly made of two sub-systems. 

1. Microwave system: X-band microwaves were generated at -9.45 GHz by a Gum 

diode oscillator. The microwave amplitude is controlled by a calibrated attenuator and 

modulated by a pin-switch diode. The microwaves are amplified by a solid state linear 

amplifier, to up to 1400 mW. The coupling of the high-Q microwave cavity was done by 

adjustment of both the microwave frequency and a coupling screw at the cavity inlet. 

2. Cryostat system: OLED samples were inserted into an Oxford Instruments continuous 

helium gas flow cryostat. The cryostat was made of quartz to avoid absorption of 

microwaves and centered in a high-Q TE mode microwave cavity. The temperature control 

was achieved by adjusting the helium flow rate and then using a temperature controller, in 

which a built-in heater is used to stablize the temperature to with in -0.K. The achievable 

temperature range is between -5R to 300R. 

In the ODMR measurement of OLEDs, the OLED is mounted on a sample holder rod 

made of Teflon. The sample holder is sealed onto a quartz tube. Two thin copper wires were 

connected to the electrodes of the OLED pass through the quartz tube and are connected the 

Kepco power supply. The current through the OLED is read from a Keithley 2000 

multimeter. 
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Figure 2.7. Schematic diagram of ODMR spectrometer used in this study, Set for ELDMR 

measurements. 
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VIL Description of Dissertation organization 

This dissertation consists of six chapters. The first two chapters are introduction of 

OLEDs and ODMR, respectively. In Chapter 3, the first magnetic resonance studies of tris- 

(8-hydroxyquinoline) Aluminum (Alq3)-based fluorescent OLEDs are described. EL-, PL- 

and EDMR techniques were used to study Alq3 film and devices with different buffer layer 

between Alq3 and AI cathode. Chapter 4 describes the ELDMR studies of Plantiurn octaethyl 

porphyrin (PtOEP) doped Alq3 -based phosphorescent OLEDs. Devices with 4 different 

concentrations (1,3,6, and 20 wt-%) and one no dopping devices were studied. A general 

conclusion chapter summarizes the content in this dissertation. 
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Abstract 

Electroluminescence (EL)-, electrically, and photoluminescence (PL)-detected magnetic 

resonance studies of tris-( 8-hydroxyquinoline) aluminum (Alq3)-based organic light-emitting 

devices (OLEDs) and films are described. At Iow temperatures, a spin-1/2 resonance 

enhances the current density J,  the EL intensity IEL, and the PL intensity Ipr. (AUJ, MELIIEL, 

and b l p ~ / I p ~  > 0). AVJ and ME&L are insensitive to the nature of the Alq&athode interface. 

They weaken with increasing T and become unobservable above 60 R. MpdIp~ also 

decreases with T, but more slowly, and it is still observable at 250 K. The resonance is 

attributed to either of two mechanisms: (i) The reduction of singlet exciton (SE) quenching 

by a reduced population of polarons in the bulk of the Alq3 layer, and/or (ii) the enhanced 

formation of SEs at the expense of triplet excitons (TEs). These assignments are discussed in 

relation to the yield of SEs and TEs in OLEDs in general and in Alq3-based devices in 

particular. 

At T = 60 K, another spin-1/2 resonance, which reduces both J and IEL (but is 

unobservable in the PL), emerges and grows with increasing T. This negative J and EL- 
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detected resonance is sensitive to the buffer layer between AIq3 and the cathode, and is 

attributed to magnetic resonance enhancement of the spin-dependent formatjon of negative 

spinless bipolarons from spin-1/2 negative polarons at the organic/cathode interface. Its 

behavior provides insight into the nature of this interface and the interface’s strong impact on 

the device properties. In particular, the increase in the negative charge density at this 

interface, and the resulting increase in the field throughout the organic layers by this negative 

sheet of charge, which increases the field-induced SE dissociation rate, are in quantitati-de 

agreement with the behavior of this negative resonance. 

. 

PACS NOS. 85.65.+h7 85.60.-qY 85.30.-~, 76.90.+d 

I. Introduction 

Organic light-emitting devices (OLEDs) have drawn extensive attention since 

electroluminescence (EL) was observed from devices based on tris-(8-hydroxy quinoline) A1 

(Alq3)‘ and poly@ara-phenylene vinylene) (PPV)2. The brightness, efficiency, and lifetime 

of OLEDs have increased dramatically over the past decade. However, with the exception of 

OLEDs using phosphorescent dopants3, the external EL quantum efficiency qaf remains 

stubbornly capped at -5%. This cap has been attributed to the product of the maximum . 

formation efficiency of singlet excitons (SEs) fi-om nongeminate polaron recombination VSE 

= 25%4 and the outcoupling efficiency of the emission to the front face of the device y =  

1/(2n2) - U6, where n - 1.7 is the refractive index of the Substrate4. Recent.theoreti~a1’~~ and 

experimental718 studies imply that ~ J S E  could be as high as 60% and y =  l/n2 - 1/3 4, so the 

maximal qat could be as high as -20%, However, the experimental evidence for the high 

values of VSE is either model-dependent7 or restricted to polymers containing Pt in their 

backbone ’. 
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Nonradiative SE quenching processes such as electric-field induced SE dissociationg, 

energy transfer to the electrodes", and quenching by polarons I '  and triplet excitons (TEs) 12, 

could contribute significantly to the large gap between the observed and theoretical qar. 

Since the dynamics of polarons and TEs are spin-dependent, it is not surprising that magnetic 

resonance spectroscopy has proven to be a powerful too1 in studying the physics of these 

materials and devices . These studies have provided direct evidence for the presence of 

long-lived polarons and triplet excitons in both photoexcited films and biased OLEDs, and 

they have been used to explore the interactions of these excitations with SEs. 

7,11-18 

This paper describes EL- and electrically (ie, current density a-detected magnetic 

resonance (ELDMR and EDMR, respectively) studies of NYN'-diphenyl-N,N'-bis(3- 

methylpheny1)-( 1, I '-biphenyl)-4,4'-diamine (TPD)/Alq3 OLEDs, as well as the 

photoluminescence (PL)-detected magnetic resonance (PLDMR) of Alq3 films. The 

measurements yield a positive (i.e., EL-, 3-, and PL-enhancing) spin-1/2 resonance at low 

temperatures, which is due either to reduced quenching of SEs by a reduced population of 

 polaron^'^ or to enhanced formation of SEs at the expense of TEs7>'*. However, the latter 

assignment implies that the $E yield in Alq3 OLEDs is greater than 25%, which is contrary to 

previous conclusions 7,8y20121. Besides this low-temperature positive spin- 1/2 resonance, a 

high-temperature negative spin-1/2 ELDMR and EDMR (but no negative PLDMR) is also 

observed. It is concluded to result from the spin-dependent formation of negative spinless 

bipolarons from spin-1/2 polaronslg at the Alq3/cathode interface, as it is highly sensitive to 

the presence and nature of the buffer layer between the Alq3 and the cathode. Formation of 

bipolarons at the organic/cathode interface increases the areal density of charge at that 

interface. Since the active area of the devices is -20 m2 but the total thickness of the 
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organic layers i s  only -100 nm, an increase in the areal charge density at the organic/cathode 

interface increases the electric field by a uniform amount everywhere in the device. In 

particular, it also increases the electric field in the recombination zone, which is adjacent to 

the TPD/AIq3 interface. This increase in the electric field increases the field-induced 

dissociation of SEs and results in reduced EL. Indeed, several theoretical studies have 

predicted that a high density of negative bipolarons forms at the organiclcathode interface22- 

24, and UV and X-ray photoelectron spectroscopy measurements have confirmed their 

presence 25p26. 

11. Experimental Methods 

The OLEDs consisted of an indium tin oxide (ITO) anode, a 15 nm-thick copper 

phthalocyanine (CuPc) hole-injection layer, a 25 nm-thick TPD hobtransport layer, and a 40 

27-29 nm-thick emissive Alq3 layer. A -1 nm-thick CsF or -3 nm-thick AIO, buffer layer3’ was 

evaporated on top of the Alq3 layer, followed by evaporation of the AI cathode, The chemical 

structures of CuPc, TPD, and Alq3 are shown in Fig. 1 and the device structure is shown in 

the inset of Fig. 2(a). 

The OLEDs were fabricated by thermal vacuum evaporation in a torr vacuum 

chamber installed in an argon-filled glove box, typically containing -0.5 ppm oxygen and 

water. Prior to deposition of the organic layers, the IT0 coated glass was thoroughly cleaned 

as described elsewhere 30831. The deposition rates were monitored by a Maxtek TM-100 

thickness monitor. The organic layers were deposited at -2 h e c .  The CsF was deposited 

similarly at -0.1 &s. The A10, layer was fabricated by depositing a -15 A layer of Al, 

followed by 5 min exposure to air. The OLEDs had an active area of-0.2 cm2. 
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The magnetic resonance spectra were measured by placing an OLED or an AIq3 film in 

an optically accessible microwave cavity between the pole pieces of a DC electromagnet, as 

. Changes in the EL intensity (ELDMR), current density J described previously 

(EDMR), or PL (PLDMR) were measured by lock-in detection of the changes in the EL, J,  or 

PL induced by the microwaves, which were chopped at 500 Hz. For the changes in the EL 

and J,  the microwave power wa9 360 mW at 9.45 GHz; for the changes in the PL, it was 8 11 

mW at 9.34 GHz. Magnetic resonance conditions occur when the Zeeman splitting between 

two spin sublevels equals the microwave photon energy 

11-15,17 

h v= gPH, (1) 

where hv is the microwave photon energy, g is the gyromagnetic ratio, ,D is the Bohr 

magneton, and H is the magnetic field strength 32, Magnetic resonance conditions equalize 

the populations of the spin sublevels, which in turn affects the populations of the excited 

states32. 

111. Results 

Fig. 2(a) shows the room-temperature current density-voltage J( y) characteristics of CsF- 

and A10,-buffered OLEDs. Both devices show rectifying behavior; the behavior of the EL- 

voltage curve I&') was similar. Note that the buffer layer has a dramatic effect on J(y) .  The 

Al0,-buffered device requires roughly 2 V higher bias than the CsF-buffered device to 

achieve the same current density. The buffer layer also affects the EL efficiency, as shown in 

Fig. 2(b). The peak efficiency of the CsF-buffered OLED is more than double that of the 

AI0,-buffered devices. The efficiency of  both devices decreases at higher bias, owing to 
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increasing quenching by the electric field and, possibly, quenching of SEs by polarons, either 

free or trapped. 

Fig. 3 shows the spin-1/2 ELDMR spectra of (a) A10,- and (b) CsF-buffered OLEDs at 

temperatures ftom 15 to 295 K. Both devices have a positive (EL-enhancing) resonance 

below 60 K that decreases in amplitude with increasing temperature and a negative (EL- 

quenching) resonance that becomes evident at T = 60 K and increases in amplitude with 

increasing temperature. The enhancing and quenching resonances have similar g values, 

though the linewidths are different. This can be seen in the 60 K ELDMR of the A10, device, 

which contains both positive and negative resonances. While the amplitude [ N ~ I E L I  of the 

positive resonance is similar in the two types of devices, the negative resonance is much 

weaker in the CsF-buffered devices. 

Fig. 4 shows the dependence of the ELDMR amplitude ]AWIELI on J. The behavior of 

the amplitude of the quenching resonance differs qualitatively from that of the enhancing 

resonance and between the two devices. In the CsF-buffered OLEDs, it decreases with 

increasing J as whereas in the Al0,-buffered devices it increases from 2 . 2 ~ 1 0 ~ ~  at 0.5 

d c m 2  to 2 . 9 ~ 1 0 ~  at 7 mA/cm2. In contrast to the positive resonance, the negative 

resonance increases with increasing temperature. 

Fig. 5 shows the spin-1/2 PLDMR spectrum of an Alq3 film at several temperatures. The 

resonance is positive ( A I d 1 p ~  > 0) and its amplitude decreases from 9.1 x 1 0-5 at T = 10 K to 

2.4~10-~  at T = 250 K. This decrease with increasing T is much more moderate than that of 

the positive ELDMR AIELIILL. It is suspected that the positive ELDMR decreases much more 

rapidly due to overlap with the negative resonance, The similarity between the behavior of 
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the positive ELDMR and PLDMR leads us to assign the positive resonance to enhanced 

polaron recombination under magnetic resonance conditions. This mechanism requires the 

presence of both positive and negative polarons, which occurs only in the bulk of an OLED 

under operation. 

Fig. 6 shows the laser power-dependence of the spin-1/2 PLDMR of the Alq3 film. As 

clearly seen, at low power AIpLIIpL depends linearly on the power, but it saturates to a 

sublinear behavior at high power. This behavior is qualitatively similar to that of the positive 

spin-1/2 PLDMR of various oligomers and polymers studied to date I1,13,17,18 

Fig. 7 shows the spin-1/2 EDMR spectra of both CsF- and Al0,-buffered OLEDs from 

15 to 295 K. Similar to the ELDMR, the EDMR is positive (J-enhancing) below 60 K and 

negative (J-quenching) above 60 K. 

The distinct behavior of the positive and negative resonances suggests different origins. 

In turning to the discussion of these resonances, we consequently treat each resonance 

separately. 

IV. Discussion 

IVla). The Positive Spin-1/2 Resonance. 

In both devices, the amplitude of the positive spin-112 ELDMR decreases rapidly with 

temperature and increases sublinearly with current density. This behavior is similar to the 

temperature- and laser power-dependence of the positive spin- 1/2 PLDMR amplitude of 

various x-conjugated polymers [ 1 1,13,17,18 J. In all previous studies, this resonance was 

attributed to magnetic resonance enhancement of the overall polaron recombination rate. This 

enhancement of the overall polaron recombination rate is confirmed by several photoinduced 
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absorption (PA)-detected magnetic resonance (PADMR) measurements, which demonstrated 

that the overall polaron population decreases at resonance 7i1'~16~38i21. 

One scenario that has been proposed for the origin of the positive spin-1/2 resonance is 

based on the assumption that the enhanced polaron recombination is due to the difference 

between the cross section for SE formation from singlet polaron pairs  as^ and TE formation 

. In that scenario, USE > DE. Hence, off-resonance, the from triplet polaron pairs OTE 

population of nongeminate singlet polaron pairs ~ S P P  is depleted relative to the population of 

nongeminate triplet polaron pairs n p p .  On resonance, n p p  increases at the expense of IzTpp, 

and the PL increases. Wohlgenannt et al. have shown that in several polymers the excitation 

7,8,18.21 

power-dependence of this resonance is in good agreement with a model based on this 

scenario Yet if this scenario is the origin of the resonance in Alg,  it implies that in this 

material USE > c r ~ ~  and the yield of SEs in Alq3-based OLEDs is greater than 25%. This 

conclusion is contrary to that of several previous studies 7,8,18,2 I 

Another scenario that has been proposed for the origin of the positive spin-1/2 resonance 

. At resonance a is based on the well-known evidence that polarons quench SEs 

reduced polaron population reduces the SE quenching rate, thereby increasing the emission. 

11,17,33,34 

List et al. have shown that in oligophenylenes and methyl-bridged ladder-type poly@- 

phenylenes) the excitation power dependence of the resonance is in good agreement with a 

rate equation model based on this scenario I .  

IV(b). The Negative Spin-1/2 Resonance. 

As mentioned above, the J-dependence of the amplitude of the quenching resonance (Fig. 

4) differs qualitatively from that of the enhancing resonance and between the two devices. In 
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the CsF-buffered OLEDs, it decreases with increasing current as SOa4, whereas in the A10,- 

buffered devices it increases moderately with J ,  from 2 . 2 ~ 1 0 ~  at 0.5 &cm2 to 2*9x104 at 7 

mA/cm2. In contrast to the positive resonance, the amplitude of the quenching resonance 

increases with temperature. 

There are two nonradiative species that can be generated fiom polaron recombination: 

Spin-1 TEs and spinless bipolarons. Resonant enhancement of TE formation at the expense 

of SEs would reduce the EL intensity. However, it has been shown that the TE population 

. Furthermore, this process would not affect decreases at the spin 112 resonance field 

the current density in the device and hence the EDMR spectrum should contain only a 

positive resonance. However, as mentioned above, Fig. 8 shows that similar to the ELDMR, 

the EDMR is positive (J-enhancing) below 60 K and a negative (J-quenching) above 60 K. 

Hence, enhanced triplet formation cannot account for the negative spin- 1/2 resonance. 

7.1 1,16,18,21 

The observation of negative EL- and J-detected spin- 1/2 resonances is, however, entirely 

consistent with bipolaron formation. Several theoretical studies have suggested that a high 

density of negative bipolarons -- indeed a bipolaron lattice -- may be generated to form a 

dipole layer at the organic/metal cathode interface of OLEDs . W and X-ray 

photoelectron spectroscopy (UPS and X P S ,  respectively) studies have confirmed the 

presence of bipolarons at the interface 25t2G. Furthermore, there is direct experimental 

evidence for enhanced bipolaron formation under magnetic resonance conditions in both 

small molecules and polymers 35t36, 

22-24 

The mobility of bipolarons should be much lower than that of polarons in. Hence, the 

negative ELDMR and EDMR signals are correlated with one another. We therefore conclude 

that the EL- and J-quenching resonances are due to the spin-dependent formation of spinless 
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bipolarons; their strong dependence on the buffer layer demonstrates that these bipolarons are 

located at the organidcathode interface. Since the positive charge density is very low near 

the cathode, the resonance is assigned to the enhanced formation of negative bipolarons at 

this interface. 

The negative ELDMR cannot be due to direct quenching of SEs by bipoIarons since the 

recombination zone lies on the Alq3 side of the TPD/AIq3 interface while the bipolarons must 

be located at the Alq&athode interface. Likewise, relatively few positive polarons will reach 

the counter electrode and be quenched. We propose that the quenching ELDMR is due to the 

enhanced electric field generated throughout the organic layers by the enhanced charge layer 

at the Alq3/cathode interface. Kalinowski et al. have previously shown that the EL external 

quantum yield of the EL 

~ v / c r n ~ ~ .  

in TPD/Alq3 OLEDs decreases above an electric field of 0.75 

The effect of bipolaron formation and consequent enhanced negative charge density at 

the Alq3/cathode interface on the EL (which results in the negative ELDMR) can be 

estimated from the magnitude of the EDMR signal. The generation rate of bipolarons is G = 

vBd/et, where q ~ p  is the ffaction of current that is trapped to form biplarons, e is the electron 

charge, and t is the thickness of the charge layer. The current density in the Al0,-buffered 

devices is 40 rnA/cm2, the EDMR signal gives the fractional change in trapped charge AJ/3 = 

5x104, and we assume t - 2.5 nm. Hence G = 5x102' ~rn-~sec-'. The steady state density of 

trapped charge is n = Gz, where z is the bipolaron lifetime. Bipolaron lifetimes in molecular 

semiconductors are typically - lo4 sec 38. The trapped charge density is therefore of 

order 5x10'' 5 n I 5 ~ 1 0 ' ~  crK3 and the associated electric field lo3 I F = dj~g = net/@ 5 lo4 
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V/cm. Assuming a built-in potential of 2.5 V, the electric field in the active layer of the 

Al0,-buffered OLED should be -1 MV/cm, sufficient for field quenching of the EL. The 

magnetic resonance-induced electric field modulation of lo3 - IO4 V/cm will reduce qat by 

0.25% - 2.5%, in excellent agreement with the behavior of the room temperature ELDMR 

(Figs. 3 and 4). The behavior of the CsF-buffered OLEDs shows a similar correlation 

between the ELDMR and EDMR spectra. 

The bipolaron model also explains the J-dependence of the Lorentzian linewidth M~Q 

and IAIELI-IELI. Fig. 8 shows that in the CsF-buffered devices, A H I / ~  x 22 G, almost 

independent of J.  In contrast, in the Al0,-buffered OLEDs, it increases from -23 G at low J 

to -34 G at J=7.5 mlvcm2. The dipolar broadening contribution to A H ~ Q  can provide an 

estimate o f  the average distance d between polarons32. A residual linewidth of -15 G.was 

estimated from measurements on similar OLEDs with no intentional buffer layer and is 

attributed to mechanisms other than dipolar broadening (e.g., hyperfine interaction between 

.the polarons and protons in Alq3) 32. Taking into account the residual linewidth, d I.. 1 nm in 

the CsF-buffered devices. In the Al0,-buffered OLEDs, it decreases from -1,O nm to -0.8 

nm as J increases to 7.5 mAlcm2. Since bipolarons require a counterion for stabilization 39740, 

the model implies that the density of counterions is much higher in AI0,-buffered devices. 

Previous SEM and X P S  measurements on the Al0,-buffered devices revealed pinholes and a 

very high carbon content in the buffer region4', Other UPS and X P S  studies have 

demonstrated a strong reaction between AI metal and Alq342. This issue clearly deserves 

additional attention. 
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The decrease of IA&L/IELI with increasing J in CsF-buffered devices implies that the 

density of bipolarons reaches its maximal value at low J. As J increases, the formation of 

bipolarons becomes less spin-dependent and ]AIEL/IEL] consequently decreases. This behavior 

and scenario are consistent with previous studies of poly@-phenylene vinylene) OLEDs 15. 

The bipolaron model also explains the temperature dependence of the quenching 

ELDMR. Since there is a Coulomb barrier to form bipolarons from polaron pairs, increasing 

T enhances their formation, so IMEJIELI increases. Fig. 9 shows log(lATEL/IELI) vs. 1000/T for 

the AI0,-buffered devices. The behavior above T = 1.00 K yields an activation energy of 1 1.6 

meV. The results deviate from the straight line below for T = 100 K due to overlap of the 

positive and negative resonance. 

The foregoing results and analysis demonstrate the importance of the buffer layer in 

determining the behavior of the OLEDs. The observation of the negative resonance in 

OLEDs with a CsF buffer layer demonstrates that further improvement in buffer layers is 

possible and desirable. 

V. Summary and Concluding Remarks 

In conclusion, the spin-1/2 ELDMR and EDMR of Alq3-based OLEDs with thin CsF or 

AIO, buffer layers between the Alq3 and the AI cathode is positive (EL- and current- 

enhancing) below 60 K and negative (EL-quenching) above 60 K. The positive resonance is 

attributed to enhanced recombination of polarons in the recombination zone. The negative 

resonance was shown to result from magnetic resonance enhancement of formation of 

negative spinless bipolarons at the organic/cathode interface. The increased charge density at 

the injecting electrode increases the internal electric field within the device, reducing the 
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radiative yield. This increased charge density also reduces current injection, reducing device 

efficiency and increasing the operating bias. Thus, the superior performance of the CsF- 

buffered OLEDs relative to the Al0,-buffered devices may be due to a reduced negative 

charge density at the organic/cathode interface, which should result in a smaller barrier for 

electron injection from the cathode. 
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Figures 

Fig. 1. Molecular structures of (a) tris-(8-hydroxy quinoline) Al (Alq), (b) copper 

phthalocya-nine (CuPc), and (c) N,N'-diphenyl-NyN'-bis(3-methylpbenyl)-( 1 , 1'-bipheny1)- 

4,4'-diamine (TPD). 
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Fig. 2. The room-temperature (a) current density-voltage and (b) EL quantum efficiency 

(ELQE) of OLEDs with CsF buffer layers (open circles) and A10, buffer layers (solid 

squares) vs. the bias voltage V, Inset: The structure of the OLEDs. 
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Fig. 3. The spin-1/2 ELDMR spectra of OLEDs with (a) A10, and (b) CsF buffer layers, at 

15 I 7% 295 K. 
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Fig. 6. Laser power-dependence of the PLDMR of an Alq3 film at 20 K. The slope of the 

straight line is 1. 
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Fig. 7. The spin-1/2 EDMR spectra of OLEDs with (a) A10, and (b) CsF buffer layers, at 15 

2 T I  295 R. 
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Fig. 8. The full-width-at-half-maximum linewidth AHUZ of the negative ELDMR at 295K vs. 

injected current density J in Al0,-buffered OLEDs (solid squares) and CsF-buffered OLEDs 

(open circles). 
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Fig. 9. The amplitude ~ A I ~ I E L I  of the negative ELDMR vs 1000/T in the Al0,-buffered 

OLEDs. The slope of the dashed line yields an activation energy of 1 1.6 meV. 
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Abstract 

The electroluminescence (EL)-detected magnetic resonance (ELDMR) of 0, 1, 3, 6,  and 

20 w.% Pt octaethyl porphyrin (Pt0EP)-doped tris(A1-8-hydroxyquinolinate) (Ale) based 

phosphorescent multilayer organic light-emitting devices (OLEDs) is described. In 1 wt.% 

PtOEP-doped devices, the ELDMR from the PtOEP and Alq3 emission are both very similar 

to that of undoped devices: They exhibit a positive (EL-enhancing) spin-1/2 polaron 

resonance at 10 5 T I 50 K, whose magnitude MEJIEL increases with current and weakens 

with increasing T, and a negative (EL-quenching) resonance at 50 K 5 T, which grows with T. 

At 295K, ~&./.IEL[ decreases with current. The enhancing resonance is attributed to the 

magnetic-resonance reduction of singlet exciton (SE) quenching by a reduced population of 

polarons. The quenching resonance is attributed to magnetic resonance enhancement 

formation o f  dianions at the organic/cathode interface. Both the enhancing and quenching 

resonances weaken as the PtOEP concentration increases; at 6 wt.%, the enhancing resonance 

is undetectable and the quenching resonance is very weak (lAk,/1~~1 - 2 ~ l O - ~ ) .  The results 
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can be explained by assuming that the ELDMR of the guest emission is due to the effect of 

magnetic resonance conditions on the host SEs. A rate equation model is established to . 

explain the evolution of the ELDMR with dye concentration. In the 20 wt.%-doped devices, 

the spin-1/2 polaron resonance is quenching at all T and IAIEJIEL[, and the resonance 

linewidth, decrease with increasing T; ~A~ELIIELI is weakly current-dependent at both 20 K and 

295 K. This behavior is consistent with the dianion model, if the dianion density decreases 

with increasing T, 

PACS Nos. X5.65.+h7 85.60.-q, 85.30.-2, 76,90.+d 

I, Introduction 
The report on bright green electroluminescence (EL) from a bilayer device based on tris- 

(8-hydroxy quinoline) A1 (Alq3)' spawned extensive studies on organic light emitting devices 

(OLEDs), both small molecule-'72 and p~lymer-based.~~~ Extensive efforts have resulted in 

dramatic improvements in the brightness, efficiency, and lifetime of these devices. Doping 

the emitting layer with a guest molecule is one of the most effective approaches to improve 

device efficiency (as quantified by the external quantum efficienty qal) and lifetime. While 

doping with fluorescent dye restricts the internal quantum efficiency qi,it to 25%; doping 

with a phosphorescent dye removes that rest~iction.~-~ The phosphorescent dyes incorporate a 

heavy metal atom, usually Pt or Ir, to enhance the spin-orbital interaction. Indeed, devices 

doped with Pt octaethyl porphyrin (PtOEP) and fac tris(2-phenylpyridine) iridium [Ir(ppy)3] 

have achieved qaf = 9%" and 19.2%," respectively. In principle, both fluorescence- and 

phorsphorescence-based EL are due to the radiative decay of excitons generated by 
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recombination of electrons and holes injected from the electrodes in the emitting layer. This 

recombination and other processes involving the spin 112 negative and positive polarons (p- 

andp+, respectively), into which the holes and electrons convert upon injection, are spin- 

dependent. Hence, various optically-detected magnetic resonance (ODMR) measurements 

such as photoluminescence (PL)-, EL- and electrically- (i.e., current-) detected magnetic 

resonance (PLDMR, ELDMR, and EDMR, respectively) have proven to be powerful tools in 

elucidating the photophysics of luminescent n-conjugated materials and OLEDs. 12-33 This 

paper describes an ELDMR study of PtOEP-doped AIq3-based phosphorescent OLEDs, 

In poly@-phenylene vinylene) (PPV)- and poly@-phenylene ethynylene) (PPE)-based 

OLEDs, the ELDMR and EDMR included narrow negative (Le., current- and EL-quenching) 

and positive (i.e., current-enhancing and EL-enhancing) spin-1/2 polaron resonances, and 

The positive spin- 1/2 ELDMR 13,16-18,21,23-27 half-field positive and negative triplet resonances. 

was attributed to the reduction in the population of polarons at the field-for-resonance, and 

consequent reduced quenching of singlet excitons (SEs) by polarons (see Sec. 111 below)?3 

The negative spin-1/2 resonance was attributed to the enhanced spin-dependent formation of 

13,16,17,23 positive or negative spinless bipolarons (bp* and bp-, respectively). 

In Alqs-based small molecular OLEDs, a positive spin-112 ELDMR is observable at T I 

60 K and a negative spln-1/2 ELDMR, whose magnitude /MEL/IELI increases with T, is 

observed at T 2 60 K. IM~IELI  and the current (&dependence of the room temperature 

quenching ELDMR are found to be strongly dependent on the organidcathode buffer layer. 

A positive half-field triplet exciton (TE) resonance is also observed?4. 35 These results 

suggest that dianions formed at the orgstnic/cathode interface and identified by several other 

~tudies,3~”’ are responsible for the negative spin- 1/2 EDMR and ELDMR. 
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The current ELDMR study of PtOEP-doped Alg-based OLEDs provides evidence that 

the quenching of guest TEs by polarons and the sheet of charge at the organic-metal interface 

is negligible compared to the quenching of host SEs by these charges: The negative (EL- 

quenching) ELDMR of the phosphorescence is shown to be due to the quenching of source 

host SEs, which would otherwise transfer their energy to the guest TEs. A rate equation 

model, which provides a quantitative assessment of this process, is described. 

As the PtOEP concentration is increased, the polaron resonance becomes quenching at 

both 20 K and 295 K. Both the magnitude and the linewidth of the quenching resonance 

decreased as temperature increases. This agrees well with dianion model if the dianion 

density at low temperature is higher than room 'temperature. Higher dianion concentration 

will lead to linewidth broadening. 

11. Experimental Procedure 

The structure of the devices used in this study was [indium tin oxide (ITO)]/[5 m copper 

phthalocyanine (CuPc)]/[SO nm 4,4'-Bis(( 1 -naphthyl)-pheny1amino)- 1,l '-biphenyl (a- 

NPD)]/[40 m x% PtOEP:Alq# 10 nm Alq3 ]/[ 1 m CsFIIAl, x = 0, I, 3, 6 and 20 wt.% (see 

Fig. 1). The CsF buffer layer improves electron injection and device efficiency 

drarnati~ally.~~ 

The devices were fabricated in a torr vacuum chamber, which is installed in a pure 

Ar-filled glove box, typically containing <I ppm oxygen. Prior to deposition of the organic 

layers, the ITO-coated glass was thoroughly cleaned by detergent, distilled water, 

isoproponol, and acetone, and blown-dry with Ar. The deposition rates were monitored by a 

Maxtek TM-100 thickness monitor. The organic materials were deposited at -1.0 &s by 
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thermal vacuum evaporation. PtOEP and A l e  were codeposited and the deposition rates 

were carefully monitored to obtain the desired PtOEP concentration. The CsF and AI cathode 

were deposited at -0.1 and -4.5 us, respectively. The active area of the OLED, defined by 

the overlap of the IT0 and AI electrodes, was -20 mm2. 

The ODMR system used in this study was described pre~iously.13i16’21~z3~z5~26 The OLED 

was inserted into the quartz dewar of an Oxford Instruments Helium gas flow cryostat; the 

quartz dewar is inserted into an optically accessible X-band cavity. Bias is applied to the 

OLED and the EL is collected by a Si photodiode. The ELDMR was measured by lock-in 

detection of the changes in the EL induced by the -9.45 GHz microwaves chopped at 100 Hz 

and amplified to -360 mW. 

111. Results and Discussion 

Figure 1 shows the device structure and emission spectra of the 1 wt.%-doped device. In 

this lightly doped device, both the host and guest emission bands are clear seen. 

111.1. The Negative and Positive Spin 1/2 ELDMRs 

Figure 2 shows the spin 1/2 ELDMR at various levels of the injected current J at (a) T = 

15 K and (b) 295 K of the PtOEP red emission in a 1 wt.%-doped device. At 15K, as J 

increases, the magnitude of the positive resonance INEL/IELI increases, approximately as J0*5, 

indicating a bimolecular process.32 At 295K, the resonance is quenching and IAIEL/IEL] 

decreases as J increases, Both the low- and high-temperature resonances behave similar to 

that of Ale-based fluorescent OLEDs with a CsF buffer layer?3134 
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The behavior of the high-temperature negative ELDMR is similar to its behavior in 

undoped Alq3 OLEDs and it is consequently attributed to the same mechanism, namely 

t magnetic resonance enhanced formation of dianions at the organidcathode in t e r f a~e .3~’~~  

The g-value, linewidth, temperature dependence, and current dependence of the low- 

temperature positive ELDMR are similar to the g-value, linewidth, temperature dependence, 

The and laser power-dependence of the positive PLDMR of .n-conjugated polymers. 

positive ELDMEi is therefore attributed to the same mechanism. This mechanism, however, 

has been controversial. It was initially suggested to be magnetic resonance enhancement of 

This mechanism, however, is inconsistent with radiative polaron pair recombination. 

the voluminous evidence that polaron pairs do not decay directly to the ground state, but 

rather form SEs and triplet excitons ( T E s ) . ~ ~  A second mechanism was suggested to be 

magnetic resonance enhancement of the formation of TEs followed by TE-TE annihilation to 

12-14,22,32 

41,42,14 

SEs, resulting an enhanced PL due to enhanced delayed fluorescence.44 This mechanism 

clearly requires that the population of TEs increase at the field-for-spin-1/2-resonance. Yet 

photoinduced absorption (PA)-detected magnetic resonance (PADMR) measurements 

showed clearly that at that field-for-resonance both the polaron and TE populations 

decrease. 16s45 

A third mechanism developed to account for the resonance invoked magnetic resonance 

enhancement of delayed PL due to nongeminate polaron pair recombination (“the delayed PL 

This mechanism, however, requires that the cross-section for SE formation by 

polaron pairs in the singlet configuration USE be greater than the cross-section for TE 

formation by polaron pairs in the triplet configuration  UTE.^' This relation between OSE and 

DTE and the delayed PL model are inconsistent with various experimental results: (i) The 
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relation between CTSE and CFTE is inconsistent with the various results that indicate that the 

yield of SEs in Alq3 OLEDs is no greater than 25%,4g (ii) the delayed PL model is 

inconsistent wih double modulation PLDMR measurements, which show that the 

contribution of the prompt PL to the PLDMR is similar to that of the delayed PL.49 (iii) 

Combined thermally stimulated luminescence (TSL), which is due to delayed PL from 

(effectively) nongeminate polaron recombination, and PLDMR measurements, show that the 

TSL increases -30 fold but the PLDMR decreases -6 fold when the excitation photon energy 

is increased from 2.7 to 3.4 eV?’ 

The fact that the polaron population decreases at resonance invoked the “quenching 

This model, which is the only model consistent with all of the ODMR results 

reported to date, is based on quenching of SEs by polarons. The reduction of polaron 

population at resonance reduces the quenching of SEs and thus results in a positive PLDMR 

and ELDMR. The quantitative quenching model developed by List et a1?2 was found to be in 

excellent agreement with experimental results. We therefore attribute the enhancing spin- 1/2 

ELDMX to this quenching mechanism. 

It is important to note that the ELDMR shown in Figure 2 is due to the phosphorescent 

red emission from TEs in PtOEP. This raises the question whether polarons act as effective 

TEs quenching centers. It is well known that the binding energy of TEs is much larger than 

that of SEs, and the diffision of guest TEs is negligible. Hence quenching of guest TEs by 

polarons is not likely to be as effective as that of host SEs. To clarify this, we compared the 

contributions of the red PtOEP phosphorescence and green Alq3 fluorescence to the negative 

and positive spin 1/2 ELDMR. 
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Figure 3 shows the current J-dependence of the positive (at 15 or 20 K) and negative (at 

295 K) ELDMR of the 0, 1, 3, and 6 wt.% PtOEPAlq3 devices. In the 1 wt.% device, the 

behavior of the ELDMR due to the red and green emission bands is identica1, indicating 

either (a) direct quenching of the guest TEs by polarons, as effective as the quenching of host 

SEs, or (b) an indirect quenching process, in which quenching of PtOEP TE emission is due 

to quenching of the Alqs SEs which otherwise transfer their energy to PtOEP. 

If the first scenario is correct, then.the ELDMR should be largely independent of the 

PtOEP doping concentration. However, as seen in Figure 3, both the positive and negative 

ELDMRs decrease rapidly as the PtOEP concentration increases. Indeed, in the 6 Wt.% 

PtOEP-doped device, the positive spin-1/2 ELDMR is unobservable, and the negative 

resonance at 295 K is very weak (IN~IELJ - 2 ~ 1 0 - ~ )  over the whole range of J. We therefore 

conclude that quenching of guest TEs by either polarons or dianions is far less significant 

than quenching of host SEs, and that the PtOEP phosphorescence ELDMR is due to 

quenching of the host SEs, which are the source of the PtOEf TEs. 

Figure 4 shows the temperature dependence of the spin-1/2 polaron ELDMR of the 3 

’ wt.% PtOEP:Alq3 OLED. Not only is the magnitude of the resonances small compared to the 

1 wt.%-doped devices, but the resonance has a negative component even at 15 K. Figure 4 

suggests that the “transition temperature” from the low-T positive to the high-T negative 

resonance is -30 K; in undoped A l e  OLEDs this transition occurs at -60 K33734 rather than 

-3 OK. 
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111.2. The Half-Field TE ELDMR 

The ODMR of luminescent n-conjugated materials and OLEDs usually includes not only 

positive andlor negative spin-1/2 polaron resonances at g - 2.002, but (generally positive) 

full- and half-field TE resonances as well. As for the positive spin 1/2 polaron resonance, 

different mechanisms were proposed to explain the half-field resonance, including (i) 

enhanced TE-TE annihilation to SEs, (ii) enhanced ground-state recovery from TEs, and (iii) 

reduced quenching of SEs by a reduced population of TEs at resonance. By monitoring the 

separate guest and host contributions to the distinct guest and host half-field TE resonances, 

List et al.47 provided strong evidence that excluded mechanisms (i) and (ii). They also 

provided a model of long-range SE-TE annihilation due to a dipole-dipole transfer 

mechanism which established the quenching model (iii) as the origin of the half-field 

resonance. 

Figure 5 shows the half-field ELDMR of the 0, I ,  and 3 wt.% PtOEP:Alq3. The current- 

dependence of the half field resonance is relatively weak. The magnitude of the resonance 

decreases fiom 1.7~10” in the undoped device to < 1 . 5 ~ 1 0 ~  in the 3 wt.% device. In the 6 

wt,% device, the half-field resonance is undetectable. In the I wt.% device, the magnitude of 

the green band half-field ELDMR is larger than that of red band. This can be explained by 

considering that the PtOEP TEs population is also reduced at resonance, 

Recapping, we have attributed the (a) low-T positive spin-1/2, (b) high-T negative spin- 

1/2, and (c) low-T half-field triplet resonances to (a) reduced quenching of SEs by polarons, 

(b) enhanced quenching of SEs by dianions at the Alq3/cathode interface, and (c) reduced 

quenching of SEs by TEs, respectively. Hence, the red PtOEP phosphorescence ELDMR is 

due to an indirect process, i.e., quenching of source host SEs, which otherwise transfer their 
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energy to the PtOEP molecules. All three resonances weaken rapidly with increasing PtOEP 

concentration. We now provide a rate equation model to account for this behavior, 

111.3. Rate Equation Analysis of the ELDMR 

Figure 6 shows the photophysical processes in PtOEP-doped Alq3 OLEDs. Reverse 

energy transfer from PtOEP TEs to Alq3 is ignored due to the high efficiency of the 

devices.52 The terms used are: 

['SI], t3T1] ['So]: Population of lowest excited SE state, lowest triplet: state, and ground state, 

respectively. A PtOEP subscript refers to populations of states in PtOEP. The other states are 

states in Alq3. 

klsci: Intersystem crossing (ISC) rates. 

kF6rsrer, kDexter: Forster and Dexter energy transfer rates. 

k, = A  = Einstein coefficient of spontaneous emission rate from 'SI, 

[Mi] : Population of quenching species (polarons, TEs, dianions, etc.). 

Zk+[MJ: total quenching rate of SEs. 

53 54 

knr: Nan-radiative decay rate excluding quenching channels. 

&E, ITE: SE, TE generation rates due to charge injection 

The rate equations are as follows. 

In Alq3: 
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In PtUEP: 

Similarly, 

Thus 
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As mentioned above, PADMR measurements demonstrate that the population of polarons 

and TEs decreases at the field-for-spin- 1/2-resonance. If polarons and TEs are quenching 

centers of emissive SEs (thus they are M's), a negative A[Mi] will yield a positive ELDMR. 

In OLEDs, mobile polarons are on the one hand the source of SEs, and on the other hand 

quenchers of SEs. Their lifetime, however, is short (typically -100 ns, as determined by 

OLEDs' response to pulsed bias". In contrast, the lifetime of trapped polarons is much 

longer (typically 10 ps - 10 ms, as determined by measurements of the PLDMR vs the 

microwave chopping f r e q ~ e n c y ~ ~ ) .  Hence the quenching of SEs due to mobile polarons can 

be neglected relative to quenching by trapped polarons. 

In PtOEP, under steady state condition, we set Eqs. (3) and (4) to 0, and ignore the 01 

and 0 2  terms, since the internal quantum efficiency ofthe PtOEP emission is almost 

We get two equations: 

Combining these two, we get 

Note that although Dexter energy transfer can also occur from a host SE to a guest SE, it is 

negligible compared to Forster SE-SE energy tran~fer.'~ 

When the PtOEP concentration is low, only long-range Forster energy transfer occurs: 

Note the intensity of the PtOEF phosphorescence differs from the host A l e  fluorescence 

only by the constant ( k , . / k , ~ ~ ~ ~ ~ ~ , - ) .  Hence the normalized change in the phosphorescence 

intensity will also be given by an expression analogous to Eq. (12). 
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Thus this model accounts for the observed identical dependence of the host and guest 

ELDMR on the current, at both low and high T. 

When the PtOEP concentration increases, the intermolecular distance r decreases, and 

both k~~~~~~~ and koerler increase. Consequently, as expected and predicted by Eq. (9), the host 

EL decreases. Eq. (12) of the model predicts that the magnitude of the normalized EL change 

will decrease as well, which agrees well with the experimental results (see Figure 3). 

When the PtOEP concentration increases, Dexter energy transfer becomes significant. 

Then the simplified relation 

derived from Eq. (15) when Dexter energy transfer is negligible, must be replaced by the 

relation 

The additional Dexter term in the denominator results in IAIEJIELI decreasing even faster 

in the PtOEP phosphorescence than in the Alq3 fluorescence ELDMR. When the Dexter term 

dominates, the phosphorescence ELDMR will be very small. This is in excellent agreement 

with the observation that the ELDMR in the 6 wt.% PtOEP-doped OLED is very weak and 

undetectable at low T. The observed weak negative ELDMR at 295 K may indicate that the 

dianions quench TEs slightly. 

In the heaviest 20 wt.% PtOEP-doped device, the spin-1/2 ELDMR is quenching at all T. 

Figure 7 shows the temperature dependence of that resonance at J - 2 mA/cm2. IMELIIEL] and 

the linewidth both decrease when T increases; IAI&&I is largely independent of the injected 

current at both 20 K and room temperature. This behavior is significantly different from that 

of the negative resonance in the undoped devices. In that case, JAIELII'LJ increases as T 
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increases, and decreases as J increases. The very different behavior in the 20 wt.% PtOEP- 

doped device suggests a new mechanism, 

In attempting to identify the new mechanism, we note that the lifetime of PtOEP triplets 

was observed to decrease as the PtOEP concentration increases?2This is believed to be due 

enhanced nonradiative decay paths for TEs in PtOEP aggregates. At the same time, the TE- 

TE annihilation rate also increases with PtOEP con~entration,~~It is therefore plausible that 

the new quenching ELDMR is related to these two processes. However, the ELDMR of 

k(ppy)-doped 4,4’-bis(9-~arbazolyI)biphenyl (CBP) OLEDs exhibits a similar quenching 

resonance from 20 K to 295K, even at 2 W.% doping,5s Since the Ir(ppy)l TEs exhibit a 

phosphorescence lifetime of -1 ps6 (compared to -100 ps in PtOEP’), the TE-TE 

annihilation rate must be much lower in Ir@py)-based devices. In addition, aggregation 

should be negligible in 2 wt.% Ir(ppy)3-doped devices. Hence it is improbable that the new 

mechanism is related to aggregation effects. 

In light of the foregoing considerations, the origin of the negative resonance in 20 wt.% 

PtOEP: Alq3 OLEDs is tentatively assigned to the magnetic resonance enhanced formation of 

dianions in the bulk of the doped layer. As T decreases, the mobility of the TEs decreases, 

and the stability of the dianions increases. Thus, the density of dianions will increase with 

decreasing T. Hence, the magnitude and linewidth of the negative resonance will increase 

with decreasing T, in qualitative agreement with the observed behavior. 

It is interesting to consider the correlation between the magnitude of the room 

temperature negative ELDMR and the efficiency of the PtOEP-doped devices: The 6 wt.% 

PtOEP-doped device is the highest efficiency device, and it has the weakest room 

temperature negative resonance. 
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In our previous ELDMR and EDMR study of Alq3 OLEDs, we suggested that the 

quenching of SEs by the sheet of charge at the organic/cathode interface is an important 

quenching mechanism in OLEDs. The current results support this suggestion. Thus, the 

improved efficiency of optimized phosphorescent OLEDs is probably due to two effects: (i) 

The contribution of both Forster and Dexter energy transfer, which exploits 100% of the host 

excitons, resulting in virtually 100% internal quantum efficiency. (ii) The relative immunity 

of  TEs to quenching due to the charge sheet at the organic/cathode interface, as compared to 

SEs, which are susceptible to this quenching process. 

fV. Summary and Conclusions 

In conclusion, an ELDMR study of 0, 1, 3, 6, and 20 wt.% PtOEP-doped AlqJ 

phosphorescent OLEDs was described. In 1 wt.% PtOEP-doped devices, the ELDMR is very 

similar to that of undoped Alq3 OLEDs, i.e., it includes a positive spin 1/2 ELDMR at T 5 60 

K, and a negative spin 1/2 ELDMR which emerges at 60 K and increases with increasing T. 

The ELDMR of the red guest phosphorescence and green host fluorescence are almost the 

same. 

The low T positive ELDMR decreases as the PtOEP concentration increases and 

disappears when the PtOEP concentration exceeds -6 wt.%. The room temperature negative 

ELDMR decreases fiom - 8x10" in 1 wt.% PtOEP device to -2x10-' in the 6 wt.%-doped 

device, In the 20 wt.%-doped device, the negative ELDMR is observed fiom 20 K to 295 K. 

The amplitude and linewidth of the resonance both decrease as T increases. The resonance is 

much less dependent on the current than in the other devices, indicating their different origin. 
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Due to its similarity to the positive spin !h PLDMR, the enhancing ELDMR is attributed 

to resonance enhancement of polaron recombination, which reduces quenching of SEs by 

polarons. The quenching ELDMR for devices with < 6 wt.% PtOEP is believed to result from 

magnetic resonance enhanced formation of dianions at the organidcathode interface. A rate 

equation model was developed to account for the behavior of the devices containing up to 6 

wt.% PtOEP. 

The abnormal negative spin 1/2 ELDMR in 20 wt.%-dope devices is not clear and may 

be due to magnetic resonance enhanced formation of dianions in the bulk of the doped layer. 
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Figure 1. The device structure and emission spectra of I wt.% PtUEP doped Alq3 OLED. 

The PtOEP emission band around 650 nm dominates the EL, but the host Alq3 emission band 

around 520 nm is still clearly visible. 
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Figure 2. The spin 1/2 ELDMR of the red PtOEF phosphorescence in 1 wt.% PtOEP-doped 

Alq3 OLEDs at different currents at (a) T= 15 - 20 K and (b) 295 K. 
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Figure 3. The current J-dependence of (a) the positive spin 1/2 ELDMR at 15 - 20 K and (b) 

the negative spin 1/2 ELDMR at 295 K of 0, I ,  3, and 6 wt.% PtOEP-doped Alq3 OLEDs. 
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Figure 4. The spin-1/2 ELDMR of 3 wt.% PtOEP:Alq3 OLED at 15,37, and 295 K. 
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Figure 5. The half-field TE ELDMR of 0, 1, and 3% Pt0EP:Alqj at low temperature. 
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Figure 6. The photophysical processes in PtOEP-doped Alq3 OLEDs. 
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Figure 7. (a) The temperature dependence of the spin-1/2 ELDMR signal of 20 wt.% PtOEP 

OLEDs; J -  2 mAlcm2. Note that the magnitude of the negative resonance decreases when T 

increases. (b) The temperature dependence of the resonance linewidth AH112 (open circles) 

and resonance amplitude IAI,JrE,I (solid squares). IMEL/&~ is largely independent of the 

injected current at both 20 K and room temperature (not shown). 



116 , 

Chapter 5. A Combinatorial Study of Exciplex Formation at 

Organidorganic Interfaces in Organic Light-Emitting Devices 

G. Li, L. Zou, C-H. Kim, and J. Shinara) 

(Prepared for Applied Physics Letters) 

Ames Laboratory- USDOE and Department of Physics and Astronomy 

Iowa State University, Ames, Iowa 50011-3020 

Y. Shirota 

Department of Applied Chemistiy, Faculty of Engineering, Osaka University, Yamadaoka, 

Suita, Osaka 565, Japan 

Abstract 

The combinatorial matrix array technique was used to study exciplex formation in blends of 

the high glass-transition-temperature hole-transport-material 4,4’ ,4”-tris[2-naphthyl (phenyl)- 

amino] triphenylamine (2-TNATA), and the electron-transport and blue-emitting material 

2,2’,7,7’-te~a~s(2,2’-diphenylvinyI)spiro-9,9’-bifluor~ne (Spiro-DfVBi). The blend layer 

was incorporated in IT0/2-TNATA/[( 1 : 1) 2-TNATA:Spiro-DPVBil/IN,N’-diphenyl-N,N’- 

bis( 1 -naphthylphenyl) - 1,l’- biphenyl -4,4’-diamine W B )  ]/ Spiro-DPVBi/ [tis( 8-hydroxy 

quinoline) A1 (Alq3)]/CsF/Al organic light-emitting devices (OLEDs), and the thicknesses of 

the blend and NPB layers were varied systematically. The low efficiency exciplex emission 

was avoided when the thickness of the NPB layer exceeded 8 nm. 

PACS Nos. 

a) Author to whom correspondence should be addressed; electronic mail: shinar@ameslab.gov 
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I. Introduction 

Organic light-emitting devices (OLEDs) have been studied extensively since Tang and 

VanSlyke' demonstrated that vacuum-evaporation of multilayer thin film structures can yield 

. 

efficient devices by improving carrier injection, balancing electron and hole injection, and 

confining the recombination zone to a region far from the metal contacts. These key steps 

were crucial for the development of OLEDs as serious candidates for next-generation 

displays and solid-state lighting. One of the. significant results of the multilayer structure was 

the appearance of exciplexes at the organidorganic interfaces. The exciplex is formed from 

two distinct chromophores, a donor D and an acceptor A, with one in the excited state and 

the other in the ground state: 

'D+'A* -+ '(D+A-) or 'D*+'A + '(D'A-) (1) 

The exciplex is metastable as a result of resonant contributions fkom exciton and charge 

transfer configurations:' 

'(A* D) t) D*) t) '(AD+). (2) 

Exciplexes are interesting not only from the physical standpoint, but also due to their 

potential applications for tuning the emission color3 and delivering white light.4-7 Several 

studies on exciplex formation on the organic interface have been 

Although exciplex formation may enhance the quantum yield of photophysical processes 

compared to excimer formation: to our knowledge the photoluminescence (PL) quantum 

yield (PLQY) q p ~  of an exciplex has never been reported to have a higher value than that of 

the emissive molecule. Hence,' fi-om the point of view of device efficiency, and particularly 

for blue emission, exciplexes should be avoided. To that end, two methods have been 

reported. The simpler and more general method is to insert a weaker electron donating 
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material between the donor and acceptor  material^.'^ The other uses the exciplex-forming 

material as a dopant; light doping reduces the probability of exciplex formation .. 

~ignificantly.’~ To obtain an efficient device, the second method requires a host for exciplex 

formation, normally a blue emitter. This limits its use and does not provide a general 

solution. 

This letter describes the exciplex emission between two promising high-glass-transition- 

temperature materials, 4,4’,4”-tris[2-naphthyl(phenyl)-amino~t~phenyl-amine (2-TNATA) 

(Tg = 1 1 0°C)’5 and 2,2’,7,7’-tetrakis(2,2’-diphenylvinyl)spiro-9,9’-bifluorene (Spiro-DPVBi) 

(T, = 130 OC) .16  2-TNATA is a starbwst molecule, which has proven to be an excellent hole- 

transporting material for improving the thermai stability of OLEDs and reducing device 

operation voltage. Spiro-DPVBi is one of the most thermally stable and efficient blue- 

emitting materials, developed to replace the efficient but low Tg (= 64’C) blue emitter 4,4’- 

bis(2,2-diphenylvinyl)biphenyl (DPVBi).” This study used a combinatorial sliding shutter 

technique,” which eliminates uncontrolled batch-to-batch variations in the fabrication 

conditions, to avoid this exciplex formation and identify the optimal structural parameters €or 

2-TNATABpiro-DPVBi-based OLEDs. 

11. Experimental Procedure 

Figure 1 shows the molecular structures of the materials used to fabricate the multilayer 

devices, including 2-TNATA, N,N’-diphenyl-N,N’-bis( 1-naphthylpheny1)- 1,1 ’-biphenyl- 

4,4’-diamine (NPB), Spiro-DPWi, and tris (8-hydroxy quinoline) A1 (Alq3), and the device 

structure. The Applied Films Corp Rn - 20 Q/O,  150 - 200 nm-thick indium tin oxide (ITO) 

coated glass substrates were etched in diiuted aquaregia to increase the IT0 work hnction . 
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and enhance hole injection." The substrates were then degreased by detergent and organic 

solvents. The organic layers, CsF buffer layer, and A1 cathode were deposited by thermal 

evaporation in a high-vacuum chamber installed in an Ar filled glove-box (4 ppm 0 2 ,  H20). 

The base pressure for deposition was < Torr. The organic layers included 40 nm 2- 

TNATA (as a hole transporting layer (HTL)), and 0, 2, 5, or 10 nrn of 2-TNATA:Spiro- 

DPVBi (50:50 wt.%). Then the substrate was rotated by 90" and different thicknesses of NPB 

(0, 2, 4, or 8 nm) were deposited over it. 40 nm Spiro-DPVBi and 10 nm Alq3 followed as 

two electron transporting layers fabricated to reduce the operating voltage. By using the 

sliding shutter technique, all 16 variations of this OLED structure were deposited at the same 

time, eliminating uncontrolled variations in the batch-to-batch fabrication conditions. 

The cathode consisted of -1 nm CsF and -150 nm Al. The deposition rate of the organic 

layers was -0.1 nm/s, controlled by a calibrated quartz-crystal thickness monitor. The CsF 

layer was deposited at -0.01 d s e c .  The A1 was deposited at 0.5 - 0.7 d s e c  through a 

mask of 21x21 1.5 mm diameter holes, yielding a 21x21 matrix array of OLED pi~e1s.I~ 

The current density-voltage J( y) and electroluminescence (EL) intensity-voltage IEL( y) 

curves were measured using a Reithley 2000 digital multimeter and Minolta LlOO luminance 

meter. The EL and PL spectra were measured using an Oceanoptics Chem-2000 

spectrometer. The PL spectra and q p ~  of the 260 m-thick film samples were measured using 

an integrating sphere?' The PL was excited by the multiline UV emission at 351 -t 361 nm 

from an ~ r +  laser. 
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111. Results and Discussion 

The PL spectra of thermally evaporated films of 2-TNATA, spiro-DPVBi, 5050 wt.% 

mixture, and Alq3, are shown in Fig. 2. The PL peaks of 2-TNATA and Spiro-DPVBi are at 

almost the same wavelength -460 nm; the 2-TNATA spectra exhibit a longer wavelength 

tail. The PL emission peak of the 1:l weight mixture of 2-TNATA and Spiro-DPVBi at 527 

nm is clearly due to an exciplex. Note that it is slightly broader than the AIq3 emission band 

around 525 nm, and it contains a blue shoulder, due to emission from the 2-TNATA andor 

Spiro-DPVBi. 

The half-wave oxidation potentials (E"'1n) of 2-TNATA and NPB were measured using 

cyclic voltmetry. They are 0.11 V and 0.51 V vs. Ag/Ag" (O.Olmo1 cni3), respectively. 

From these values and those of the absorption edges, the (LWMO, HOMO) energies of 2- 

TNATA, Spiro-DPVBi, and NPB are (-2.13, -5.15), (-2.50, -5.50) and (-2.43, -5.55) eV, 

respectively. 

The empirical formula for the exciplex emission energy then yields2' 

h ~ , , ~ ! ~ ~  = E " ( 2 - ~ ~ ~ T A ) - E r e d ( ~ ~ ~ ~ ~ - D P V B i ) - 0 . 1 5 - + 0 . 1 e ~  

= (-2.50) - (-5.15) - 0.15 f 0,leY = 2.50 5 0. ley 
= L UMO( spiro - DP VBi) - HOMO( 2 - TNA TA) - 0.1 5 'I 0. le V (3 ) 

The exciplex peak ~t 527 nm, corresponding to 2.36 eV, agrees well with the above 

expression. 

Figs. 3a-3d show the evolution of the EL spectra of the 0, 2, 5 ,  and 10 nm 5050 wt.% 

TNATA-Spiro-DPVBi blend devices without an NPB buffer (Devices 1, 2, 3, and 4, 

respectively), biased at 4,5,7, and 9 V. The exciplex emission is easily seen in Figs. 3b - 3d; 

in Device 1, with no blend layer, the exciplex emission is a weak shoulder at low voltage. As 

the thickness of the blend layer increases, the exciplex emission becomes much stronger. On 
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the other hand, in all Devices 1 - 4, the spectra exhibit an electric field-induced blueshift due 

to field-induced dissociation of the exciplexes. The observed behavior is explained as 

follows: in Device 1, only molecules close to the sharp TNATNSpiro-DPVBi interface can 

form exciplex states. As the thickness of the blend layer increases, the number of exciplex 

states increases rapidly, and the exciplex emission increases. 

Figs. 3e and 3f show the evolution of the EL spectra devices with a IO nm-thick blend 

layer, 2 nrn WE3 (Fig. 3e, Device 5), and 8 nm NPB (Fig. 3f, Device 6). The effect of the 

NPB layer on reducing the exciplex emission is clear. With 2 rim of NPB (Device 9, the 

emission evolves fiom almost pure exciplex emission at 4 V to almost pure Spiro-DPVBi 

emission at 9 V. With 8 nm of NPB, the emission is almost purely fiom Spiro-DPVBi over 

the entire bias range. Although not shown, the emission of Device 7 (0 nm blend, 8 nm NFB) 

is purely fiom Spiro-DPWi. 

It may be argued that the emission band around 530 nm could be due to Alq3 rather than 

the 2-TNATA-Spiro-DPVBi exciplex. However, by comparing Devices 1 and 2 we see that 

adding a thin layer of the blend does not change the I(V) curve (ie., it does not'affect the 

transport; see Fig. 4), so we would expect the emission zone to be unaffected as well. Yet the 

emission band around 530 nm is much more prominent in Device 2 than in Device 1. In 

addition, that band weakens with increasing bias, as expected for exciplex but not for Alq3 

emission band. 

Figure 4 shows the (a) IEL( V) and (b) J( V )  curves of Devices 1 to 6 .  In the device with no 

NPB buffer layer, adding the 2-TNATA:Spiro-DPVBi 50:50 wt.% blend, up to 10 nm thick, 

only shifted the J( y) slightly towards higher voltage. On the other hand, adding 8 nm of NPB 

led to noticeably higher driving voltage. This indicates that the J(V) curve is mainly 
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Device# 1 2 3 4 E 6 7 
Blend 0 2 I C  I C  I C  C 

(nm) 0 C C 0 -  2 4 8 

Table I. Device number and their corresponding 2-TNATA:Spiro-DPVBi blending, NPB 
layer thickness in the paper. 

controlled by the electron and hole barriers between 2-WATA and Spiro-DPVBi, and the 

blend layer has only a minor effect on the transport of electrons and holes. In the blend layer, 

the electrons drift in the Spiro-DPVBi LUMO band, while the holes drift in the 2-TNATA 

HOMO band. 

Although the J(y)  curves and EL spectra are different, the turn-on voltage (defined as the 

voltage for 1 Cam2 emission) of all six devices is similar (3.4 - 3.8 eV). 

The emission of the exciplex around -527 nm has a much larger photopic response than 

that of Spiro-DPVBi around -460 nm. Yet the maximal brightness *of the devices with 

significant exciplex emission (7600, 7300, 5300, and 6300 Cam2 for Device 1 to 4, 

respectively) is much lower than that of those with no exciplex emission (I7600 and 18900 

C d h 2  for Device 6 and 7, respectively), This may be due to the low PLQY of the blends: For 

thermally evaporated 2-TNATA, Spiro-DPVBi and their 1: I blend films, q p ~ .  = 11, 35, and 

7.8%, respectively. 

The external quantum efficiency rexr 22 vs. I of all six devices are shown in Fig. 5. The 

devices with strongest exciplex emission (Device 3 and 4) have the lowest efficiency 

(-0.25%). Device 1 and 2 have maximum efficiency of 4 5 % .  The devices with no exciplex 

emission have much higher efficiency, 2.77% for Device 7 arid 1.77% for Device 6. 
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vest is given by the expression 

rlexr = X V P L  r l r  Ve (4) 

where x is the fraction of charge carrier recombination in the material resulting in singlet 

excitons (= 0.25%), 37, is the fraction of injected charge carriers that form excitons 

(determined by charge balance), and 7, is the fraction of emitted photons that are coupled out 

of the device. Comparing Devices 4 and 6, which have the same blend layer but'different 

NPB layers, we note that yexr of Device 6 is - 6.5 time that of Device 4, while q p ~  of Spiro- 

DPWi  is -4.6 time that of the blend layer. Thus the q p ~  difference can account for most of 

the vert difference. Since x and ve are the same in these two devices, the remaining difference 

must be due to a difference in carrier balance, which is introduced by inserting 8 nm NPB. 

The source of the difference between vat in Devices 6 and 7 may due to the remaining smaIl 

amount of exciplex emission in Device 6 (see Figure 30. 

The HOMO and LUMO energies of NPB (-5.50, -2.50 eV, respectively) and Spiro- 

DPVBi, (-5.55, -2,43 eV, respectively) are very close. Hence there is no significant energy 

barrier for carriers at the interface between these materials. Consequently, the efficient Spiro- 

DPVBi emission is surprising. However, this can be understood by taking into account the 

electron blocking ability of NPB. It has a high hole mobility ,&, - 3x104 c ~ * / V S ~ ~  but much 

lower electron mobility. Hence the electrons at the Spiro-DPVBi layer will be blocked by 

NPB when its thickness is sufficiently large. By comparing the spectra at 4 V in Figs. 3d, 3e, 

and 3f (devices with 10 nm blend layer and 0,2, and 8 nm NPE! layer, respectively), it can be 

easily seen that the 8 nm-thick WB layer blocks the electrons almost completely. Otherwise, 

the electrons would recombine with holes in the blend layer to give exciplex emission. 

Although no effective energy barriers exist, the electron blocking property of NPB results in 
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the formation of a well-defined emission zone and consequently efficient devices. The 

absence of the energy barrier, however, probably compromises the efficiency. This could be . 

the reason that in the most efficient device qexl = 2.8%, while in other devices with NPB and 

DPWi  it can reach 3.50%.24 

IV. Summary and Conclusions 

in summary, a combinatorial study of OLEDs incorporating the two thermally stable 

materials 2-TNATA and Spiro-DPVBi, between which exciplex emission occurs, and their 

1 : 1 blend, was described. The thicknesses of the blend layer and an hTB layer between the 

blend layer and Spiro-DPVBi layer were varied systematically, The exciplex emission was 

found to be inefficient (vex, - 0.25%). Adding the NPB spacer layer reduced the exciplex 

emission and increased the efficient blue emission, to up to = 2.8%, with turn-on voltage 

of 3.8V. 
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Figure 1. Molecular structures and device structure of OLEDs. x = 0,2,5, 10, and y = 0,2, 

4, and 8. 
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Figure 2. PL spectra of thermally evaporated films: 2-TNATA:spiro-DPVBi mixture (5050 

wt.%), spiro-DPVBi, 2-TNATAY and Alq3. The films’ thickness was -260 m. 
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Figure 3. The EL spectra at 4,5,7, and 9 V. The thickness of the 50:50 wt.% blend layer and 

NPB layers are, (a) 0 and 0, (b) 2 and 0, (c) 5 arid 0, (d) 10 and 0, (e)  10 and 2, and (f) 10 and 

8 nrn, respectively. 
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Figure 4. The (a) brightness vs. voltage and (b) current density vs. voltage curves for 

Devices 1 to 4, 6 and 7. 
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Figure 5. The external efficiency vert of Devices 1 to 4,6 and 7. The addition of 8 nm of 

NPB layer significantly enhances the device efficiency by suppressing the inefficient 

exciplex emission. 
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Chapter 6. General Conclusions 

I. General Discussion 

There are two major parts in the work presented in this dissertation. First, ODMR was 

used to study the small molecular OLEDs and films. The first work (Chapter 3) is ODMR 

( P L D m ,  ELDMR, and EDMR) studies of classical CuPc/TPD/Alq&mffer/Al OLED, in 

which the buffer layers are AlOx and CsF. While this structure represents fluorescent OLED, 

the second ODMR work is on the CuPc/NPB/x% PtOEP:Alq3/Alq3/ CsF/A1 phosphorescent 

OLED (Ph-OLED). The second part of work is a combinatorial study of exciplex formation 

at two promising high glass transition temperature organic materials. 

Chapter I is a general introduction of OLEDs and chapter 2 is the introduction of ODMR 

technique, Following the two general introduction chapters, the first EL-, PL-, and EDMR 

studies of tris-(8-hydroxyquinoline) aluminum (Alq3)-based OLEDs and films are described 

in chapter 3. The OLEDs studied differ only in the buffer layer between organic and metal 

cathodes, which strongly affect the performance of OLEDs. At low temperatures, a spin- 1/2 

resonance enhances the current density J, the EL intensity IEL, and the PL intensity 1 p ~  (MU, 

MEJIEL, and AIPJI~L > 0). AJ/J and AIEL/IEL are insensitive to the nature of the AlqJcathode 

interface. The low temperature resonance weaken with increasing T and become 

unobservable above 60 K. MpdIp~ also decreases with T, but more slowly, and it is still 

observable at 250 K. The low temperature enhancing spin- 1/2 resonance is attributed to the 

magnetic resonance reduction of polaron population, which otherwise quenches SEs. For T> 

6OK, a quenching spin-1/2 EL- and EDMR resonance emerges and grows with T, but not 

detectable in PL. This resonance is sensitive to the buffer layer between AIq3 and the 
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cathode, and is attributed to magnetic resonance enhancement of the spin-dependent 

formation of negative spinless bipolarons (dianions) from spin-1/2 negative polarons at the 

organic/cathode interface. The results provide insight on the nature of organic interface and 

the impact of the interface on the device performance. The additional electric field produced 

by the increase of the negative charge density at the interface increases SE dissociation. This 

. model quantitatively agrees with the quenching resonance. 

Due to large exciton binding energy, a 25% upper limit exists in the internal quantum 

efficiency of fluorescent OLEDs. Ph-OLEDs move this limit up to 100% and thus is of great 

important in the field. Chapter 4 presents the ELDMR studies of PtOPE doped Alq3 based 

Ph-OLEDs. The doping concentration of PtOEP varies from 0% to 20%. h 1% PtOEP doped 

Alq3 OLED, the emission consists of PtOEP phosphorescent and Alq3 fluorescent emission. 

The ELDMR current dependence of these two emission bands is identical in both 20K 

(enhancing) and room temperature (quenching). The enhancing resonance is attributed to the 

magnetic-resonance reduction of SE quenching by a reduced population of polarons. The 

quenching resonance is attributed to magnetic resonance enhancement formation of dianions 

at the organic/cathode interface. Both low temperature enhancing and room temperature 

quenching resonance of PtOEP phosphorescence decrease quickly with PtOEP concentration 

up to 6%. The results can be explained by assuming that the ELDMR of the guest emission is 

due to the effect of magnetic resonance conditions on the host SEs. A rate equation model is 

established to explain the evolution of the ELDMR with dye concentration. In'the 20 wt.%- 

doped devices, the spin-1/2 polaron resonance is quenching at all T and both [AIEL/I~I, and 

the resonance linewidth, decrease with increasing 

both 20 K and 295 R. The resonance is tentatively attributed to magnetic resonance . 

IMEJIELI is weakly current-dependent at 
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enhancement of the spin-dependent formation of dianionddications from polarons in the bulk 

organic layer. 

When an exciton extends on two different molecules, it is called exciplex. Exciplexes are 

interesting not only from the academics standpoint, but also due to their potential 

applications for tuning the emission color and producing white light. However, exciplex is 

normally not efficient and need to avoid. In Chapter 5 ,  combinatorial matrix array technique 

is used to study exciplex formation in blends of two high glass-transition-temperature 

material: hole-transporter 2-TNATA, and electron-transporter and blue-emitter Spiro-DPVBi. 

The thickness of 2-TNATA:spiro-DPVBi blend layer and NPB layer are varied 

systematically. In devices with no NPB spacer layer, a green emission band similar Alq3 

increases dramatically with the blend thickness. By comparing the J-V characteristics and the 

driving voltage evolution of emission, the green emission was attributed to exciplex emission 

between 2-TNATA and spiro-DPVBi. This assignment agrees well with the energy level 

relationship. By inserting a NPB spacer layer between the blend and spiro-DPVBi, the 

exciplex can be effectively reduced. The efficiency of the device is closely related to the 

exciplex emission. This exciplex emission efficiency is found to be low and thus inserting 

NPB layer can effectively enhance the efficiency and obtain pure spiro-DPVBi blue emission. 

11. Recommendations for Future Research 

This dissertation presents UDMR results on fluorescent and phosphorescent dye doped 

srnaIl molecular OLEDs. Fluorescent dye doped OLED is also widely used to tune the color, 

increase efficiency and enhance lifetime of OLEDs. The future study could be the ELDMR 

and EDMR study of fluorescent dye rubrene doped DPVBi and /or DPVBi only OLED with 
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CsF as buffer layer. DPVBi is a highly efficient blue emitter and recently a white OLED 

(WOLED) based on lightly rubrene doped DPVBi structure obtains record-setting brightness 

for WOLED and is also the most efficient fluorescent WOLED reported. In addition, 

mbrene’s SEs energy is about twice that of TEs, which might provide interesting physics 

related to TE-TE annihilation. 

2-TNATA also forms orange emission exciplex with Alq3. Since 2-TNATA:spiro-DPVBi 

emission can be tuned from green to blue, it is possible to make WOLED based on the two 

exciplexes. In addition, ODMR study of exciplex has not been reported, and it might also 

provide interesting physics. 
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