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Concentration quenching is a general problem in fluorescent and phosphorescent systems. We
begin with its theoretical description in solution, where it was first described, then proceed to in-
vestigate its mechanisms in both fluorescent and phosphorescent organic light emitting diodes. Two
major mechanisms are discussed—molecular aggregation and triplet-singlet intersystem crossing. In
the latter case, materials can be chosen to prevent overlap of the triplet state with an excited vibra-
tional mode of the ground singlet state. However, the aggregation effect relates to processing as well,
and detailed studies of microstructure are still needed to understand this loss pathway. We propose
using atom probe tomography to study these systems as it has several advantages over present
investigation methods and present preliminary results in a related organic photovoltaic system.
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Concentration quenching is a general issue in fluores-
cent and phosphorescent systems. First studied in dye
lasers by Drexhage and Schäfer [1], Lutz et al. [2] fol-
lowed up with a more detailed study of concentration
quenching in solution. There, they describe the phe-
nomenon as occurring because of an aggregation effect,
where high enough concentrations of the dye molecule
create a sufficient dimer concentration that allows for
rapid non-radiative relaxation to the ground state. This
effect is enhanced by the increased exciton transport on
more highly concentrated systems, which permit more
trapping of excited states by dimers. The simple model
of this process is governed by the rate equations

dM∗

dt
= −KMM∗ −KTM

∗ (1)

dD∗

dt
= −KDD∗ + KTM

∗ (2)

where M∗ is the concentration of excited monomers, D∗

is the concentration of excited dimers, KM is the decay
rate of excited monomers to the ground state, KD is the
analogous process for dimers, and KT is the trapping
rate. These have as their solution

M∗ =M∗0 exp[−(KM + KT )t] (3)

D∗ =
KTM

∗
0

KM + KT −KD
[exp(−KD t)−

exp(−(KM + KT )t)] (4)

where M∗0 is the initial population of excited monomer
states; the initial population of dimer states is assumed
to be zero.

While KM and KD are material dependent, KT is a
function of concentration, as the rate depends on the
number of dimer (trapping) sites, which vary with con-
centration. Lutz et al. assume isotropic hopping trans-
port, and derive

KT ∝M3 (5)

where M is the concentration of monomers in solution.

produce trains of about 40 pulses ai 1.06 pm 
with 1.3 m.I per pulse train. A single pulse is 
selected by a Pockets cell with an avalanche 
transistor driver and frequency tripled to yield a 
5 pJ, 50 ps pulse at 355 nm. This is split into 
the two excitation pulses which are recombined 
at the sample. The rest of the YAG pulse train 
is separated by a reflecting polarizer, frequency 
doubled, and used to synchronously pump a dye 
laser which is spectrally narrowed and tuned by 
two intracavity etalons. The dye laser is cavity 
dumped using another Pockels cell with 
avalanche transistor driver to give an 8 pJ, 30 ps 
pulse with a spectral width of 1 cm-‘. Both 
Pockels cells are triggered optically by the IR 
pulse train to fur the timing between them. The 
variably delayed dye laser pulse probes the 
grating at the Bragg angle. The probe pulse is 
polarized at the magic angle. This eliminates 
time-dependent depolarization effects from the 
measurements [l]. The diffracted intensity, 
measured with a PIN photodiode and lock-in 
amplifier, is the signaL 

The samples were solutions of laser grade 
rhodamine 6G (New England Nuclear) dissolved 
in spectra grade ethanol or gIycero1. The solu- 
tions were mounted in a rotating cell to avoid 
heating effects. The ce!! consisted of two glass 
plates separated by spacers. For the most 
concentrated solutions the spacers were 5 Frn; 
for the most dilute solutions the spacers were 
200 pm. 

4. ResuIts and discussion 

Transient grating experiments were perfor- 
med on a series of soIutions of rhodamine 6G in 
giycerol ranging in concentration from 8.7 x 
10eJ to 0.05 m/e_ A typical result and log p!ot 
are shown in fig. 4. In all cases the data 
appeared to decay exponentially for several 
lifetimes. Thus the decay could be characterized 
by an effective rate constant, Kss, as discussed 
in section 2. Long range energy transport could 
carry excitations from grating peaks to grating 
nulls, washing out the grating pattern [lSj. This 
would contribute to the TG signaI decay. curves are described in section 4. 
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Fig. 4. Transient grating results for rhodamine 6G in giy- 
cerol. Probe wavelength = 560 nm. Inset shows the log cf 
the data versus time. The effective decay constant for this 
dataset is Kefl = 9.3 x IO’S-~. 

However, the time dependence of the signal 
showed no grating fringe spacing dependence. 
This demonstrates that destruction of the grat- 
ing pattern by long range spatial energy trans- 
port is not responsible for the observed time 
dependence. 

A plot of Kc% versus R6G concentration is 
shown in fig. 5. First consider the qualitative 
features of the concentration dependence. At 
low concentration, K,, is concentration 
independent and given by the monomer decay 
rate: Kea = KM = 3.3 X iO+ s-l. This represents 

I 

Fig. 5. Eliective decay constant, Kca, versus concentration 
of rhodamine 6G in glycerol. i indicates experimental data. 
As the R6G concentration incxsses, excited state transport 
and trapping by R6G dimers becomes increasingly rapid. 
Fast radiationks relaxation by the dimers decreases the 
excited state lieticx and quenches fluoreacen~. The solid 
CUN~ is calculated using the results of section 2. The other 

FIG. 1. Fast radiationless relaxation by Rhodamine 6G
(R6G) dimers decreases the excited state lifetime and
quenches fluorescence. The solid curve is calculated using
the model developed above with the monomer concentration
corrected. Reprinted from Reference [2].

Their derivation is only true for low concentrations,
as it assumes that monomer concentration is equivalent
to the total dye concentration, which is obviously un-
true given the dimer’s role in concentration quenching;
however, the dependence is still essentially correct if one
modifies the rate constant based on an equilibrium con-
centration of monomers and dimers at a particular dye
concentration. A comparison of their model with exper-
iment on Rhodamine 6G (R6G) in glycerol is shown in
Figure 1, which has good agreement with the model pro-
vided the concentration is adjusted as described above.

This same aggregation occurs in organic light emit-
ting diodes (OLEDs), and is in part responsible
for concentration quenching observed in those sys-
tems. The first report of concentration quenching
in OLEDs was by Tang et al. [3], a couple years
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their fluorescence is much reduced. For instance, a pure 
DCMl film prepared by vapor deposition was found to be 
almost nonfiuorescent, and a coumarin film was only weakly 
fluorescent. 

B. Fluorescence of doped films 
Depending on concentration, the dopant molecules may 

retain their high fluorescence efficiency in the Alq matrix. 
This is clearly seen in the DCM 1/ Alq and coumarin 
540/ Alq systems as shown in Figs. 3 and 4, respectively. 
These fluorescence spectra wera obtained by exciting into 
the Alq absorption peak at 390 nm where the optical density 
is 0.14. At this wavelength, there is minimal absorption due 
to the dopants. As the concentration of the guest molecules 
increases, the fluorescence intensity first increases rapidly, 
and then decreases. Figure 5 plots the integrated area of the 
fluorescence bands as a function of guest concentrations. At 
the optimal concentration, the doped Alq films yield three to 
five times more total fluorescence emi.ssion than the un-
doped Alq film. This means that the optimally doped emitter 
will have a fluorescence efficiency as high as 40% as com-
pared with only 8% in the undoped Alq emitter. 

The optimal guest concentration for fluorescence en-
hancement differs for the two systems. For DCM!, it is 
about 0.25-0.5 mol %, and for C540 about 0.5-1 mol %. 
This difference is most likely related to the different degree 
of interdopant interaction in the Alq matrix. The fact that 
the pure DCMl film is almost nontluorescent suggests that 
the onset of fluorescence quenching in the DCM/ Alq system 
occurs at a lower dopant concentration than in the 
C540/ Alq system. Along with the decrease in fluorescence 
intensity with higher concentration, a gradual red shift in the 
peak fluorescence occurs. This shift is perhaps attributable 
to the excimer fluorescence of the dopant It is again in the 
DCMl/ Alq system that the shift is the largest, indicating 
that the interdopant interaction in the Alq matrix is stronger 
in DCM 1 than in the coumarin 540. 

The fluorescence lifetime of AJq in solution (toluene) 
and in thin film has been measured. The single-exponential 
lifetime is 16 ns in both solution and thin film. When the Alq 
film is doped, such as with C540 (2.0 mol %), the fluores-
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FIG. 3. Fluorescence spectra of DCMl/Alq (600 Ai as a function of 
DCM 1 concelltration. 
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FIG. 4. Fluorescence spectra of C540/ Alq (600 A) as a function of C540 
concentration. 

cence decay curve is best fit with two lifetimes: 2.5 ns (85% 
of the emitting molecules) and 7.2 ns (15%). The short 
lifetime is perhaps characteristic of the C540, which is 2.2 ns 
in toluene solution and the long lifetime component may be 
attributed to the perturbed Alq molecules. 

From the EL point of view, the fluorescence lifetime 
represents the shortest possible response of the EL device. 
The EL response measured for the present device is, how-
ever, of the order of 10 - 6 s. It is dependent on the cell's 
capacitance, which is about 20 nF/cm2, and on the series 
resistance. The latter is related, in part, to the low mobility of 
the organic materials. 

C. Electroluminescence 
," Light-current-voltage characteristics 

The light-current-voltage curves for an undoped and a 
doped cell are shown in Figs. 6 and 7, respectively. The com-
mon cell configuration is: 

ITO/Diamine (750 A)/Emitter (600 A)/ 
Mg:Ag 00:1,2000 A). 

a L-__ J-__ -L __ __ ____ k_ __ L-__ 

o 2 3 4 

Dopant concentration (mole %) 

FIG. 5. Fluorescence gain as a function of concentration: (1) DCMl and 
(2} C540 in Alq. 
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FIG. 2. Fluorescence spectra of C540/Alq3 as a func-
tion of C540 concentration. Note that as concentration in-
creases both intensity decreases and peak intensity red-shits.
Reprinted from Reference [3] with the dashed line added to
clarify the red-shift.

after their seminal paper describing efficient organic
electroluminescence[4]. They examined the fluorescent
efficiency of tris(8-hydroxyquinolinato)aluminium (Alq3)
doped with 3-(2-benzothiazolyl)-7-(diethylamino)-2H-1-
benzopyran-2-one (C540) as a function of dopant con-
centration. The results are shown in Figure 2.

Two interesting effects are apparent: a definite de-
crease in fluorescence intensity, as well as a red-shift of
the intensity peak as concentration increases. Tang et al.
attribute this red-shift to an increased contribution of
excimer fluorescence—the same dimer mechanism as de-
scribed by Lutz et al. above. This aggregation effect on
both efficiency and peak emission wavelength is a critical
part of concentration quenching in OLEDs.

Another important point to note from Figure 2
is the overall concentration of the dopant. A gen-
eral feature of fluorescent systems is that they have
their maximum efficiency at a concentration of ap-
proximately 1%. Tang et al. show this for two sys-
tems as they search for better electroluminescent ma-
terials: C540 and 4-(dicyano-methylene)-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran (DCM1). Figure 3 gives
the relative fluorescence yield for these two systems as a
function of concentration.

The drop in efficiency at low concentrations is ex-
plained by saturation: as the number of emitting sites
drops, a larger percentage of the emitter molecules are
in their refractory period and unable to accept another
exciton to radiate; this is controlled not only by con-
centration, but also by the exciton lifetime, which is a
property of the material.[5] The loss of efficiency at high
concentrations is what is called concentration quenching.
Both of these materials have their peak yield below 1%
molar concentration, and devices made with these mate-
rials have external quantum efficiencies of about 2%.

The low efficiency of these devices by modern stan-
dards largely results from simple spin statistics. The
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concentration. 
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FIG. 3. Fluorescence gain as a function of concentration:
(1) DCM1 and (2) C540 in Alq3. For both these materials,
maximum efficiency occurs at a concentration of below 1%.
Reprinted from Reference [3].

singlet state corresponding to fluorescence only accounts
for 25% of the radiative exciton relaxation pathways,
with the phosphorescent triplet states making up the
balance. Unfortunately, radiative triplet states are not
readily accessible in many material systems because the
ground state is spin anti-symmetric, meaning 3/4 of the
generated excitons are lost off the top to non-radiative
processes.[6]

Triplet states can become radiative by applying a per-
turbation that permits triplet-singlet transfer. For this
reason, Baldo et al. [7] designed a system with strong
intersystem crossing (ISC) that permits access to the
triplet state, with correspondingly higher device efficien-
cies. This is done via spin-orbit coupling; by creating a
heavy-metal complex, a metal-ligand mixed state arises
which has some ligand character.[8] Baldo et al. chose
platinum and iridium complexes to achieve this because
they have sufficiently short phosphorescent lifetimes, al-
lowing device applications (i.e. 1 µs to 10 µs);[9] however,
they still exhibit stronger efficiency roll-off at low con-
centrations from exciton saturation as a result of much
longer excited state lifetimes compared to fluorescence.

The ISC process is shown schematically in Figure
4. ISC proceeds via Förster resonant energy transfer
(FRET)—a dipole-dipole exchange interaction—which
does not preserve spin symmetry;[10] shorter range
Dexter transport, in which excitons directly hop be-
tween molecules, is spin-symmetry preserving, prevent-
ing ISC.[11] Even though ISC significantly improves
efficiency, these devices still suffer from concentration
quenching.

Kawamura et al. [12] investigated concentration
quenching mechanisms in these phosphorescent OLEDs
(PHOLEDs) as a function of temperature, and found that
material selection played a large role in overall system
efficiency. In particular, they found that energy level
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obtain triplet–singlet energy transfer by the Förster mechanism.We
note that a ‘pure’triplet has an infinite lifetime and no probabilityof
Förster energy transfer because the oscillator strength of its decay is
zero. However, the slightest perturbation (that is, some overlap
between the triplet and ground state on the donor) can counteract
the presence of non-radiative modes and yield efficient energy
transfer. Such triplet–singlet energy transfers were predicted by
Förster9 and confirmed by Ermolaev and Sveshnikova10, who
detected the energy transfer using a range of phosphorescent
donors and fluorescent acceptors in rigid media at 77K or 90K.
Large transfer distances were observed; for example with tripheny-
lamine as the donor and chrysoidine as the acceptor, the interaction
range is 52 Å.
Unfortunately, when a fluorescent acceptor is doped directly into

a phosphorescent donor material, the close proximity of the donor
and acceptor increases the likelihood ofDexter transfer between the
donor and the acceptor triplets. Once excitons reach the acceptor
triplet state, they are effectively lost since these fluorescent dyes
typically exhibit extremely inefficient phosphorescence (that is,
kNR q kR).
Another technique is to dope both the phosphorescent material

and the fluorescent acceptor into a conductive organic host. Ideally,
the phosphor then sensitizes the energy transfer from the host, now
acting as the donor, to the fluorescent acceptor. Cascade Förster
energy transfer of singlets has been demonstrated for fluorescent
materials11; however, here all energy is ideally transferred into the

triplet state of the sensitizer, where it is then transferred to the
singlet state of the fluorescent dye, that is:

1D*þ1X→1Dþ1X*
1X*→3X*

3X*þ1A→1Xþ1A*
1A*→1Aþ hv

ð2Þ

and
3D*þ1X→1Dþ3X*
3X*þ1A→1Xþ1A*

1A*→1Aþ hv

ð3Þ

Here, the photon energy is hv, and the donor, sensitizer and
fluorescent acceptor are represented by D, X and A, respectively.
Triplet and singlet states are signified by a superscript 3 or 1,
respectively, and excited states are marked by asterisks. The multi-
ple-stage energy transfer is described schematically in Fig. 1. Dexter
transfers are indicated by dotted arrows and Förster transfers by
solid arrows. Processes resulting in a loss in efficiency are marked
with a cross. In addition to the energy transfer paths shown in Fig. 1,
direct electron–hole recombination is possible on the phosphor-
escent and fluorescent dopants as well as the host. Triplet exciton
formation after charge recombination on the fluorescent dye is
another potential loss mechanism.
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Figure1Proposedenergytransfermechanismsin thesensitizedsystem. Inprinciple, all
excitons are transferred to thesinglet stateof thefluorescent dye, as triplets in thedye
non-radiatively recombine. Förster transfersare represented bysolid lines andDexter
transfers bydotted lines. Electron–hole recombination creates singlet (S) and triplet (T)
excitons in thehost material, althoughas indicated, chargetrappingmayberesponsible
for excitonformationintheothermaterialsaswell. Thereisaprobabilityof direct transfer
intothesinglet stateof thefluorescent dyebyaFörsterprocess,orDexter transfer intothe
triplet state. This is asourceof lossand is indicated byacross. Singlet excitons in the
phosphor aresubject to intersystemcrossing (ISC)and transfer to the triplet state. From
this state, the tripletsmayeither dipole–dipole couplewith thesinglet stateof the
fluorescent dyeor, in another lossmechanism, theymayDexter transfer to the triplet
state.Direct formationof tripletsonthefluorescent dyeisanadditional pathtoloss. Inset,
thestructureof theprincipal materialsandelectroluminescent devices fabricated in this
work.Weusethegreenemittingphosphor2 factris(2-phenylpyridine)iridium(Ir(ppy)3)and
the red fluorescent dye17 [2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizin-
9-yl)ethenyl]-4H-pyran-4-ylidene] propane-dinitrile(DCM2). DCM2absorbsin thegreen

and it emits at wavelengthsbetweenl = 570nmandl = 650nm(ref. 14). To
demonstrate themultiple-stage transfer, weused4,4!-N,N!-dicarbazole-biphenyl (CBP)
as thedonor andhost material18. Organic layersweredeposited byhigh vacuum(10−6
Torr) thermal evaporationontoacleanglasssubstratepre-coatedwithalayer 1,400Åin
thicknessof transparent and conductive indium tin oxide. Alayer 600 Å in thicknessof
N,N!-diphenyl-N,N!-bis(3-methylphenyl)-[1,1!-biphenyl]-4,4!-diamine (TPD) is used for
holetransport. Weusedanalternatingseriesof layers10 Åin thicknessof 10%Ir(ppy)3/
CBPand1%DCM2/CBP. In total, 10 doped layersweregrownwith a total thicknessof
100Å.Excitonswereconfinedwithintheluminescent regionbyalayer200Åinthickness
of thewide-energy-gapmaterial 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bath-
ocuproine, or BCP). Alayer 300 Å in thicknessof tris-(8-hydroxyquinoline) aluminium
(Alq3)isusedtotransport electronstotheluminescent regionandtoreduceabsorptionat
thecathode. Metal deposition throughashadowmaskwith openings1mmin diameter
definedcathodesconsistingof alayer 1000Åinthicknessof 25:1Mg/Ag,withanAgcap
500 Å in thickness.
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FIG. 4. Schematic of intersystem crossing (ISC) showing the
forbidden pathways and how they are accessed via a phospho-
rescent sensitizer. Triplet and singlet states are labeled by T
and S respectively. Reprinted from Reference [6].

selection was important to prevent the reverse triplet-
singlet ISC process, which decays non-radiatively and
significantly reduces the efficiency benefit of accessing
the triplet states. Figure 5 shows the external quantum
efficiency of the blue phosphorescent emitter bis[(4,6-
difluorophenyl)pyridinato-N,C2] (picolinato)iridium(I II)
(FIrpic) doped in either 4,4′-bis(N-carbazolyl)-2,2′-
biphenyl (CBP) or m-bis(N-carbazolyl)benzene (mCP)
as a function of dopant concentration. Compare the effi-
ciency graph here to that of Figure 3 and the PL spectra
of the inset to Figure 2 and note the much higher con-

FIG. 5. Photolumenescent (PL) quantum efficiency (ηPL)
vs dopant concentration in FIrpic:CBP (�) and FIrpic:mCP
(�). Insets show PL spectra of Ir(III) complex:CBP measured
at each dopant concentration increasing going up along the
y-axis. Reprinted from Reference [12].
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We studied the quenching mechanisms responsible for the low efficiency of thin film phosphorescence
by a specially designed organic light-emitting diode with an emission layer consisting of a few repeating
cells made of a sequentially evaporated host and guest. Variation of the thickness of the guest layer in each
cell enables the study of the effect of molecule aggregation on the quantum efficiency. On the other hand,
variation of the thickness of the host layer reveals a new long-range quenching mechanism involving a
Förster-like dipole-dipole interaction. The quantitative analysis shows that the external quantum effi-
ciency as a function of the host layer thickness follows the characteristic of the long-range Förster process.
Our study provides a new understanding of quenching mechanisms in phosphorescent material and
extends the existing knowledge on long-range energy transfer.

DOI: 10.1103/PhysRevLett.99.143003 PACS numbers: 32.50.+d, 33.50.Hv, 78.40.Me

Given the maturity of liquid crystal display technology,
the recent rise of organic light-emitting diodes (OLED)
would be almost impossible without the discovery of elec-
trophosphorescence [1]. Phosphorescence boosts effi-
ciency by 4 times compared to that of the normal fluo-
rescence OLEDs, by harvesting the normally spin-
forbidden triplet state which accounts for three quarters
of all excitons formed in the device [2]. Utilizing phos-
phorescence, a device with an internal quantum efficiency
approaching 100% has been reported [3]. The current state-
of-the-art phosphorescent OLED utilizes various different
layers which function separately as carrier transports, car-
rier and exciton blockers, and emitting layers (EML).

The EML is normally formed by a host-guest system
which is employed by coevaporating a small amount of
guest molecule in the matrix of the host material. Most
excitons are formed in the matrix host which then transfers
the energy to the guest molecule where final emission takes
place. The host-guest system minimizes aggregation of
guest molecules so as to enable high quantum yield. It is
generally accepted that in a host-guest system, concentra-
tion quenching occurs because of molecule aggregation.
As the concentration of guest molecules increases, a drop
in quantum efficiency is followed by a redshift in the emis-
sion spectrum, characteristic of an aggregate state [4–6].
However, it is still not clear whether molecule aggregation
alone is responsible for concentration quenching.

Here we investigated the mechanisms responsible for
concentration quenching in a phosphorescent host-guest
system, utilizing specially designed OLED devices with
the EML consisting of a few repeating cells, similar to a
multiple quantum-well structure. Each cell consists of
sequentially deposited host and guest materials. Figure 1
shows the comparison between the conventionally fabri-
cated devices (random doping) with our specially designed
multiple quantum well-like structure (sequential doping).
Variation of the thickness of the guest layer in each cell
enables the study of the effect of molecule aggregation to

the quantum efficiency. On the other hand, variation of the
thickness of host layer leads to the observation of a new
long-range quenching mechanism which will be discussed
in this Letter.

We employed N, N0-di(naphth-2-yl)-N, N0-diphenyl-
benzidine (NPB) as the hole transporting layer, 4, 40-N,
N0-dicarbazole-biphenyl (CBP) as the host, fac-tris(2-
phenylpyridinato- N, C20) iridium (III) !Ir"ppy#3$ as the
guest, 2, 9-dimethyl-4, 7-diphenylphenanthroline (BCP) as
the hole blocking layer, and tris-(8-hydroxyquinoline) alu-
minum (Alq3) as the electron transporting layer. Since

FIG. 1. Phosphorescence OLED fabricated with sequential
doping with N cells (a) and random doping (b). In sequential
doping, the emission layer is defined by a series of repeatable
thin layers of guest and host materials. In random doping, guest
molecules are dispersed in the matrix of the host.
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FIG. 6. Schematic of cell structure used by Divayana and
Sun. The neat layers of guest (Ir(ppy)3) and host (CBP)
allow control of the level of guest aggregation. Reprinted
from Reference [13].

centration of the phosphorescent system efficiency peak.
This higher concentration efficiency peak is typical of
phosphorescent devices with materials selected to favor
triplet-singlet over singlet-triplet transfer.

Divayana and Sun [13] studied this process in more
detail to elucidate the mechanism and suggest a
method for screening material candidates. They used
the common PHOLED heavy-metal complex fac-tris(2-
phenylpyridinato- N, C2′) iridium (III) (Ir(ppy)3) doped
in CBP as their emitting layer. To control for aggrega-
tion quenching, they structured the device as shown in
Figure 6. The neat layers of guest (Ir(ppy)3) and host
(CBP) allow control of the level of guest aggregation by
defining a definite spacing compared to the uncontrolled
mixing and aggregation of a co-deposited layer.

They found that without the aggregation effect, the
dominant concentration quenching was indeed due to
triplet-singlet ISC via FRET. This occurs because of
overlap between the first-excited triplet state (T1) and a
excited vibrational mode of the singlet ground state (Sv

0 ),
allowing a triplet exciton to ISC and non-radiatively de-
cay to the ground state. A simplified Jablonski diagram
of the energy levels of this system is shown in Figure 7.
This overlap is characteristic of materials with a small
Stokes shift—the energy distance between their absorp-
tion and emission spectra. In choosing materials with
larger Stokes shifts, this effect can be mitigated.[14]

These studies, however, have been controlling for
guest aggregation, which is another strong contributor
to concentration quenching. Reineke et al. [15] investi-
gated the effects of aggregation using high-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM). Once again, they studied Ir(ppy)3, but
used 4,4′,4′′-tris(N-carbazolyl)-triphenylamine (TCTA)
as a host; their results are shown in Figure 8. It is clear
that there is significant aggregation in this system, with
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aggregate state. The small redshift observed for devices
with 10 nm of CBP layer can be understood from the weak
microcavity effect, as the total thickness of the EML
reaches 67 nm [16].

The lack of appearance of the aggregate peak for devices
with a thin CBP layer suggests that other quenching
mechanisms are involved. The structures are only different
in the thickness of the CBP layer that separates the
Ir!ppy"3 layers; hence, the excitonic quenching can only
come from the increased interaction between the emitting
Ir!ppy"3 molecules. However, as the Ir!ppy"3 layers are
separated by several CBP molecules (20–50 !A), the only
known process that applies in such range is the long-range
Förster (dipole-dipole) energy transfer [17]. Long-range
Förster energy transfer occurred when the absorption spec-
trum of an acceptor molecule overlaps with the emission
spectrum of a donor molecule, provided an allowed state
transition. Since the absorption and emission spectra of the
Ir!ppy"3 molecule overlap significantly [14], energy trans-
fers between Ir!ppy"3 molecules are possible. However,
energy transfer among excited electronic states of Ir!ppy"3
molecules would not explain the reduced efficiency, since
in principle, it will not add any new nonradiative decay
pathway. To explain the observed excitonic quenching, we
need to revisit the nonradiative processes.

Figure 3 shows the Jablonski diagram of the photophysi-
cal processes including Förster energy transfer. Because of
a strong spin-orbit coupling, the rate of the intersystem
crossing (ISC) in this system becomes large; hence, lumi-
nescence is dominated by phosphorescence corresponding
to a transition from the excited triplet state (T1) to the
singlet ground state (S0). The nonradiative transition oc-
curs by ISC from T1 to the higher energy vibrational-mode
of the S0 referred to as S0

v. Then, vibrational relaxation
(VR) from S0

v to S0 occurs thermally. In the presence of
another molecule nearby, it is possible that T1 transfers its
energy to the excited triplet state of the adjacent molecule
(T1
0) via the Förster process. Meanwhile, due to a strong

spin-obit coupling, T1 will also be coupled to the adjacent
vibrational-mode (S0

v0), i.e., a T1-S0
v0 transition, which is

similar to the Förster process. The T1-S0
v0 will introduce a

new nonradiative decay pathway which will result in a
reduction of the quantum efficiency. Assuming that the
T1-S0, T1-S0

v-S0, T1-T1
0 and T1-S0

v0 occurred at rates of
Kr,Knr,KF, andKFnr, respectively, the quantum efficiency
can be written as

 ! # Kr $ !KF
Kr $ Knr $ KFnr $ KF

; (1)

from which, ! can be rewritten as

 ! # Kr
Kr $ Knr $ KFnr

: (2)

Equations (1) and (2) show that only the T1-S0
v0 interaction

and not the T1-T1
0 interaction (which is the commonly

known Förster process) affects the EQE. In our case as
CBP thickness reduces, the nonradiative transition
(T1-S0

v0) KFnr increases, resulting in the decrease in
EQE of the device. The increase in overall recombination
rates due to T-S Förster process agrees well with the
reduced photoluminescence decay lifetime of bulk layer
Ir!ppy"3 conducted previously [13]. In other words, T-S
Förster energy transfer is the main reason for excitons
quenching in the case of bulk Ir!ppy"3, not the molecules
aggregation. Recently, it has been shown that phosphores-
cent material with large Stokes’ shift exhibit less quench-
ing in the bulk [18], which can be understood due to a less
intermolecular Förster process.

Biexcitonic annihilation may be eliminated from the
rationale behind the efficiency drops for devices with a
thin layer of CBP for the following reason. Biexcitonic
annihilation (triplet-triplet interaction) causes the effi-
ciency to roll-off with the increase in the current (excitons)
density. From Fig. 2(b), it can be seen that devices with thin
layers of CBP do not show an increase in the roll-off of
EQE compared to that with optimized CBP thickness.
Instead, the quenching occurs only at low current density,
when the biexcitonic annihilation is small.

One may argue that the reason of the efficiency reduc-
tion for devices with CBP layers smaller than 5 nm is due
to thinner EML, which has shown to be an important
parameter affecting the efficiency [19]. To eliminate this
factor we conducted another set of experiments where the
thickness of the CBP layer was varied [Ir!ppy"3 is fixed at
1 nm] while keeping the total thickness of the organic layer
fixed; therefore, the structures studied consist of different
numbers of cells. The EQE plots are shown in Fig. 4. It can
be seen that, similar to the results from Fig. 2(b), the
efficiency drops significantly as the CBP thickness re-
duces. The emission spectrum also shows no significant
change, indicating no increase in the aggregation state (not
shown). These confirm that the drops in efficiency for
devices with thin layers of CBP is caused by the increased
interaction among Ir!ppy"3 molecules, not the thinner
emission region.

T1
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IC

ISC ISC

S1 VR

ISC

T’1

S’0

VR

IC

S’1 VR

ISCSo
v’So

v Förster T-S

Förster T-T F P

F P

FIG. 3. The proposed simplified Jablonski diagram of photo-
physical processes in the presence of other Ir!ppy"3 molecules
nearby. The radiative transition is indicated by straight arrows
(F # fluorescence, P # phosphorescence), nonradiative process
by wavy and dotted arrows (IC # internal conversion).
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FIG. 7. Simplified Jablonski diagram showing the triplet-singlet intersystem crossing (ISC) non-radiative recombination path-
way. The radiative transition is indicated by straight arrows and non-radiative process by wavy and dotted arrows. The
abbreviations used are as follows: singlet (S), triplet (T), internal conversion (IC), vibrational relaxation (VR), fluorescence
(F), phosphorescence (P). Reprinted from Reference [13].

a variety of length scales in the microstructure.

Unfortunately, HAADF-STEM is limited in its abil-
ity to study OLED systems. It requires large differences
in atomic number (high Z-contrast) in order to distin-
guish the material constituents.[15] While this is satisfied
by the composition used by Reineke et al., more general
OLED systems will not have good contrast, and materi-
als with similar Z number will be indistinguishable. Fur-
thermore, HAADF-STEM only looks at the plane of the
material where the electron beam is focused, meaning
that any three dimensional structure is lost.[15]

For these reasons, atom probe tomography (APT) may
provide significant benefits in the study of OLED ag-
gregation effects. APT combines high spatial resolution

in kTT supports the hopping model, since a higher number of
unexcited emitter molecules improves the exciton migration
through the mixed film and, consequently, enhances TTA. In
contrast, the single-step Förster mechanism is accompanied
with a concentration independent RF.8 When comparing the
photoluminescence transients of samples I and II, strongly
reduced TTA is observed for the heterostructure sample com-
prising neat TCTA interlayers. Here, kTT is only 27% of the
value of sample I. It is taken into account that the active
volume of sample II is roughly 1/3 of sample I. This results
in higher nIr of sample II, necessary to obtain equal photolu-
minescence intensity. This decrease in kTT can only be attrib-
uted to a decrease in hopping steps. By introduction of 2 nm
thin neat TCTA interlayers in sample II, the excited states are
efficiently hindered to migrate in one direction of space, re-
ducing the random-walk process. In Ref. 12, we have shown
that this heterostructure can be adapted to OLEDs as emis-
sion layer improving the OLED efficiency roll-off, i.e., the jc
can almost be doubled compared to a reference device. This
suppression of exciton migration should also be achievable
by reduction in the emitter concentration in a single mixed
film down to values where the guest distance reaches values
of the TCTA interlayer thickness. Assuming cubic closed
packing such that every guest molecule is occupying the
space of a TCTA molecule !density !=1.139 g cm−3, and
molar mass M=740.9 g mol−1", one can compute the guest
distance to 1.4 and 2.9 nm for 9.3 and 1.1 mol %, respec-
tively. For the 1.1 mol % TCTA:Ir!ppy"3 sample, the guest
distance is even greater than the thickness of the undoped
interlayers !#2 nm" of sample II. From this point of view,
the homogenous sample with 1.1 mol % should have a very
low kTT since it should efficiently suppress exciton migration
to all directions. In contrast, kTT of sample II is only 36% of
the value of the 1.1 mol % mixed film. As the estimation of
the guest distance is based on a homogeneous distribution of
Ir!ppy"3, these results suggest that the preparation of mixed
host: Ir!ppy"3 films must be accompanied by formation of
aggregates, i.e., regions of short guest-guest distance which
enhance hopping-assisted TTA.10

To investigate possible aggregation, 50 nm
TCTA:Ir!ppy"3 films with a doping concentration of ap-
proximately 10 mol % were investigated by aberration !Cs"
corrected STEM which were deposited onto a 2-micron hole
carbon film. STEM 1 at Daresbury Laboratory equipped with
a Nion Mark II Cs-corrector was operated at 100 kV accel-
erating voltage with a probe size of about 0.1 nm.13 To study
the iridium distribution in the film, the high angle annular
dark field !HAADF" signal was used. It increases monoto-
nously with the atomic number of the scattering atoms if the
sample thickness is suitable and not changing rapidly on the
length scale of interest.14 Thus, since no other heavy element
is included into the film composition, Ir atoms and agglom-
erates appear particularly bright in HAADF contrast. It is
taken into account that the HAADF image of the Ir distribu-
tion represents a projection through a 50 nm thick film, of
which the first few nanometers appear focused. Electron en-
ergy loss spectroscopy was used to prove that the bright ar-
eas are not caused by fluctuations in the amount of carbon
content. Figure 4 shows the HAADF signal of a large film
area. Images !a", !b", and !c" are taken with higher resolution.
Iridium agglomerates of 3–4 nm $Fig. 4!a"% and few larger

ones of about 30 nm in diameter $Fig. 4!c"% are observed.
They appear particularly bright among the otherwise evenly
dustlike spread Ir $Fig. 4!b"% in the film. The small sharp
bright dots in the high resolution images, marked by arrows
for four examples, represent the HAADF signal of single Ir
atoms in the slice of the film where the electron beam is
focused. The left arrow in Fig. 4!b" points to a group of
three Ir atoms. These images nicely show that mixed
TCTA:Ir!ppy"3 films strongly differ from films with a ho-
mogeneous emitter dopant distribution, necessary to reach
the single-step Förster-limit.

In conclusion, we have shown that TTA in organic phos-
phorescent mixed films is strongly influenced by the emitter
dopant aggregation, leading to a much stronger efficiency
roll-off than expected from photophysical properties of the
involved materials. To overcome this aggregation remains
challenging, but bears great potential for phosphorescent
OLEDs with high efficiency at very high brightness.
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FIG. 8. High-angle annular dark-field scanning transmission
electron microscopy images showing aggregation of Ir(ppy)3
(bright spots) in TCTA. Reprinted from Reference [15].

(< 0.3 nm—about an order of magnitude better than
transmission electron microscopy) and analytical sensi-
tivity (∼1 atomic ppm) in a comparatively large volume
(> 106 nm3).[16] Figure 9 shows a schematic of APT
operation.

APT works via a field-ionization process.[16] A strong
electric field is applied from a combination of a large
potential difference between the sample and the electrode
and a small sample radius of curvature. By pulsing a laser
on the sample, the ionization barrier is overcome and an
ionized molecule is accelerated away from the surface to
the position-sensitive detector, providing a record of the
surface location of the molecule. In addition, the time-
gate of the laser pulse allows for sensitive time-of-flight
mass spectrometry, giving precise chemical information
about the molecule on the surface. Time ordering of
the collected molecules allows for a depth profile to be

FIG. 9. Schematic of the atom probe tomography process
showing the physical steps of data acquisition.[17]
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FIG. 10. Preliminary reconstruction of atom probe data
showing microstructure in a bilayer of C60 (red) and tetracene
(teal) with their Diels-Alder adduct (purple) at the interface.

constructed as well. Thus, a full three dimensional model
of the sample can be reconstructed with detailed chemical
information about its constituent molecules.

We have successfully applied this technique on an or-
ganic photovoltaic system, which is closely related to
OLED devices. Figure 10 shows a preliminary recon-
struction of our collected APT data. Here, we are inter-
ested in the solid-state Diels-Alder reaction of C60 and
tetracene, which is clearly visible at the interface of our
sample in the reconstruction. APT was able to detect
this adduct at a level of ∼ 0.3%, and resolve its location
quite precisely. Because APT has not been successfully
used on organic systems before, there are still a vari-
ety of reconstruction artifacts to resolve in order to have
good spatial fidelity; however, this effort is underway, and
should not be a long-term impediment to the adoption
of this technique for organic systems.

This positive demonstration of high-resolution mi-
crostructure information in an organic system using APT
strongly suggests that the technique could be used to
study aggregation in OLEDs and its effect on concentra-
tion quenching. This detailed and quantitative analysis
would allow systematic investigations of aggregation with
the potential to uncover predictive methods of controlling
OLED microstructure. Information of this sort is neces-
sary to continue to improve OLED efficiency and broaden
its adoption in the marketplace.
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