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Measurements of the diffusion length L for triplet excitons in small molecular-weight organic semiconduc-
tors are commonly carried out using a technique in which a phosphorescent-doped probe layer is set in the
vicinity of a supposed exciton generation zone. However, analyses commonly used to retrieve L ignore
microcavity effects that may induce a strong modulation of the emitted light as the position of the exciton
probe is shifted. The present paper investigates in detail how this technique may be improved to obtain more
accurate results for L. The example of 4,4’-bis(carbazol-9-yl)1, 1’-biphenyl (CBP) is taken, for which a triplet
diffusion length of L=16*+4 nm (at 3 mA/cm?) is inferred from experiments. The influence of triplet-triplet
annihilation, responsible for an apparent decrease in L at high current densities, is theoretically investigated,
as well as the “invasiveness” of the thin probe layer on the exciton distribution. The interplay of micro-
cavity effects and direct recombinations is demonstrated experimentally with the archetypal trilayer
structure [N, N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)]-4,4’-diaminobiphenyl (NPB)/CBP/ 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (named bathocuproine, BCP). It is shown that in this device holes do cross
the NPB/CBP junction, without the assistance of electrons and despite the high energetic barrier imposed by
the shift between the HOMO levels. The use of the variable-thickness doped layer technique in this case is then
discussed. Finally, some guidelines are given for improving the measurement of the diffusion length of triplet

excitons in operational OLEDs, applicable to virtually any small molecular-weight material.
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I. INTRODUCTION

The performance of organic light-emitting diodes (OLED)
has been pushed toward the ultimate limit of 100% internal
quantum efficiency thanks to the use of phosphorescent
guest-host systems.'> In phosphorescent organic light-
emitting devices, triplet exciton diffusion plays a major role:
it has been recently reported that one can take advantage of it
to efficiently monitor energy transport from the exciton cre-
ation zone up to the emissive dopants to allow fine color
tuning.>* Exciton diffusion also plays a key role in bilayer
photovoltaic organic devices as it governs the exciton disso-
ciation efficiency.>®

In these cases, the interesting characteristic of triplet ex-
citons is their long diffusion length compared to singlet ex-
citons. Indeed, the diffusive properties of triplet and singlet
excitons are substantially different. While the typical singlet
exciton diffusion lengths are in the range of a few nano-
meters in amorphous organic semiconductors,” a question
arises about the order of magnitude for triplet excitons. The
diffusion length in a steady-state and linear regime is usually
described by Ly=VD7, D being the diffusion coefficient and
7 the exciton lifetime. On one hand, the lifetime of triplet
states (from us to ms range) is much higher than typical
singlet states lifetime (ns). Meanwhile, it is not so straight-
forward to compare the relative orders of magnitude of D
for singlets and triplets, since the physical mechanisms be-
hind their diffusion are fairly different. Exciton migration
between two nonemissive triplet states (e.g., host molecules
in host-guest phosphorescent systems) is a pure Dexter
mechanism, consisting in a simultaneous exchange of elec-
trons in the lowest occupied molecular orbital (LUMO) and
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holes in the highest occupied molecular orbital (HOMO) lev-
els. In contrast, energy transfer between two singlets can be
accounted both by a Dexter mechanism or a Forster nonra-
diative dipole-dipole coupling even if the latter usually
predominates.&9 As a consequence, D coefficients could tend
to be lower for triplet excitons than for singlet excitons.'?

It turns out to be an irrelevant task to seek a universal
order of magnitude for triplet exciton diffusion lengths,
which are expected to be highly dependant on the na-
ture of the material, its degree of purity, the nature, and
strength of the excitation, etc. This difficulty is experimen-
tally confirmed: measured triplet diffusion lengths cover a
range going from a few nanometers in phosphorescent
dendrimers'!' to several microns in pure organic crystals.!?
Furthermore, even for a well-known material such as
4,4’ -bis(carbazol-9-yl)1,1’-biphenyl (CBP), the reported
diffusion lengths are highly scattered.!3-16

It is then of foremost importance to develop both theoret-
ical and experimental tools to improve our understanding of
triplet exciton dynamics. Triplet migration has been a topic
of intense research first in organic crystals'?> and aromatic
hydrocarbons'” and then more recently in amorphous organic
semiconductors.'32 Along with theoretical work, it is essen-
tial to have reliable direct measurements of diffusion lengths
to support both theory and device designs. The aim of the
present paper is to identify the main physical processes and
parameters that have to be taken into account to perform a
meaningful measurement of triplet exciton diffusion in an
operational device, and to propose some guidelines for ex-
tracting these parameters experimentally.

The paper is organized as follows: In Sec. II, we present
an experimental measurement of the triplet diffusion length
in CBP based on the technique first proposed by Baldo
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et al.®' To enhance the reliability of the measurement, we
used a device specially designed to exclude two physical
effects likely to mask the diffusion process, namely, micro-
cavity effects and bulk carrier recombinations. Indeed, the
optical-field variation related to microcavity effects is huge
in this case (the technique requires thick diodes), even if its
influence is usually neglected in comparable devices,? lead-
ing to questionable values for the diffusion lengths. These
experimental results serve as a basis for a discussion of the
relevant key points in the following sections. Section III is a
theoretical investigation which aims at precisely defining the
exciton diffusion length, gives the analytical solution for the
steady-state exciton distribution in presence of triplet-triplet
annihilation, and proposes a quantitative criterium to quan-
tify the strength of this biparticle process. The influence of
the thin sensing layer is also investigated, motivated by an
insight that its presence may considerably alter the distribu-
tion of triplets in the device. In Sec. IV, we use an archetypal
diode structure®'® to experimentally illustrate the combined
influence of bulk carrier recombinations and optical-field
variations. For the same device we also demonstrate the poor
hole-blocking efficiency of a heterojunction usually consid-
ered as a strong barrier for holes and therefore as the exciton
generation zone.>»'> We conclude by the comparison of our
result for the triplet diffusion length in CBP to the values
published by other authors. Section V lists our recommenda-
tions for a reliable measurement of triplet diffusion lengths.

I1. DIFFUSION MEASUREMENT
A. Choice of the technique

Two types of methods have been commonly used to mea-
sure the diffusion length of triplet excitons and both have
been applied to CBP: excitons are created either by optical
excitation or by carrier recombination in an operational
OLED device. The techniques based on optical excitation
enable easy time-resolved studies, while those based on
electrical excitation provide a higher control of the exciton
formation zone and are closer to the operating conditions
of real devices. With optical techniques (photocurrent
spectroscopy'32? or time-resolved spectral decay analysis'#),
obtaining a clear signature of diffusion is intricate when the
absorption length of the laser [of the order of 50 nm (Refs.
14)] has the same order of magnitude as the diffusion length,
which is the case in practice. This issue disappears under
electrical excitation, where localized “sheets” of excitons are
achievable. In fact the strong localization of the exciton for-
mation is a very robust consequence of the energy barrier
and the carrier accumulation at the heterojunction in
multilayer OLEDs. The spatial scale of the exciton formation
zone is then of the order of the thickness of a few molecular
monolayers, reflecting the space distribution of blocked car-
riers. This is much less than one is likely to get under most
favorable circumstances from the space-charge -effects
caused by the low carrier mobility, as illustrated in Ref. 23.
Thus in general, exciton formation zones are highly localized
at heterojunctions.!>'%>* Furthermore all quenching pro-
cesses are included, such as exciton-exciton or exciton-
polaron annihilation, which may be desirable when one at-
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tempts to obtain an effective diffusion length directly
exploitable to build real light-emitting devices.

In the technique used by D’Andrade et al.,'® excitons
are created at one edge of a thick CBP layer doped with
Iridium(TII) tris(2-phenyl-pyridinato-N,C?*) [Ir(ppy);], and
the light emitted by the phosphor is collected for various
thicknesses of the doped layer. A diffusion length of
81 nm was then derived for CBP. Zhou et al.'> pointed
out that these measurements yielded information about an
Ir(ppy);-doped CBP system rather than about a pure undoped
CBP layer. They proposed a refined model to extract the
diffusion length in pure CBP from the same set of data
and obtained about 60 nm. However, in their fitting pro-
cedure two unknown parameters have to be extracted sim-
ultaneously (namely, the diffusion constants for the doped
and the undoped region) under the assumption that all ex-
citons are created at the interface between the hole transport-
ing layer (HTL) and the emitting layer (EML) [in this case
between N, N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)]-4,4'-
diaminobiphenyl (NPB) and (CBP)]. As shown in Sec. IV B,
this assumption is rather questionable for this particular
heterojunction.

In the present paper, we use the technique described by
Baldo et al.?! in which excitons are generated at a hetero-
junction, diffuse in a neat undoped region until they reach a
thin phosphorescent layer acting as a probe. Since only
short-range (~1 nm) Dexter transfer is possible from host to
host or from host to guest in the case of triplets, the emissive
layer truly acts as a local probe for triplet excitons, with a
spatial resolution almost only limited by the thickness of the
sensing layer.

B. Choice of parameters

The choice of CBP in this study is motivated by the fact
that it has been the subject of many investigations, leading to
several measurements of the triplet exciton diffusion length,
with different techniques and highly scattered experimental
results.

The OLED structure and the HOMO/LUMO levels of the
different materials are shown in Fig. 1. It is made up of a
standard layer stack embedding the CBP matrix: indium tin
oxide (ITO) anode coupled to a copper phtallocyanine
(CuPc) layer for hole injection (HIL), aluminum
tris(8-quinolinolato)(Alg;) layer for electron transport (ETL)
and LiF/Al cathode for electron injection. In order to effi-
ciently block both electrons and holes and generate excitons
in the form of a localized sheet, two additional layers were
used, each of them being well known to efficiently block one
type of carriers: 4,4',4"-tris(carbazol-9-yl)-triphenylamine
(TCTA) for electrons and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) for holes. The triplet exciton sensor
(the emitting layer) is a 5-nm-thick layer of CBP doped with
6% iridium(IIT) bis[2-(2’-benzothienyl)-pyridinato-N,C3’]
acetylacetonate [Ir(btp), acac] and inserted at a position de-
fined by the d parameter equal to the distance between the
CBP/TCTA interface and the center of the sensing layer (see
Fig. 1). The choice of Ir(btp), was motivated by its phospho-
rescent efficiency?’-?® and its emission spectrum easily re-
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FIG. 1. Structure of the diode used in Sec. II. The layer thick-
nesses are indicated on the bottom in nanometers. The HOMO and
LUMO energy levels are taken from literature (Refs. 25 and 26) and
specified for each compound (negative values). The profile of the
optical field is plotted in the CBP layer (see Sec. IV A for details).

solved from those of the other compounds used in this
OLED (Ref. 29) (see on Fig. 2).

The thicknesses of the different layers are given in Fig. 1.
The CBP layer is noticeably thick because relatively long
diffusion lengths are expected. Moreover the Alq; and CBP
layers are optimized so that the generation zone of excitons
is located at a position where the optical field corresponding
to the red emission of the phosphorescent layer is as flat as
possible over a long distance. If this condition is not met, the
variation in the optical field should be carefully taken into
account and it may be difficult to decouple it from the effect
of diffusion, as further discussed in Sec. IV where details
about the calculation of the optical field are also given. On
the relevant scale (i.e., d between 0 and 40 nm), its variation
appears to be less than 20% and could hardly be reduced.
The thickness of the EML has been set to 5 nm. This is thin
enough to limit the influence of its position d on the optical
field. A theoretical investigation of the role of the sensing
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FIG. 2. (Color online) Photoluminescent spectra of some of the
compounds used in this paper with their chemical structure. The
electroluminescent spectrum of DCM is plotted in dotted line.
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FIG. 3. (Color online) Current density versus voltage curves for
diodes with different d positions of the probe layer. Inset: external
quantum efficiency (EQE) versus current density for a diode with
d=7.5 nm.

layer in electronic properties and exciton transport will be
exposed in Sec. III C.

When evaporating the thin sensing layer, the question
may arise of how the doping rate and the layer thickness can
be accurately controlled and reproduced.!> We solved this
issue by systematically making four devices in each single
run: two of them corresponding to a “reference diode” (fixed
d parameter), and the other two to some other value of d. The
electroluminescence was then always normalized to the ref-
erence diode.

The glass substrate covered by ITO was cleaned by soni-
cation and prepared by a UV-ozone treatment. The layers
were then deposited by sublimation under high vacuum
(10°°=1077 mbar) at a rate of 0.1-0.2 nm/s in a thermal
evaporator. An in situ quartz crystal was used to monitor the
thickness of the layer depositions with a precision of 5%.
The organic materials and the LiF/Al cathode were deposited
in a one-step process without breaking the vacuum.

After deposition, all the measurements were performed at
room temperature and under ambient atmosphere, without
any encapsulation. For each diode with a specific position d
of the thin Ir(btp),: CBP layer, the current-voltage-luminance
characteristics and electroluminescence spectra (in the direc-
tion normal to the substrate) were collected and recorded
with a PR 650 SpectraScan spectrophotometer for different
currents from 0 to 50 mA, corresponding to a current density
J=0-166 mA/cm?>.

C. Results

The current-voltage (I-V) curves appear in Fig. 3. The
high-voltage threshold (about 20 V) is consistent with the
unusually large thicknesses of our devices compared to those
commonly reported in the literature. It may be noticed that
the -V characteristics are similar whatever the position d of
the sensing layer, showing its negligible influence on the
transport properties.

The external quantum efficiency is maximum for a current
density around 3 mA/cm? with a value of 3.2+0.5% for
d="7.5 nm (see inset of Fig. 3), and we observed a roll off of
the external quantum efficiency with the current, which is a
classical feature of phosphorescence-based OLEDs usually
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FIG. 4. Electroluminescent spectrum for a diode described in
Fig. 1 with d=12.5 nm at a current density of 3.3 mA/cm?.

attributed  to
molecules.?*30

The typical electroluminescence spectrum shown in Fig. 4
comprises two different contributions. The red structured
peak around 650 nm is the clear signature of Ir(btp), (see
Fig. 2), but the blue peak (centered at 450 nm) cannot be
associated with any photoluminescence (PL) spectrum. Fur-
thermore, the optical-field variations do not allow explaining
such a difference between the observed electroluminescence
spectrum and any of the PL spectra. We then conclude that
this blue peak originates from exciplexes®' formed at the
TCTA/BCP interface, which is consistent with the large en-
ergy shifts between their LUMO (0.4 eV) and HOMO levels
(0.5 eV) (Refs. 32 and 33) and with a clear spectral redshift
with respect to the TCTA PL spectrum (maximum around
410 nm).30

For distances d long enough for singlet exciton density to
vanish [typically less than 10 nm (Ref. 7)], the red emission
from Ir(btp), may have several origins: it may result from
direct recombinations between holes and electrons traveling
in bulk CBP (the electrons would have crossed the thin
TCTA layer by tunneling or any other process); it may also
come from triplet excitons diffusing from the CBP/TCTA
interface. The mechanism leading to triplet excitons being
formed in CBP from exciplexes is beyond the scope of this
paper and deserves further investigation since many pro-
cesses can be invoked. Whatever the mechanism at work, the
net result is a triplet exciton population in a restricted area
around the CBP/TCTA heterojunction, which cannot come
back to the TCTA layer due to its larger energy gap.

The intensity emitted by the phosphorescent material for a
given current density J=3.3 mA/cm? is integrated over its
spectral range and then plotted versus d in Fig. 5 after divid-
ing by the amplitude of the optical field at the same position.
A downward trend from the interface (d=0) is clearly vis-
ible, which evidences a diffusion process since direct recom-
binations should yield a signal which is independent of d
(after compensation of the optical-field variations). When the
current is increased, the probe intensity shows a kind of “pla-
teau” for large d values, which can be attributed to direct
recombinations and indicates that more and more electrons
pass through the thin TCTA layer. The experimental data can
consequently be fitted by the following expression:

1(d.]) =[A(J) + BU)e ™ ] X Eqy(d). (1)

triplet-triplet quenching between guest

where I(d,J) is the intensity of light emitted for a position d
of the sensing layer at a given current density J, and E(d)
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FIG. 5. (Color online) The circles correspond to the red intensity
(around 650 nm) corrected by the optical field versus the d position
of the probe layer at J=3.3 mA/cm?. The fit by Eq. (1) is plotted in
continuous line. Inset: fits from Eq. (1) of experimental data for
different current densities.

is the optical field. Here, we fit the data with a constant (A)
and a simple exponential decay (Be~?*), which is much sim-
pler than the refined analysis presented in Sec. III. However
it still gives the typical distance L (called hereafter “effective
diffusion length of triplet excitons”) over which excitons can
diffuse, even if the nonlinear contribution of the triplet-triplet
annihilation does not allow, strictly speaking, to consider an
exponential (or biexponential) behavior. The constant term A
stands for direct recombinations so that B/A corresponds to
the ratio of light intensity generated from triplet excitons
over light intensity generated from direct recombinations. A,
B, and L depend a priori on the current density J.

The fits using Eq. (1) and presented in the inset of Fig. 5
show that the number of direct recombinations grows with
the current density as expected. From the fits, the effective
diffusion length of triplet excitons is estimated to be
16 =4 nm at low currents, and turns out to decrease down to
8 nm when the current increases (see Fig. 6) as expected due
to bimolecular interactions such as triplet-triplet annihila-
tions or triplet-polaron quenching.!®-2439

This effective diffusion length, even at low current densi-
ties, is small compared to what could be expected from the
high lifetime of CBP triplet excitons [14 +8 ms (Ref. 14)].
Moreover it is lower than previously reported values under
electrical excitation: 463 nm at 10 mA/cm? by Sun
et al.’ and 60 nm at unspecified current density by Zhou
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FIG. 6. (Color online) Effective diffusion length L of triplet
exciton versus the current density, defined from Eq. (1) and inferred
from the fits shown in the inset of Fig. 5.
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et al.’> However we discuss in Sec. IV how direct recombi-
nations, microcavity effects and barrier energetics may in-
validate some aspects of these measurements.

In order to unambiguously attribute the downward ten-
dency to triplet exciton diffusion, a control experiment was
carried out with a fluorescent compound, 4-(dicyano-
methylene)-2 - methyl-6- (p-dimethylaminostyryl)-4H-pyran
(DCM), instead of the phosphorescent Ir(btp),. Actually
DCM triplet states do not emit light and CBP triplet excitons
cannot transfer their energy toward singlet states of DCM as
Dexter transfer requires total spin conservation.’' Therefore
the comparison between both devices allows a clear distinc-
tion between triplet diffusion and direct recombinations.
Moreover the DCM and Ir(btp), emission spectra exhibit a
similar envelope (see Fig. 2) so that the optical-field effect is
not modified. The only difference with respect to previous
experiments is the lower doping rate of DCM in the CBP
matrix (1.5% in weight), necessary to limit concentration
quenching.’> As a result, OLEDs were realized with the
DCM-doped CBP thin layer set at two d positions character-
ized by an optical field having almost identical values (d
=12.5 nm and d=42.5 nm), and which are both far enough
from the recombination zone to neglect the influence of
singlet exciton diffusion. The measured DCM emitted inten-
sity is 15% smaller at d=12.5 nm than at d=42.5 nm (J
=3.3 mA/cm?) which is compatible with the measurement
uncertainties and evidences direct recombinations in bulk
CBP. In the case of the Ir(btp),: CBP doped layer, the differ-
ence between the intensity emitted at these two positions is
much larger (five times more red light at d=12.5 nm than at
d=42.5 nm), which is then an unambiguous signature of
triplet exciton diffusion.

Moreover, with the DCM:CBP layer, we clearly observed
that the color emitted by the diode shifted from the sky-blue
emission of dominant exciplexes at low currents to magenta
as the current was increased, which is an additional proof
that the plateau observed above [corresponding to the A(J)
parameter in Eq. (1)] is the manifestation of current-
dependent direct recombinations.

The strategy developed in this section to obtain an esti-
mation of the diffusion length, albeit specific to CBP, can be
applied to virtually any material. It is the objective of the
Secs. III and IV to discuss in more detail the physical param-
eters influencing the measurement of triplet exciton diffusion
lengths. We need first to examine, from a theoretical point of
view, how the intensity emitted by the probe relates to the
actual exciton density, especially when triplet-triplet annihi-
lation is present or/and when the probe layer itself affects the
exciton motion.

III. DIFFUSION LENGTH

In the limit of low-exciton concentration, their distribu-
tion in space n(x) goes exponentially with x, the distance
from the source, with a scale set by the intrinsic diffusion
length of triplet excitons L,. However, the distribution in
space is not expected to be the same in the case when the
triplet-triplet quenching activates, as the strength of the
source of excitons increases. Additionally, if a probe used for
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detecting triplet excitons is efficient in their trapping and
recombining, it may considerably disturb their distribution in
space. These effects are analyzed below starting from the
usual diffusion-decay model. The dependence of the signal
on the distance from the source is derived when one or both
effects are present. It is concluded that the invasiveness of
the probe does not present a serious obstacle in extracting the
proper value of L, from the experiment. Conversely, the ef-
fect of triplet-triplet quenching at higher source intensity, if
not analyzed properly, may lead to significant underestimate
of L().

A. Fundamental equation

The equation that governs the diffusion of triplet excitons
(density n) in an organic one-dimensional® layer is

on #n )
o =Dy v (2)

The right-hand side of this equation is made up of three
different contributions. First the term Dﬁ characterizes the
genuine diffusion of triplet excitons through the D diffusion
coefficient, which is assumed to be isotropic and constant
through the whole CBP layer. Then, the term y;n gathers all
the processes responsible for a decreasing of the triplet exci-
ton density, where only one triplet exciton is involved in. It is
made up of the radiative and nonradiative desexcitations yn,
the singlet-triplet annihilation ygmgn, the polaron-triplet an-
nihilation ypnpn,*® and eventually of other quenching pro-
cesses. For the sake of simplicity, we assume an uniform
value of vy, which is probable since the densities of singlet
excitons and polarons become roughly constant (or even
negligible) in a bulk material a few nanometers away from
the generation zone of excitons. Finally the term y;n* cor-
responds to the triplet-triplet annihilation which was ob-
served under typical OLED operation conditions.?**° Its in-
fluence will be evaluated below.

For fitting with experiments presented in Sec. II, we focus
on the stationary-state solution of equation,

#n

D —_—
x>

- Y- 7TT”2 =0, (3)

in the presence of a steady source at x=0. The solution n(x)
is sought in the portion of the space x>0, away from the
source. The strength of the source, G, sets the value of the
exciton current at the x=0 boundary, G=-Dn'(0).
Obviously, the relative importance of the two decay terms
in Eq. (3) depends on the concentration of excitons, with
their influence being comparable at the n, characteristic den-
sity: ny= yy/ yrr. In the limit of the rare exciton gas, n<<n,
the distribution of triplet excitons is given by the simple
exponential dependence, n(x)<exp(-x/Ly), set by the only
intrinsic length scale in the equation, the triplet diffusion

length,
D
Lo=+—- 4)
Yr
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FIG. 7. The calculated dependence of the emitted signal in the
presence of triplet-triplet quenching and noninvasive probe inferred
from Eq. (8). The inset gives the semilogarithmic view of the same
set of data.

B. Triplet-triplet quenching

The spatial dependence n(x) complicates as the strength
of the source G increases, and when the only dimensionless
parameter of the problem,

gEGLT
Lyyy’

rises above unity.>* The nonlinear differential equation [Eq.
(3)] for the steady state has to be solved in that case, and the
details are given in Appendix A. The solution may be written
in the form

(5)

3]’10

+d
2<sinhx I
21,

n(x) =

)2’ (6)

where a new length scale dyr is introduced, dpy/Ly
=In(1/w), with the parameter u related to the dimensionless
source strength g through

_o(+mp
Ta-w

The parameter u approaches zero for a weak source g<<1,
and approaches unity for a strong source, g=1. A strong
source implies dyr<<L,, with n(x) falling much faster than
exp(—x/Ly) in the region 0 <x<L,. The profile of n(x)/n(0)
determines the variation in the emitted light in the limit of a
noninvasive and infinitely thin probe layer at the d position,

(7)

il

sinh—

I(d) 2L, ®)
d+ dTT)Z '

Examples of this dependence for various values of the g
parameter are shown in Fig. 7. The figure shows that the
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spatial decay rate effectively increases as the strength of the
exciton source increases, in accordance with our experimen-
tal findings. However, as the variation in intensity with d is
no more exponential when the influence of triplet-triplet
quenching grows, the concept of effective diffusion length,
largely used in the literature as well as in Sec. II is, strictly
speaking, an ill-defined parameter. In ideal cases, the data
should enable by a proper fit the extraction of L, and dyr,
from which it should be possible to derive ;7. In our case
however, there are several obstacles against extracting the
value of the triplet-triplet quenching parameter y;r from the
experimental data. First, less scattered experimental data
may be required for precise evaluation of the parameter g
determining the shape of the curves in Fig. 7. More impor-
tantly, in order to determine ;7 from g one still has to know
other parameters in Eq. (5), most notably the strength of the
exciton source G, and calculating its absolute value is not
straightforward.

Howeyver, it is informative to have an idea of the order of
magnitude that should be expected for g in real cases. For
that purpose, we can consider that a given ratio 7 of injected
carriers is converted into potentially diffusing triplet exci-
tons. Then at low current density, » would reach the maxi-
mum value of 0.75 if neither exciplex would be involved in,
nor other lossy intermediate states. The strength of the exci-
ton source G can thus be written G=7J/q, where g is the
elementary charge. The other parameters needed to compute
g are taken from Refs. 14 (7p=1/y;=15 ms and ypp
=1.10""* cm?/s), and our experimental value of L is con-
sidered (Ly~ 15 nm). Then for /=1 mA/cm? and 7=0.75,
g is about 1000. Whatever the realistic value of 7, g is prob-
ably higher than 1.%° The triplet-triplet annihilation is then
supposed to have a strong influence on measurements even at
low current densities, which may be the explanation of such
small effective diffusion lengths reported in electrically
driven structures.

C. Influence of the sensing layer

The detection of the exciton diffusion by the probe tech-
nique used in Sec. II assumes that the sensing layer at dif-
ferent position d does not influence the conditions of exciton
generation, diffusion and recombination. The “invasiveness”
of the sensing layer is, however, not fully avoidable in prac-
tice. Two aspects of the invasiveness are imaginable. One
aspect is related to the trapping of charge carriers in the
sensing layer, whereas the other relates to the trapping of
excitons.

The change in the electric field distribution caused by
trapped charges® is not expected to affect very much the
motion of excitons which are neutral objects. On the other
hand it may be noted that, for a given external voltage, the
difference in the spatial profile of the electric field in two
devices with different position d of the sensing layer implies
different charge distribution among interfaces, with a prob-
able effect on exciton generation and recombination. In our
case however, as shown in Fig. 3, this effect was negligible.
In a more general fashion, it can be ignored as soon as the
devices are compared for the same value of the current run-
ning through them.
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FIG. 8. The influence of the probe on the distribution of exci-
tons in space n(x)/n(0) for various levels of invasiveness B;. The
sensing layer of thickness 6=0.05L, is placed as d=1.5L,.

If the effects of charge trapping do not seem relevant in
the experiments of Sec. II, the consequences of exciton trap-
ping must be considered more carefully. Actually a sensing
layer of thickness =5 nm is introduced to absorb a fraction
of the triplet excitons and convert them into photons. Ideally,
this layer is thin and absorbs only a small fraction of triplets,
without significantly perturbing their distribution in space. In
practice, this implies a rather small signal from the probe,
which may then be masked by the light emission from exci-
ton recombinations elsewhere in the device. Realistically, the
doping of the order of a few percents made through several
monolayers of the host material, may already represent rather
invasive probe. Actually the separation between doped mol-
ecules is of the order of few molecular sizes, and then also of
the order of the Dexter radius, the scale involved in the dif-
fusion of triplet excitons. The sensing layer then disturbs the
genuine dependence n(x), implicating a deviation from the
ideal case. This effect may be easily modeled by replacing
the decay term —ym by a stronger one —7ygn, wWith yg
> yr within the sensing layer d <<x<d+ 4. The measured
quantity is then the number of excitons absorbed by the sens-
ing layer per unit time, proportional to

d+6
1(d) =f Ysn(x)dx. )
d

For the sake of simplicity, the effect of the invasiveness of
the sensing layer is first examined in the limit of low-exciton
density, when the triplet-triplet quenching term may be ne-
glected, but in fact it does not modify strongly these results
(the full problem including triplet-triplet quenching is ex-
posed in Appendix C). The linear differential equation is then
treated straightforwardly (see Appendix B), and the profile
n(x) as well as the dependence I(d) may be calculated for
any value of the source strength. It is found that the result
1(d)/1(0) depends on the parameter B; which measures the
invasiveness of the probe and combines the thickness of the
sensing layer & and its absorption coefficient 7yg;, as
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FIG. 9. The dependence of the signal intensity /(d)/1(0) on the
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formulas are indicated on the graph for the limits of noninvasive
and strongly invasive probe.

2,2
1 - K/ Ky,

Bi (10)

T+ (k/Ksy)coth kg S

Here « and kg stand, respectively, for k= (y;/D)"?=L;" and
ks = (ys./D)"?. The result for I(d) reads as

1d) 1
1(0)  cosh(d/Lg) + (1 — B;)sinh(d/Ly)’

(11)

with the limits of exp(-d/L,) and 1/cosh(d/L,), respec-
tively, for the case of noninvasive (8;—0), and strongly in-
vasive probe (B8;,— 1). Figure 8 shows that a thin layer effi-
cient in exciton trapping and recombination considerably
affects the shape of n(x), the distribution of excitons in
space. Related effect on the dependence of the signal I(d) on
the distance from the source, described through Eq. (11), is
shown in Fig. 9. Even for strongly invasive probe, the effect
shows mostly for d<L, while the dependence I(d)
cexp(—d/Ly) is restored at bigger distances.

In Sec. II, the value of the diffusion length was inferred
from the experimental data without taking into account the
invasiveness of the sensing layer. According to the analysis
proposed in this part, the “real” diffusion length should then
be about 15%-30% shorter than what is plotted in Fig. 6.

IV. BULK CARRIER RECOMBINATIONS AND
MICROCAVITY EFFECTS

In thick diodes, more precisely when the active layer has
a thickness comparable or higher than N/4n (n being the
refractive index and N\ the wavelength in vacuum), the am-
plitude of the optical field is modulated at the scale of the
diode and thus the assumption that the intensity emitted by
the probe layer only reflects the exciton density at a given
point is not generally valid. As shown in Eq. (1), this micro-
cavity effect happens as a modulation of the light emitted by
the probe layer. Although it also modulates the exciton dif-
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FIG. 10. Structure of the diode used in Sec. IV A. The layer
thicknesses are indicated on the bottom in nanometers. The HOMO
and LUMO are taken from literature (Refs. 25 and 26) and specified
for each compound (negative values). The profile of the optical field
is plotted in the CBP layer.

fusion pattern, its influence is especially important for direct
carrier recombinations since the latter occur with equal prob-
ability across the whole thickness of the material under in-
vestigation. This has been illustrated in Sec. II and is dis-
cussed in more detail hereafter with a NPB/CBP/BCP
trilayer structure, commonly used in previous reports on ex-
citon diffusion measurements.>!'> The occurrence of direct
carrier recombinations is linked to the NPB/CBP junction,
which properties are discussed in Sec. IV B.

A. Microcavity effects

Usual OLED devices are intrinsically weak microcavities,
formed on one side by a highly reflecting metallic cathode,
and on the other side by the ITO/glass interface. As a conse-
quence, there is a stationary wave pattern inside the OLED,
leading to a modulation of the optical field. The probability
to observe emission from a molecule (either fluorescent or
phosphorescent) depends on the density of optical modes and
on the effective mode volume at the location of the molecule.
The influence of the optical-field modulation has then to be
taken into account to correctly describe the OLED light
emission. If this effect is not predominant in most classical
OLEDs because each layer thickness is only a few tens of
nanometers wide, it is clearly not the case in structures used
for diffusion length measurements where very thick layers
are used.>'® For instance, for the green emitter and the struc-
ture used in Ref. 3, the optical field is minimum approxi-
mately in the middle of the layer and reaches a maximum
near the edges. Since expected diffusion patterns (exponen-
tial decays from both edges) as well as optical-field varia-
tions appear to go in the same direction, it is likely that the
extraction of the only diffusion effects in such a structure is
problematic. To keep away from this difficulty, we investi-
gated a similar structure in which the green emitter was re-
placed by a red one, in such a way that the optical field was
clearly distinguishable from a diffusion signature, i.e., maxi-
mum in the middle of the CBP layer (see Fig. 10).

In order to calculate this emission probability, we assume
that every single molecule is an independent emitter creating
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FIG. 11. (Color online) Electroluminescent spectra of diodes
described in Fig. 10 for different d positions at J=3.3 mA/cm?.

its own interference pattern. The planar geometry of the di-
ode can be considered as a Fabry-Pérot-type microcavity,
characterized by a strong dependence of the output light on
both wavelength and polarization.3%-3® We here only consider
the light emitted at normal incidence, which is obviously not
dependent on polarization. The calculations were carried out
using the ETFOS software (Fluxim, Inc.) which is based on
the numerical method described in Ref. 39 and takes into
account the wavelength dependence of the complex indices
of all materials involved in the full multilayer device. The
model yields the normalized intensity collected in the far
field as a function of wavelength and position d of the sens-
ing layer.

The structure of the diodes is presented in Fig. 10. The
diodes have been realized using the experimental procedure
described in Sec. II. The spectra presented in Fig. 11 show
two contributions: one broad blue peak due to NPB (see the
comparison with photoluminescent spectra in Fig. 2), and the
characteristic structured spectrum of Ir(btp),. In Fig. 12, the
red emission (integrated over the spectral range of the phos-
phorescent emission), plotted against d, is normalized with
respect to the magnitude of the blue NPB peak, to account
for possible fluctuations of the total luminance from one
evaporation batch to another. Nice agreement is noticed be-
tween the experimental data and the profile of the optical
field obtained from simulations.’® The only adjusted param-
eter here is the vertical scale.

This behavior could result from direct electron-holes re-
combinations on the phosphorescent molecules or, alterna-
tively, from the diffusion of triplet excitons formed at the

T T T T
® Experimental dataT
—— Optical simulation

0.8 —
0.6 —

0.4 i

Intensity (Arb. units)

0.2 B

0 20 40 60 80 100 120 140 160
d (nm)

FIG. 12. (Color online) The circles correspond to the red de-
tected intensity normalized to its blue part versus the d position of
the probe layer at J=3.3 mA/cm?. The profile of the optical field
calculated over the spectral range of Ir(btp), emission is plotted in
continuous line.
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NPB/CBP and CBP/BCP interfaces over a very large dis-
tance (>160 nm) so that the light emission would eventu-
ally follow the shape of the optical field. To discriminate
between these two effects, we performed the same experi-
ment with DCM, a fluorescent compound, and we observed
that the measured red light versus the position d agreed also
very well with the optical field (not shown here). As the
DCM molecule could not emit light from its triplet state and
as singlet excitons cannot diffuse so far, the red light neces-
sarily comes from recombinations of carriers flowing in op-
posite directions in the bulk. This suggests that the observed
Ir(btp), emission results from direct exciton formation on
these phosphorescent guests, which is consistent with the
hole trapping property of Ir phosphors.>> Furthermore this
observation implies that a non-negligible amount of holes
passes through the NPB/CBP interface.

The example described in this section provides a clear
illustration of a situation where microcavity effects dominate
so much that no diffusion length can be straightforwardly
extracted from experimental data. Although one may try to
numerically factor out the contribution of the optical field
from the experimental results, the dominance of the micro-
cavity effects implies that the uncertainties, both on the ex-
perimental data and those related to the optical-field simula-
tions (layer thicknesses, refractive indices, etc.) reflect in the
large uncertainties for the diffusion length.

B. Hole leakage through the NPB/CBP interface

In the experiment described just above, the evidence of
direct recombinations in CBP also implies that holes do cross
the NPB/CBP interface. Here the heterojunction does not
truly act as a blocking interface for both types of carriers,
and diffusion of excitons is not the main channel of exciton
generation in the sensing layer. This feature has to be exam-
ined with some attention as it is in contradiction with both
basic energetic considerations and some previous reports.>!3

Indeed, the NPB/CBP interface is usually described as an
efficient hole-blocking barrier** due to the high energetic
shift in the HOMO levels of the two compounds:® the
HOMO level of NPB is higher than the HOMO level of CBP
(Ref. 24) by 0.5 (Ref. 41) to 0.8 eV.*> However it is known
that vacuum levels may not be necessarily aligned at hetero-
junctions, resulting in an interface dipole. Although the in-
terface dipole for NPB/CBP has not been measured directly
to the best of our knowledge, the interface dipole in the case
of organic-organic heterojunctions is determined by the dif-
ference in the charge neutrality levels,*> which have been
measured independently and turn out to be identical and
equal to 4.2 eV.* As a result, vacuum level alignment seems
to be a valid assumption in this case.

Yet, the experiments in Sec. IV A show that holes cross
the barrier, which is not expected given that the energetic
jump (0.5 to 0.8 €V) is 20 to 30 times higher than thermal
energy at operating temperatures. According to OLED elec-
trical models which consider heterojunctions, such as the
MOLED code,*** the hopping probability through such a
high energetic barrier is very unlikely, even when the effects
of energy disorder are taken into account.**~*® It can be
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FIG. 13. (Color online) Current density versus voltage curves
for hole-only diodes with different thicknesses of the CBP layer.
Inset: structure of the hole-only diodes.

asked whether electrons accumulated at the interface can
help in some way the leakage of holes. For instance, exci-
plexes could be suspected to play the role of intermediate
states conveying holes from NPB to CBP.

To answer that question, electrons were removed by per-
forming “hole-only” experiments. Bilayer diodes have been
fabricated, consisting of NPB and CBP deposited between an
ITO anode and a gold cathode (see inset of Fig. 13). The
conditions of deposition were similar to those described in
Sec. II, but the gold layer was only 20 nm thick and the rate
of deposition was less than 0.1 nm/s to limit the likelihood of
short circuits which often appear with a gold cathode due to
the penetration of metallic particles into the organic layers.
The I-V curves for two different CBP layer thicknesses (60
and 160 nm, respectively; the NPB layer is kept equal to 40
nm) are presented in Fig. 13. They show a clear diode be-
havior with a voltage threshold having the same order of
magnitude as the diodes described in Sec. II. In addition, it
can be seen that for a given current (i.e., for a given electric
field in each material) the voltage drop across the whole
200-nm-thick device is approximately two times the voltage
drop across the 100-nm-thick device, at least well above
threshold. Since the two organic materials have comparable
dielectric constants, this probably indicates that the electric
field is merely constant throughout the device and then that
the charge accumulated at the junction is not significant (in
contrast, a good hole-blocking interface would yield a volt-
age drop ratio given by the ratio of the CBP thicknesses, here
~2.7). This evidences a hole flow through the NPB/CBP
interface in spite of the large difference between their
HOMO levels, without the assistance of electrons. Actually
if electrons would have been injected in the device, they
would have been detected through the blue emission of
the NPB or CBP layer. However, some diffusion of gold
particles into the organic materials cannot be completely
ruled out, so that percolation paths could be created for
holes.

Another way to evidence that holes cross without the as-
sistance of electrons is to look at some exciton emission at
the junction, which is expected to come from NPB here since
its gap is lower than the CBP one. Indeed, from the electrolu-
minescence spectra in Fig. 14 of the NPB/CBP/BCP/Alq,
diodes studied in Sec. IV A, we observed a blue peak as-
signed to NPB, whereas, when the BCP layer was removed,’’
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FIG. 14. (Color online) Electroluminescent spectra of diodes
NPB/CBP/Alg; (continuous line) and NPB/CBP/BCP/Alqs (dotted
line) at J=1.7 mA/cm?.

this NPB emission vanished while the distinctive green emis-
sion spectrum of Alqs became clearly visible. In this latter
case, as the absence of NPB emission cannot be attributed to
microcavity effects, it confirms that very few holes accumu-
late at the NPB/CBP interface, while most of them travel up
to the Alqs layer where they recombine with electrons. This
process cannot appear in the presence of the BCP layer since
the CBP/BCP heterojunction is a well-established hole-
blocking interface, which is confirmed here. The appearance
of NPB emission in the presence of BCP could be attributed
to a reduced electric field in CBP (resulting from the hole
accumulation at the CBP/BCP interface) which would make
a little uneasy the hole crossing from NPB to CBP.

This configuration is interesting since it almost corre-
sponds to a standard structure, studied by D’ Andrade et al.,'®
and re-examined in more detail by Zhou et al," in which
a thick Ir(ppy)s;-doped CBP layer was inserted between
NPB and pure CBP in order to infer the triplet exciton dif-
fusion length of CBP. In these works, all the excitons were
assumed to be created at the interface between NPB and
Ir(ppy)s-doped CBP and subsequently diffuse in CBP.!> We
believe that the efficiency saturation observed when increas-
ing the width of the doped layer in these devices cannot be
attributed to the single diffusion of CBP triplet excitons,
even perturbed, or shortened by the presence of the dopant.
First it could be argued that given the energy gaps, as shown
by the previous experiment, excitons are formed rather in
NPB, which might transfer their energy to the phosphors via
a Forster energy transfer in virtue of a good spectral overlap.
But since holes have the potential to easily cross the barrier
(as we have shown), it can be thought that some excitons are
formed directly on the phosphor, and then the generation
zone of excitons could be as large as a few nanometers,
which matches the value of 8§ nm reported in Ref. 16 for the
exciton diffusion length. Another important aspect that
should be considered is the opportunity for a Ir(ppy); exciton
to diffuse directly to another guest site.!%4°

Through the lens of these experiments, it consequently
appears that the diffusion lengths obtained under the assump-
tion of the NPB/CBP heterojunction being a highly efficient
hole-blocking barrier>!>!® are questionable, and that a
deeper insight into this interface is needed to fully under-
stand the corresponding results.
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V. CONCLUSION

In this work, we presented a thorough analysis of triplet
exciton diffusion length measurements by the repositionable
thin sensing layer technique in operational OLED devices.
We demonstrated the importance of a well-defined thin exci-
ton generation zone to avoid charge carriers flowing along
the diode and thus leading to direct recombinations in the
probe layer. Through careful design of the diode structure,
we also circumvented masking effects of optical-field varia-
tions. As a result, a 16 =4 nm effective diffusion length for
triplet excitons in CBP was inferred from experimental data
in a working electroluminescent device. Comprehensive
study of the different processes at stake in such a structure
allows extraction of some useful guidelines for measuring
triplet exciton diffusion lengths in other materials:

(1) An ideal case would be to create excitons only at the
heterojunction between the material of interest and a higher-
gap semiconductor, in order to avoid excitons being formed
preferentially in the latter. This is in practice challenging
since triplet host materials (especially for green or blue phos-
phors) would be themselves high-band-gap materials. This
was the case in the illustrated example CBP here, which thus
required the design of a special structure.

(2) In real cases, direct recombinations occur, with a vari-
able magnitude according to the injected current. Away from
the generation zone of excitons, the emission pattern result-
ing from direct trapping of electrons and holes in the repo-
sitionable thin sensing layer reproduce the shape of the op-
tical field inside the diode. The relative importance of direct
recombinations and diffusion can be straightforwardly mea-
sured by replacing the phosphorescent dopant by a fluores-
cent one. In all cases, the optical field modulates both the
diffusion and direct recombination pattern, and has to be
carefully taken into account.

(3) Triplet-triplet annihilation can be significant even at
moderate current densities and causes an apparent decrease
in the measured diffusion length. When the goal is to design
a device where, e.g., color control is governed by exciton
diffusion, it is important to measure it at realistic current
densities. If data with low scattering are obtained, it is theo-
retically predicted that the decay will not be a single expo-
nential decay any more.

(4) The choice of the probe layer (thickness and doping
rate) should be thought of as a trade off between the intensity
of light that can be detected from low-exciton density re-
gions, and its invasiveness, as discussed in Sec. III C.
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APPENDIX A: TRIPLET-TRIPLET QUENCHING

In terms of rescaled, dimensionless quantities, z=x/Lg
and y(z)=n(x)/ng, the nonlinear equation acquires the form
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y'—y-y*=0. (A1)

Multiplying this equation by 2y’, the integration gives

2
yi-y' -2y’ =C, (A2)

3
C being a constant. The equation is rewritten as (note the
sign used in taking the root),

dy

—2=—dz.
\/y2+§y3+C

In the case of noninvasive probe, and very wide diffusion
layer, the requirement n(x— %)=0 sets C=0. The integral on
the left-hand side may then be expressed in terms of hyper-
bolic functions. The dependence y(z) (i.e., n(x)) is then eas-
ily obtained and follows to Eq. (6).

(A3)

APPENDIX B: SEMI-INVASIVE PROBE LAYER

Given the form of the differential equation for n(x) [see
Eq. (3)] in the case without the triplet-triplet quenching, the
solution is sought in the form

Ae™ +Be™™ for 0<x<d,
Ce™ st  Ee*st*  for d<x<d+ 9,
Fe ™™ for d+6<ux.

Both n(x) and its derivative should be continuous at junction
points, x=d and x=d+ J. Those requirements set the four
relations among coefficients A,B,C,E, and F. These, to-
gether with the value of the strength G of the source of
excitons at x=0, G=—Dn'(0)=D«k(A - B), determine the val-
ues of all the coefficients, A-F. The calculation is somewhat
tedious if done manually, but straightforward if using some
of the usual software tools for symbolic computation. The
limiting case of strong invasiveness is particularly easy to
treat.

APPENDIX C: INVASIVE PROBE LAYER AND TRIPLET-
TRIPLET QUENCHING

The nonlinear differential equation that poses in the pres-
ence of triplet-triplet quenching may also be exactly solved
in the presence of infinitely invasive probe [i.e., the forcing
n(d)=0]. Then the integration constant C is directly related
to the strength of the signal I(d)=—Dn’(d) = \C via Eq. (A2).
Similarly, the strength of the source at x=0, G=—Dn’(0), in
dimensionless quantities, is given by
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FIG. 15. The dependence of the strength of the signal 1(d)/1(0)
on the position d of the probe for various strengths g of the triplet
source (or triplet-triplet quenching rate). The inset shows the graphs
un-normalized by the strength 7(0) of the signal.

2
g= \/y3+§y3+C,

where y,=y(0). This is one of the equations to be used in
order to determine C and y,, while the second one is ob-
tained by integrating Eq. (A3),

%0 d 0 d
[t [ wef e
0 y2+§y3+c dlL 0

This integral may be expressed in terms of the elliptic inte-
gral of the first kind F(¢\a). From Egs. (C1) and (C2), the
values y, and C for a given value g and d/L are calculated
numerically [as well as the value of the integral or related
function F(y\a)]. The desired quantity /(d)/1(0) is then ob-
tained from

(C1)

d) I(d) Ve

P A A

0 ¢ [, 2,
yo"'gyo*‘c

These results cannot be expressed in terms of elementary
functions and the curves are directly plotted in Fig. 15. As in
the case without triplet-triplet quenching, the invasiveness of
the sensing layer is affecting the dependence of the signal at
small distances, in the same region where the triplet-triplet
quenching effect is strongest, and for strong exciton source,
the dependence at d<<L, is again much steeper than
exp(—d/L,). The exponential behavior determined by L, re-
establishes at distances further than L. The inset of Fig. 15
shows the dependence of un-normalized signal for different
strengths of the source.

(C3)
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S0 A rough estimate of the exciplex energy, notwithstanding the
exciplex binding energy and energetic disorder, is given by the
difference between the TCTA HOMO level (=5.9 eV) and the
BCP LUMO level (-2.9 eV) and corresponds to a wavelength
of about 410 nm.

3! Triplet-to-singlet transfer might be possible if the donor exciton
breaks up and reforms on the acceptor via incoherent electron
exchange. However, as pointed out by Baldo et al. (Ref. 21), this
has to be considered as very unlikely since the energy required
for dissociation, i.e., the exciton binding energy, approaches 1
eV in most systems.

32The emitted intensity from DCM and Ir(btp), cannot be directly
compared to each other due to their different quantum yields and
concentration.

31n Sec. II, the triplet excitons diffuse from the CBP/TCTA het-
erojunction (plane x=0) with a G constant rate and an uniform
distribution in the y and z directions. This three-dimensional
(3D) problem can thus be solved as an one-dimensional problem
thanks to the planar geometry of the source term, but the param-
eters such as the diffusion length and the diffusion coefficient
are still the same (i.e., defined in 3D). In this configuration, the
diffusion length is the same in the real three-dimensional system
or in its reduction along the x axis. Thus we will only consider
the latter case.
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DIFFUSION OF TRIPLET EXCITONS IN AN...

>#The quenching among triplet excitons in host is expected when
they come close in terms of the Dexter radius, and similarly
the quenching of triplet excitons and holes (polarons). This is
since otherwise it is difficult to make the spin-flip required
for triplet excitons to decay. This implies y;r and ypr being
of the same order of magnitude. Therefore frequency of two
processes is essentially given by the ratio of the concentrations
of triplets and polarons ‘yrpnpny/ yTTn%~np/nT. For typical
values of current density, mobility, electric field, and molecular
size (u,~10™ cm?/V's, F~1 MV/cm, J~100 mA/cm?,
a~0.6 nm) the concentration of polarons is of the order of
np~ 1077 per molecule, while the creation rate of excitons or
exciplexes at the heterojunction, for the same set of parameters,
is estimated to v~ 10° s~! per molecular cross section. The den-
sity of triplets ny is obtained upon considering the fraction « of
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excitons created being triplets, considering their diffusion over
length Ly, as well as accounting for their decay rate ;. For
vr~10% s7! and Ly~ 50a, the concentration of triplets per mol-
ecule turn to be ny~ X 107, This gives a plenty of room for
the possibility that ny>np, corresponding to the situation where
triplet-triplet quenching is much more frequent than the quench-
ing of triplets on polarons.

35 A rough estimation of 7~ 1072 can be inferred from the red part

of the experimental spectra (see Sec. II), assuming 20% effi-
ciency in extracting photons and an isotropic emission over the
upper half-plane. For J=1 mA/cm?, this implies g~ 10.

3The only small disagreement around d=0 can be explained by

excitons diffusing from the CBP/BCP interface as expected.

3The thickness of the CBP layer was then 10 nm increased to

minimize the changes in the optical field.



