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Single-Step Triplet-Triplet-Annihilation: An Intrinsic Limit for the High-Brightness
Efficiency of Phosphorescent Organic Light Emitting Diodes.
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We investigate triplet-triplet-annihilation in molecular host-guest systems where triplets are lo-
calized on spatially separated guest molecules. Our results indicate that the dominant mechanism
of annihilation is single-step long-range (Forster-type) energy transfer between two excited guests.
This mechanism leads to a fundamental limit for the efficiency of phosphorescent organic light emit-
ting diodes at high luminance. Our model is confirmed by photoluminescence decay experiments on
2,3,7,8,12,13,17,18-octaethylporphine platinum as guest in a host-matrix of 4,4’-N,N’-dicarbazole-

biphenyl.

Organic light emitting diodes (OLED) have broad ap-
plications perspectives in displays and lighting. Re-
cently, very high efficiency devices have been realized,
based on phosphorescent emitters [1] and pin-structures
with doped transport layers [2]. In those devices, host-
guest systems with phosphorescent guest molecules are
employed to harvest the triplet excitons created from
statistical charge recombination. Typical triplet emit-
ters are the organometallic phosphors 2,3,7,8,12,13,17,18-
octaethylporphine platinum (PtOEP) and fac tris(2-
phenylpyridine) iridium (Ir(ppy)s) [3]. In particular with
Ir(ppy)s emitters, internal quantum efficiencies close to
unity have been achieved [4]. At high exciton densities,
however, the intrinsically high efficiency of phosphoresent
OLED is counteracted by strong bimolecular annihilation
processes. This leads to a roll-off of the quantum effi-
ciency and thus brightness (luminance) at high driving
currents [5], which is very detrimental for high-brightness
display and lighting applications.

Bimolecular recombination is most important for long-
living states. In principle, all possible pairs of triplets
or single charge carriers (polarons) on host or guest
molecules can lead to bimolecular annihilation reactions.
Baldo and coworkers [5, 6] have comprehensively dis-
cussed these effects by comparing electroluminescence
(EL) and photoluminescence (PL) data for a variety of
host-guest combinations and concluded that bimolecular
annihilation is best suppressed when triplets are trapped
on the guests. This is fulfilled for the model system of
PtOEP as guest in a host-matrix of the amorphous, hole
transporting wide-gap organic semiconductor 4,4’-N,N’-
dicarbazole-biphenyl (CBP).

However, even for this case, pronounced bimolecular
annihilation was observed in EL and in PL [5, 6]. In
particular in PL, the process of triplet generation can
be clearly identified: photoexcitation of the CBP host
creates singlets in the host. These transfer to singlets in
the PtOEP guest where they transform to guest triplets
by intersystem crossing. When discussing the unexpected

annihilation, Baldo et al. [5] nevertheless rule out direct
guest-guest annihilation and argue qualitatively that host
triplets must be present, although their presence could
not be understood in the present models.

In this Letter, we present an alternative explanation
for annihilation of guest triplets: single-step long-range
Forster-type energy transfer between two excited guest
molecules, i.e. a reaction of the type T14+T; — So+T,,.
Although this type of energy transfer involves a spin-flip
in the donor (T1 — Sp) and therefore is intrinsically slow,
it only competes with the slow radiative recombination
rate of the donor, which requires the same spin-flip. The
resulting interaction radius Ry is entirely determined by
the overlap integral between normalized donor emission
and the absorption coefficient of the acceptor transition
T, — T,. Since Ty — T, is spin-allowed, Rr can
have as large values as for triplet-singlet [7] or for the
well known singlet-singlet transfer. Triplet-triplet anni-
hilation of this type has already been clearly described
by Kellogg [8] for phenanthrene in liquid solution, and
Forster radii of the order of 4nm have been both pre-
dicted and measured.

To prove our explanation, we performed PL decay mea-
surements with PtOEP-doped CBP similar to Ref. [5].
We analyzed them with the general rate equation for the
density n of guest triplets of intrinsic lifetime 7:

%n(t) = —@ — fan(t)?. (1)

Here, «y is the annihilation rate constant, and the factor f
depends on the final product of the annihilation reaction.
If one exciton survives (T, — Ti), f becomes 1 but
otherwise f =1 (e.g. [6, 9]). We always assume 3.

For empirical analysis of annihilation experiments, it
is common to consider «y as a constant [5, 6, 10]. This re-
sults from the microscopic model of a three-dimensional
diffusion-controlled reaction, where after some short ini-
tial time interval 7 takes the form of vy = 87 Da, with
diffusion constant D and annihilation distance a [11].



The rate limiting process in this model is the motion
of excitons towards each other, which takes place in the
form of many single excitation transfer steps of the type
Ty +Sg — Sg + T1. This means, the exciton performs a
multi-step random walk on the grid of unexcited guests.

In our alternative approach, we neglect the multi-step
motion of excitons via unezcited guests and consider only
single steps between two ezcited guests (T + T; —
So + T,). The most efficient long-range interaction is
dipole-dipole coupling (Forster transfer). From the de-
cay law derived by Forster [12] for an excited donor sta-
tistically surrounded by acceptors, the annihilation rate
constant after a short excitation pulse at ¢ = 0 can be
approximated as [9]
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Here, R is the Forster radius for transfer to an excited
guest. In remarkable contrast to a diffusion controlled
reaction, there is no regime in which ~ becomes time-
independent. With v from Eq. (2) and initial condition
n(t = 0) = ng, the general rate equation (1) is solved by
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This decay law is used for our analysis of the PL annihi-
lation experiments.

Our samples were prepared in high-vacuum by coevap-
oration of gradient sublimated CBP and PtOEP onto
fused silica. Excitation for time-resolved PL was done
with the central (and thus homogeneous) part of an un-
focused beam from a pulsed nitrogen laser at 337nm.
The emission was filtered by a 620nm long pass filter,
imaged onto a photo diode and recorded by a digital
oscilloscope. Measurements where done under ambient
conditions directly after sample preparation. Then, sam-
ple degradation was still negligible as inferred from the
mono-exponential decay at low excitation densities.

To fit the decay law (3) to the experimental PL decay
curves, we assume an initial exciton distribution along
the optical path x in the sample given by Beer’s law:
no(z) = ngp exp(—ax). Integration over x gives an equa-
tion for the total PL signal L(t), which has as free pa-
rameters only a scaling factor Lg (for detection efficiency)
and Rp. As intrinsic lifetime, 7 = 95 us was taken from
mono-exponential fits at low excitation density. For the
initial density ngg at the front interface, the density nex
of singlets created in the host was obtained from the mea-
sured pulse energy and the absorption coefficient. Opti-
cal constants where obtained from fitting thin-film opti-
cal models to a set of transmission and reflection data of
various thickness as in Ref. [13].

The efficiency npg of singlet transfer from host to guest
was obtained from comparing the guest luminescence for
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excitation of either host or guest singlets at their respec-
tive absorption maxima. The transfer efficiencies at low
excitation ranged from 52 % for a guest concentration of
0.13mol% to 87 % for 1.8 mol%.

For the intersystem crossing efficiency ngc in the guest
molecules, we assumed 100 % based on the following ar-
guments: Ponterini et al. [14] measured the total decay
time of the S; state of PtOEP to be smaller than 15 ps
and estimated the radiative lifetime to 60 ns. The nonra-
diative decay rate constant can be estimated from the flu-
oresence quantum yield of ~ 0.16 in the related free base
compound HyOEP [15]. This yields intersystem cross-
ing efficiencies of at least 99 %. Then, the created triplet
density follows as 190 = NexmgMsc. In the low excita-
tion intensity regime, the calculated initial triplet density
ngp was proportional to the initial PL signal L(0). This
proportionality constant was used to determine ngg from
L(0) in the high excitation density regime, where host
singlet annihilation or guest saturation may start.

In Fig. 1, we show examples of PL decay and fit
residues for two different initial concentrations ngg in
the sample of highest guest concentration 1.8 mol%. For
comparison, we also show fit results based on the multi-
step diffusion model with a constant vy in Eq. (1). The
residues clearly show that our single-step model gives a
more accurate description of the decay curves [16].

Figure 2 shows all fitted Forster radii Rrp. For each
guest concentration, Ry is independent of ngg over a large
range, as it should be in this model. If ngy becomes very
large, it reaches the density of available guest molecules
visualized by vertical lines. Then, the formally obtained
values of Ry drop down since in this saturation regime
the data show a fast initial decay which cannot be prop-
erly described by the model anymore. The increase of
Ry for ngp < 3x10'7 cm ™3 is an artefact from the fitting
procedure since then the actual annihilation term is very
small and cannot be properly extracted anymore.

The result of a constant Rr versus ngg is not trivial,
since a variation of ngg varies the average distance of
excitons, and annihilation depends on the relation of this
distance to the characteristic length of exciton transfer
given by Rp. Furthermore, Figure 2 shows that Rp does
not depend on the guest concentration, which means that
the distance of unexcited guests is not relevant. This is
the crucial support of our hypotheses that annihilation
involves only exciton transfer between excited guests.

The empirical Forster radius obtained for the whole
set of exciton and guest molecule concentrations is in the
range Rp = (5.20 £ 0.08) nm. Evaluation in the frame-
work of multi-step diffusion models results in values of
70 = (8+1) x 10 cm3s~!, which do not vary with guest
concentration. A constant vy versus guest concentration
is in strong contradiction to the underlying model of dif-
fusion on the grid of guest molecules, where the diffusion
constant should strongly depend on the average guest
distance.
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FIG. 1: (a) Experimental decay of luminescence signal L(t)
and mono-exponential fits for the sample with highest investi-
gated guest concentration at two initial front-face triplet den-
sities noo. Excitation energy densities were 1.2 X 107*Jem ™2
and 1.4 x 107°Jem™2. (b) Fit residues at ngo = 1.1 x
10'° em ™2 for fits with the single-step Forster transfer model
(Rr = 5.2nm) and the multi-step diffusion model (yo =
9.0 x 107 em®s™1). (c) Fit residues at noo = 2.4 x 10*® cm ™3
for the single-step model (Rr = 5.2nm) and the multi-step
model (7o = 8.5x107 em®s™!). The fit curves are not shown
in panel (a) since they entirely coincide with the experimental
curves on this scale.
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FIG. 2: Fit results for the Forster radius Rr versus initial
front-face triplet concentration ngo for four different samples
with different mol:mol concentration of guest molecules. The
density of guest molecules in each sample is shown by vertical
lines.

From a microscopic viewpoint, the Forster radius Ry
depends on the spectral overlap of the donor emission
spectrum Fp(7) (normalized to PL quantum efficiency)
and the spectrum of the acceptor molar extinction coef-
ficient e (7) (from [17]):
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Here, r is the directional factor taken to be k% = 2/3 and
n, is the refractive index of the matrix (here n, = 1.7).

Transient absorption spectra of PtOEP [14] show
strong Ty — T, transitions in the wavelength region
550-800nm. A quantitative estimate can be made from
the absolute Ty — T,, extinction coefficient measured
in Ref. [18] for the photophysically very similar zinc
tetraphenylporphine (ZnTPP). In the PtOEP emission
range (FWHM 21nm around 647nm), this extinction
coefficient is nearly constant 3.5 x 103 1mol 'ecm~" [18].
With this constant value, Eq. (4) gives a Forster radius of
3.6nm. This estimate indicates that the order of magni-
tude of the Forster radius derived from our fits (5.2 nm)
is reasonable. As for the case of Ir(ppy)s discussed be-
low, the higher value (i.e. stronger annihilation) from
the experimental evaluation is most likely caused by par-
tial aggregation, maybe even with a preferentially par-
allel orientation of transition dipoles, in contrast to the
assumptions for Eq. (4).

The single-step annihilation mechanism sets an intrin-
sic limit to the internal quantum efficiency of OLEDs
at high exciton concentrations. To estimate this limit,
we calculate the relative quantum efficiency ® =
([n(t)dt) / ([ noe™t/7dt) with n(t) from Eq. (3). @ de-
pends only on the dimensionless product

£ = §w2 fnoRy (5)

and numerical solution of ®(¢) = 1 gives the critical
value £, = 1.516 at which the relative quantum efficiency
drops to % For the Rp = 5.2nm obtained in our fits, the
critical initial concentration in the pulsed regime becomes
nge = 3.3 x 108 cm 3.

To get an order-of-magnitude estimate for the case of a
stationary exciton creation rate n = xj/(ed) in an OLED
with exciton yield x due to spin-statistics (here xy = 1)
and generation layer thickness d, we assume that first an-
nihilation is “turned off” and a stationary exciton density
xj7/(ed) is created. Now, starting from this initial state,
creation is “turned off” and annihilation is “turned on”.
Then, the effect of annihilation on the originally created
exciton density can be seen [19]. In this way, the criti-
cal current density j. for a quantum-efficiency roll-off to
1

5 can be obtained from the critical density ng. in the

pulsed regime and Eq. (5):
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With d = 10nm as in [5], we get for a PtOEP guest emit-
ter device jo = 5mA/cm?. This corresponds well to the
experimental result in Ref. [5], where j. is in the range
1 —4mA/cm?. Even the remaining trend in Ref. [5] is
reasonable: The smallest j. occurs at the smallest guest
concentration, where also the overall quantum efficiency
is reduced showing that the actually created triplet con-
centrations are lower. The alternative multi-step model,
however, would suggest a higher j. (impeded annihila-
tion) for small guest concentrations.

Assuming an internal quantum yield limited by 50%
PL quantum yield [20] and a Lambertian emitter with
a typical outcoupling efficiency of 20% [4], our j. corre-
sponds to a critical roll-off luminance of 340 cd/m?, which
is just within typical display range. This is the funda-
mental limit for any OLED with statistically distributed
PtOEP emitters if one does not succeed to increase the
generation layer width above 10nm, e.g., by employing
double-emission layers [21].

As in multi-step models, the critical current density j.
in the single-step model can be increased by decreasing
the lifetime 7 of the emitter. This trend is used by im-
proved OLED emitter materials like Ir(ppy)s [3], which
indeed show drastically increased j. up to 0.6 A/cm?
[5]. If we estimate Rp for single-step annihilation us-
ing the Ir(ppy)s excited state extinction coefficient of
~ 1.3 x 1031mol~tem™? [22], we get Rp = 2.9nm and
with 7 ~ 0.5us the critical current density becomes
je ~ 6A/em?. The experimental j. from Ref. [5] is much
lower than this limit. We assume that Ir(ppy)s in co-
evaporated layers has a much stronger tendency of ag-
gregate formation than PtOEP, which leads to a larger
fraction of short-distance exciton pairs with strong anni-
hilation. Aggregation is clearly prevented in the Ir(ppy)s-
related systems with dendrimeric spacers described by
Namdas et al. [10]. For large spacers, indeed a criti-
cal current density of 18 A/cm? [23] is derived from PL
annihilation experiments. This agrees reasonably with
our estimate from approximate excited state absorption
values. Interestingly, Namdas et al. [10] find increasing
annihilation for smaller spacers (center-center distance
< 2nm), which contradicts to our single-step model. For
such small distances, multi-step diffusion through Dexter
transfer becomes the dominant annihilation process [10].

In conclusion, we have proposed a new explanation for
the OLED efficiency roll-off, which calls for new opti-
mization strategies: Besides short lifetime and effective
separation of the guest molecules, minimization of the
spectral overlap between T1 — Sy emission and Ty — T,
absorption is required.
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