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A green organic light-emitting diode with the fluorescent emitter Coumarin 545T shows an external

quantum efficiency (gEQE) of 6.9%, clearly exceeding the classical limit of 5% for fluorescent emit-

ters. The analysis of the angular dependent photoluminescence spectrum of the emission layer

reveals that 86% of the transition dipole moments are horizontally oriented. Furthermore, transient

electroluminescence measurements demonstrate the presence of a delayed emission originating

from triplet-triplet annihilation. A simulation based efficiency analysis reveals quantitatively the

origin for the high gEQE: a radiative exciton fraction higher than 25% and a light-outcoupling

efficiency of nearly 30%. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901341]

Since the development of the first efficient organic light-

emitting diodes (OLEDs) in the 1980s,1 research has made

significant progress. In addition to their application in gen-

eral lighting, OLEDs have found their way into everyday

life, especially employed in displays. Consisting of a layered

structure, a bias is applied to an OLED to inject and transport

electrons and holes from the cathode and anode, respec-

tively, to the emission layer, where they recombine, form

excitons, and decay under the emission of photons. With the

appropriate choice of the emitting molecules, the color of an

OLED device can be tuned almost arbitrarily. The dye in the

emission layer also has a major influence on the quantum ef-

ficiency (i.e., the ratio of the number of emitted photons to

injected electrons) of OLEDs—beside the transport layers

governing the electrical properties. The probability for a

radiative decay of an excited state of an emitter molecule is

characterized by its radiative quantum efficiency q. The frac-

tion of excitons that are allowed to decay radiatively (gr)

concerning quantum mechanical selection rules is 25% for

fluorescent2,3 and 100% for phosphorescent4–6 emitters,

facilitating efficient spin-orbit coupling, respectively. Being

in a multilayer structure with different refractive indices, the

light-outcoupling efficiency gout is mainly governed by the

OLED stack design and has been estimated to be at most

20% for a long time.7 Together with the charge carrier bal-

ance c, the external quantum efficiency gEQE is defined as the

product of these individual factors8

gEQE ¼ c� gr � qeff � gout ¼ gint � gout: (1)

In this equation, gint represents the internal quantum effi-

ciency. qeff is the effective radiative quantum efficiency,

derived from the (intrinsic) radiative quantum efficiency q
by a modification induced by the OLED cavity due to the

Purcell effect.9–12 Classical limits for gEQE of 5% for fluores-

cent and 20% for phosphorescent emitters, respectively,

have been stated following the assumptions made above,

however, recent reports about efficiencies exceeding these

limitations have been published: Delayed fluorescence, origi-

nating from triplet-triplet annihilation (TTA)13–18 or ther-

mally activated delayed fluorescence (TADF),19–24 increases

the radiative exciton fraction beyond 25% and has been iden-

tified as one reason for these high efficiencies. By using

TADF emitters, comparable efficiencies to phosphorescent

OLEDs can be realized.25–27 Only recently, our group28,29

and others16 have shown that in addition to the increased

radiative exciton fraction in OLEDs showing delayed fluo-

rescence, also horizontal orientation of the transition dipole

moments of the emitting molecules is responsible for this

high efficiency. The reason for this behavior is the reduced

coupling to surface plasmons with the accompanied

enhancement of the light-outcoupling efficiency.30,31 The

incorporation of emitters having horizontally oriented transi-

tion dipole moments in OLEDs has the potential to boost

gEQE by a factor of more than 1.5 compared to isotropic ori-

entation.31–33 Especially for phosphorescent OLEDs with

(partial) horizontal orientation of the emitter molecules, re-

cord efficiencies with gEQE exceeding 30% have been

reported recently.33–35 Thus, for an efficiency analysis, the

knowledge of the orientation of the transition dipole

moments of the emitter is crucial and leads to implications

for the determination of the other constituting factors of gEQE

according to Eq. (1). Especially, if gout is underestimated

(due to ignoring horizontal emitter orientation), the deter-

mined radiative exciton fraction will be too high for emitters

showing delayed fluorescence, since only the gEQE of an

OLED device and the radiative quantum efficiency q are

directly accessible by experiments.28,29

In this letter, we analyze the orientation of the transition

dipole moments of the widely used fluorescent green

emitter 2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-10-

(2-benzothiazolyl)quinolizino[9,9a,1gh]coumarin (C545T).

Furthermore, quantifying the contributions of both an increase

of the light-outcoupling efficiency gout due to non-isotropic

emitter orientation as well as a TTA-induced enhancement of

the radiative exciton fraction gr leads to a comprehensive

understanding of the gEQE in OLED devices.

C545T is a very efficient fluorescent emitter, and OLEDs

with efficiencies higher than the classical limit of 5% have
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already been reported.17,36 This high efficiency has been

attributed to an enhanced radiative exciton fraction originat-

ing from TTA. However, there are indications that possibly a

higher light-outcoupling efficiency than the assumed 20%

prevails in OLEDs using this emitting system: For example,

in the analysis performed by Pu et al.,17 there is a discrepancy

between the determined radiative exciton fraction of 54%

(derived from the measured gEQE by assuming 20% light-

outcoupling efficiency gout), which is very close to the

theoretical maximum of 62.5% for a TTA emitter,14 and the

time-resolved electroluminescence (EL) responses (compari-

son between the EL-intensity under steady-state conditions

and delayed fluorescence) suggesting a radiative exciton frac-

tion gr of only �1:25� 25% ¼ 31:3%. In that report, it was

also speculated that C545T shows anisotropic emitter orienta-

tion. Unfortunatelly, due to the insensitivity of variable angle

spectroscopic ellipsometry (VASE) to small portions of guest

molecules in a host, no information about its orientation

could be obtained.

In order to measure the degree of horizontal emitter ori-

entation of C545T, we have analyzed the angular dependent

p-polarized photoluminescence (PL) emission of 15 nm

Aluminium-tris(8-hydroxychinolin) (Alq3) doped with

C545T (1 wt. %).37 The film has been deposited on a glass

substrate, attached to a fused silica prism, excited by a

375 nm cw laserdiode at 45� incident angle and mounted on

a rotation stage. The spectra were measured using a fibre op-

tical spectrometer (SMS-500, Sphere Optics) and a polariz-

ing filter to distinguish between p- and s-polarized light. The

p-polarized emission includes contributions of the horizontal

px and vertical pz transition dipole moments. The degree of

orientation is characterized by an anisotropy factor H (frac-

tion of the number of vertically oriented to the total number

of transition dipole moments).38 By comparing the measure-

ment with the result of optical simulations, information

about the ratio of horizontal and vertical transition dipole

moments can be obtained. The s-polarized emission only

contains contributions of the py dipole, and thus, no informa-

tion about emitter orientation can be extracted. The simula-

tion calculates the power distribution of radiating dipoles to

different optical modes in a multilayer stack and is based on

a transfer-matrix formalism.39 In Fig. 1, the measured and

calculated angular-dependent p-polarized emission into the

glass substrate is shown as a cross-section at a wavelength of

523 nm. The measurement reveals significant anisotropic ori-

entation of the transition dipole moments of the emitter with

an almost perfect fit for an anisotropy factor of H ¼ 0:14,

corresponding to 86% horizontally oriented transition dipole

moments.

OLEDs have been fabricated with optimized film thick-

nesses for maximum light-outcoupling (by performing opti-

cal simulations taking the non-isotropic emitter orientation

into account) with the following stack: Glass/130 nm ITO/

1 nm WO3/30 nm CBP/30 nm C545T:Alq3(1 wt. %)/27 nm

Alq3/0.8 nm LiF/100 nm Al. This stack layout has the

advantage of having a direct hole injection into the highest

occupied molecular orbital of 4,40-Bis(carbazol-9-yl)bi-

phenyl (CBP) and no interfaces for holes to accumulate at.40

In Fig. 2, measured current density-voltage characteristics,

EL spectrum, and gEQE as a function of the current density

are shown. The OLED shows a green emission with a peak

FIG. 1. Cross-section of the angular dependent p-polarized PL emission

spectra of 15 nm Alq3 doped with C545T (1 wt. %) on a glass substrate at a

wavelength of 523 nm (The polarization of light is given with respect to an

observer in the x-z-plane.). The black and the red curves represent the simu-

lation for perfectly isotropic (H ¼ 1=3) and horizontal (H¼ 0) orientation

of the transition dipole moments, respectively. The measured data have been

fitted (green dashed line) to an orientation of H ¼ 0:14, corresponding to

86% horizontally oriented transition dipole moments in the film. The emis-

sion intensity has been normalized to the emission at an angle of 0�.

FIG. 2. (a) Current density-voltage characteristics (inset: EL spectrum) and

(b) measured external quantum efficiency gEQE as a function of the current

density for the stack shown in the inset.
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intensity at 523 nm. External quantum efficiencies have been

measured in a calibrated integrating sphere.41

The gEQE reaches values close to 7% and remains nearly

constant in a remarkably broad range of current densities

extending from about 0.1 to almost 100 mA/cm2. This indi-

cates that charge carrier balance is close to 100% in this de-

vice. The achieved maximum gEQE of 6.9% exceeds the

classical limit of 5% by far, which is in good agreement with

previously published data.40 The drop in gEQE for current

densities below 0.1 mA/cm2 and above 100 mA/cm2 can be

ascribed to non-perfect charge carrier balance and to quench-

ing of excitons caused by interaction with charges or other

excited molecules, respectively.42

OLEDs with C545T are known to show delayed fluores-

cence from TTA.15 Thus, time-resolved spectra of the EL

have been recorded with a streak camera system (Hamamatsu

C5680) and a spectrograph (Princeton Instruments Acton

SpectraPro 2300i). Electrical excitation was established by

an arbitrary waveform generator (Tabor Electronics

WW2571A) applying a 50 ls square wave voltage pulse with

variable bias to the OLED. Additionally, to prevent the

recombination of trapped charges, a negative reverse bias of

<�4 V has been applied just after the forward bias pulse. A

delayed component originating from TTA can be observed

after switching off the forward bias pulse (Fig. 3). The

curves—which were normalized to the intensity at steady-

state conditions—are almost identical, which is consistent to

the gEQE characteristics, implying a constant contribution

from TTA to the gEQE in a wide current-density range. By

comparing the intensity of the (extrapolated) delayed compo-

nent to the total intensity under steady-state conditions, an

enhancement factor of the radiative exciton fraction of �1.18

can be determined, suggesting a radiative exciton fraction gr

of�29.5%.

With the knowledge of the orientation of the transi-

tion dipole moments of C545T, it is possible to calculate

the light-outcoupling efficiency gout of the OLED by opti-

cal simulations. In Fig. 4, the experimental gEQE for two

OLEDs with different Alq3 thicknesses is compared with

optical simulations (see supplementary material for used

optical constants43). For the calculation, a charge balance

factor c¼ 1 and a radiative quantum efficiency of q¼ 0.77

(calculated from the measured value of the PL quantum

efficiency /PL¼ 0.8 (Ref. 44) by taking the light-

outcoupling and Purcell effect into account29) have been

assumed. The calculation of the gEQE for an isotropically

oriented emitter (gout¼ 21.0%) with no delayed compo-

nent (gr ¼ 25%, black curve) cannot explain the experi-

mental result. The same applies to an isotropically

oriented emitter with a delayed component enhancing the

radiative exciton fraction as estimated from the transient

EL responses (gr ¼ 29:5%, blue curve). Taking the actual

light-outcoupling efficiency gout ¼ 29:9% into account,

which is higher due to the horizontal orientation of the

transition dipole moments of the emitter and treating gr as

a free parameter, the simulation matches the measurement

by identifying gr � 28:4% (assuming c� 1). Thus, the pre-

cise knowledge of the light-outcoupling efficiency allows

to determine the value of the radiative exciton fraction.

This value is consistent to the estimation obtained by a

direct measurement of the transient EL response.

However, assuming an isotropic emitter orientation would

result in an overestimation of the radiative exciton frac-

tion. From the conducted efficiency analysis, the contribu-

tion of horizontal emitter orientation and delayed

fluorescence originating from TTA to the enhanced gEQE

can be quantified: horizontal orientation boosts the effi-

ciency by 39.8% (compared to isotropic orientation) and

the delayed fluorescence by 14% (compared to a purely

fluorescent emitter). Thus, the increased light-outcoupling

efficiency gout is playing the major role for OLEDs com-

prising the analyzed emitting system. This emphasizes the

impact of horizontal emitter orientation in fluorescent

OLEDs exceeding the classical limit for gEQE, which

FIG. 3. Transient EL response integrated over the emission spectrum for the

OLED stack shown in Fig. 2(b) for varying excitation pulses. Delayed fluo-

rescence is observable causing an enhancement of the total EL intensity by a

factor of �1.18. The lifetime of the delayed component is much longer than

the initial drop of the RC-time of the device (�1 ls).

FIG. 4. Measured gEQE for two OLEDs with Alq3 thicknesses of 57 nm and

105 nm compared to optical simulations. Assuming a perfect charge balance

factor (c¼ 1), isotropic emitter orientation (H ¼ 1=3) and disregarding

delayed fluorescence from TTA (gr ¼ 0:25), a maximum gEQE of only 4.3%

for an OLED with 57 nm Alq3 thickness can be anticipated (black curve).

Taking the delayed fluorescence into account and assuming

gr ¼ 1:18� 25% ¼ 29:5%, as estimated from transient EL, the gEQE can be

increased only up to 5.1% (blue curve) for the mentioned Alq3 thickness of

57 nm. By taking the horizontal orientation of the transition dipole moments

of the emitter C545T into account (H ¼ 0:14), the experimental result can

be explained by an increased light-outcoupling efficiency (gout ¼ 29:9%)

and delayed fluorescence (gr ¼ 1:14� 25% ¼ 28:4%) (red curve).
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would otherwise be incorrectly attributed exclusively to

delayed fluorescence and internal quantum efficiency gint.

In summary, we have shown that the transition dipole

moments of the fluorescent emitter C545T doped in Alq3

adopt strong horizontal orientation. OLEDs with this emitter

system have been fabricated showing an gEQE of 6.9%,

which is exceeding the classical limit. By performing an effi-

ciency analysis, gr � 28:4% and gout ¼ 29:9% were

obtained. The impact of delayed fluorescence originating

from TTA would have been significantly overestimated, if

isotropic emitter orientation was assumed instead.

Additionally, these numbers give clues for the development

of new high efficiency emitters, demonstrating potentials for

further improvement.
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