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ABSTRACT: From s-polarized, angle-dependent measure-
ments of the electroluminescence spectra in a three-layer
phosphorescent organic light-emitting diode, we calculate the
exciton distribution inside the 35 nm thick emission layer.
The shape of the exciton profile changes with the applied bias
due to differing field dependencies of the electron and hole
mobilities. A split emission zone with high exciton densities at
both sides of the emission layer is obtained, which is explained
by the presence of energy barriers and similar electron and
hole mobilities. A peak in the transient electroluminescence
signal after turn-off and the application of a reverse bias is
identified as a signature of a split emission zone.
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B INTRODUCTION

Organic light-emitting diodes (OLEDs) nowadays reach high
external quantum efficiencies of 30% and above,'™ and they
are commonly used in displays for smartphones, televisions,
and increasingly as lighting elements. In general, a high
luminance is desired, which can be achieved with high current
densities. However, this driving condition often causes a
reversible decrease of the efficiency.”” To optimize the layer
stack for maximum light output, the knowledge of the emission
zone (EMZ) inside the emission layer (EML) is essential. The
location and extent of the emission zone are closely related to
the current balance, i.e, where the charges accumulate and
recombine both radiatively and nonradiatively, which limits the
quantum efficiency of the OLED. Exciton confinement inside
the EML is thus a key factor in optimizing OLED
efficiency.*™'" The EMZ generally depends on the driving
current and on the state of degradation, and it is affected by
exciton quenching mechanisms if present.

Different techniques have been used to provide information
about the emission zone, namely, the use of sensing
1ayers,8'11_17 electro-optical simulations," ""*7* and measuring
and modeling the angle-dependent electroluminescence
(EL).>*"* In this work, we use the latter two techniques to
investigate the changes in the EMZ with increasing current
densities. Our findings reveal that the emission zone has two
peaks at either side of the emission layer, and the maximum of
this split emission zone shifts with the applied bias. This split
emission zone gives rise to an EL peak after the OLED is
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turned-off and reverse-biased where the peak height depends
on the forward voltage. To elucidate the EMZ from optical
measurements, the OLED cavity has to be optically detuned to
maximize the sensitivity of the angle-dependent signal to
changes of the EMZ rather than to maximize the light output.
The peak in the transient EL decay is also observed in an
OLED stack optimized for light output, highlighting that split
emission zones can be a general feature in OLEDs. With
bottom-up electro-optical simulations of an idealized OLED
stack, the finding of a split emission zone is directly linked with
the appearance of the peak in the EL signal after turn-off.

B RESULTS AND DISCUSSION

The bottom-emission OLED stack under investigation is
shown in Figure 1 and comprises indium tin oxide (ITO, 100
nm)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS, 30 nm)/4,4’,4"-tris(carbazol-9-yl)-
triphenylamine (TCTA, 46 nm)/4,4'-bis(carbazol-9-yl)-
biphenyl (CBP):bis(2-phenylpyridine)(acetylacetonate)-
iridium(1II) (Ir(ppy),(acac), 35 nm, S wt %)/2,9-bis-
(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline (NBPhen,
52 or 120 nm)/Ca (15 nm)/Al (100 nm). The thickness of the
NBPhen electron transport layer (ETL) of 52 nm in the
optically tuned OLED maximizes the light output. To
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Figure 1. Energy-level diagram of the fabricated OLEDs. The
emission layer is only 35 nm thin, and the thickness of the NBPhen
layer is either 52 nm in the tuned OLED or 120 nm in the optically
detuned OLED.

determine the emission zone in the thin EML from optical
measurements, the ETL thickness was increased to 120 nm in
the optically detuned OLED. The optical detuning maximizes
the sensitivity of the angle-dependent s-polarized EL spectra to
changes in the emission zone’”*" and reduces the measured
current efficiency by a factor of 40. The thickness of the TCTA
hole transporting layer (HTL) was kept constant, as its
influence on the angular emission is minor.

Split Emission Zone. Figure 2a shows the measured and
simulated EL spectra for various angles at an intermediate
current of 0.5 mA together with the photoluminescence (PL)
spectrum of the Ir(ppy),(acac) dopant; Figure S1 shows the
spectra at 0.1 and 4 mA. The excellent agreement over the
entire wavelength and viewing angle range was obtained with
the emission zones shown in Figure 2c. For a constant current
density, the EL spectrum changes with the viewing angle
because the interference effect in the OLED cavity evolves with
the viewing angle. For low angles, a peak near 520 nm is
present, whereas at larger angles, a second resonance appears
in the EL spectrum near 570 nm. Consequently, the long-
wavelength shoulder in the PL spectrum (Figure 2a) of the

emitting species is pronounced at 70°. The evolution of the EL
spectrum with current is shown in Figure 2b for a fixed angle of
30°. The long-wavelength shoulder at around 570 nm in the
normalized spectrum nearly vanishes for increasing currents.
This measured intensity decrease at 570 nm for increasing
currents has to be associated with changes in the spatial
distribution of the exciton density inside the EML and is, thus,
a clear evidence that the emission zone changes with current.

The emission zones calculated from angle-dependent
measurements at all three current densities are shown in
Figure 2c. High exciton densities are present at both interfaces
of the EML. A split emission zone has also been reported in
refs 23 and 32, whereas other OLED stacks can also show
homogeneous or single-sided emission zones as reported in,
e.g. refs 12 and 13. Having high emission at both EML
interfaces indicates the presence of high electron and hole
concentrations at both interfaces. This somewhat counter-
intuitive observation can easily be rationalized by the presence
of energy barriers for holes at the EML/ETL interface and for
electrons at the HTL/EML interface, as illustrated in Figure
3b. Without these energy barriers, no confinement of the
unrecombined electrons and holes inside the EML takes place,
and instead of forming a split emission zone, the leakage
currents would increase, thus reducing the internal quantum
efficiency. Electrical simulations of an idealized OLED further
support and illustrate this explanation as discussed below.

The exciton distributions in Figure 2c show that the position
of the highest emission intensity shifts from the EML/ETL to
the HTL/EML interface for increasing current densities. A
similar shift of the exciton density with current was observed
by Coburn et al.'” in mCBP:Ir(dmp); OLEDs by using sensing
layers. At an intermediate current of 0.5 mA, the exciton
densities at both interfaces are equal and the emission zone is
balanced. As discussed in detail below, this balance leads to the
largest peak intensity in the transient EL signal when the
OLED is reverse-biased. We note that the observed shift of the
emission zone maxima is caused by a different field
dependence of the hole and the electron mobility, as discussed
in the context of Figure 4.

Transient Electroluminescence. The biasing scheme for
the transient electroluminescence measurements is illustrated
in Figure 3a. After applying a certain forward voltage for a time
long enough to reach a steady state, the OLED is reverse-
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Figure 2. Measured (symbols) and simulated (solid lines) angle-dependent s-polarized EL spectra for a constant current of 0.5 mA together with
the PL spectrum of the Ir(ppy)2(acac) dopant (a). (b) EL spectra at an angle of 30° for different currents. The shoulder at $70 nm is reduced
significantly for increasing currents proving that the emission zone is changing with current. From these measurements, the optical model yields the

emission zones shown in (c).
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Figure 3. (a) Biasing scheme for the transient electroluminescence measurements. (b) Ilustration of the energy diagram highlighting the
accumulation of excess electrons at the HTL/EML and of excess holes at the EML/ETL interface that drift toward each other under reverse bias,
which leads to an increased recombination and the observed EL peak in detuned (c) and tuned (d) OLEDs. The insets show that this peak
intensity increases with on-voltage up to a certain voltage before it decreases.
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Figure 4. (a) Energy levels and mobility values used in the idealized
model of a tuned OLED for cases I-III. The band diagram in (b)
illustrates the accumulation of excess electrons and holes at the
respective EML interfaces at steady state. After reverse-biasing, these
excess electrons and holes migrate toward the center, where they can
generate additional excitons, which leads to the observed peak in the
transient EL signal.

biased with —10 V while the EL signal is measured. On top of
the expected EL decay, a peak is observed that is caused by the
split emission zone, as shown in Figure 3c for the detuned
OLED. This peak exceeds the steady-state value for voltages
higher than 8 V. The peak appears approx. 0.5 ps after turn-off,
and its intensity scales with on-voltages up to 11 V, before it
decreases for larger forward voltages, as shown in the inset to
Figure 3c. The schematic energy diagram in Figure 3b
illustrates the mechanism leading to this turn-off peak. Due
to energy barriers between the EML and the neighboring HTL
and ETL layers, electrons and holes that did not form excitons
due to the low minority carrier density accumulate at the
HTL/EML and the EML/ETL interface, respectively. This
leads to the observed split emission zone and to the turn-off
peak because these excess charge carriers drift toward each

other upon applying the reverse bias and recombine when
those charge carrier clouds meet. Without energy barriers at
both EML interfaces, the leakage current would increase and
no turn-off peak would be observed. The occurrence of a turn-
off peak in the EL decay signal in reverse-biased OLEDs is,
thus, a clear signature of a split emission zone. A turn-off peak
has also been observed in, e.g., refs 33 and 34, but without
reporting a dependence on the emission zone profile and on
driving conditions.

To demonstrate that a split emission zone can also be
present in optimized OLEDs with maximized emission
intensity, the transient EL signals of a tuned OLED are
shown in Figure 3d. As in the detuned OLED, the same trend
of the turn-off peak with an increasing intensity up to a certain
on-voltage (V) is observed. As shown in the inset of Figure
3d, the maximum peak intensity occurs at a lower on-voltage of
8 V compared to 11 V for the detuned OLED because the
voltage to reach the same ratio of excess charges is lower in the
tuned OLED due to the decreased resistance of the thinner
ETL layer.”>® The average electric fields in the tuned OLED
for 8 V and in the detuned OLED for 11 V are similar (55 and
60 V/um), confirming the consistent behavior of the two
OLEDs. Because the turn-off peak in transient EL measure-
ments under reverse bias is also present in tuned OLEDs, we
argue that the presence of such an EL turn-off peak is in
general a signature of a split emission zone.

Electrical Simulations of an Idealized OLED. To further
support the identification of the split emission zone from
optical and transient EL measurements, we devised an
electrical model for an idealized OLED stack. This illustrative
example shows the requirements for the occurrence of a split
emission zone, explains the observed EL turn-off peak, and
sheds light on the physical mechanisms at work. The idealized
OLED consists of the same three layers as in the measured
devices, but energy levels have been adapted to be aligned,
except for the lowest unoccupied molecular orbital (LUMO)
levels at the HTL/EML interface and for the highest occupied
molecular orbital (HOMO) levels at the EML/HTL interface,
as illustrated in Figure 4a. The model employs either a
constant (cases I-III in Figure S5) or a field-dependent
mobility model (case IV in Figure 6) to simulate the electronic
and optical properties. To account for the high exciton
densities at certain bias conditions, triplet—polaron quenching
(TPQ) and triplet—triplet annihilation (TTA) have been
investigated but showed no relevant effect on the formation of
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Figure 5. Charge carrier profiles at 0 and 0.6 ys after turn-off (a, d, g); temporal evolution of the emission zone (b, e, h); and resulting EL signal (c,
f, i) for the three different electron and hole mobility combinations (cases I-1II) in the ideal OLED. Under reverse bias, the excess charge carriers
migrate toward the electrodes. In cases I and III, no excess minority charge carrier is present and the electroluminescence decays without a peak,
whereas in case II, excess holes and electrons, present at both interfaces of the EML, form a significant number of excitons, which leads to the peak

in the transient EL signal.
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(b). At an applied voltage of 8 V where both mobilities are equal, the split emission zone shows nearly balanced exciton densities at both EML
interfaces, which results in the largest turn-off peak in the simulated transient EL signal (c).
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Figure 7. Transient EL signal (a) and exciton densities (b) when triplet—polaron quenching is considered in the model. The same qualitative
results as those without quenching were obtained.

a split emission zone, as discussed in case V (Figure 7) and VI

(Figure S2).

Figure 4b shows the modeled energy-band diagram in steady

state under forward bias and right after applying a reverse bias
of —4 V for equal electron and hole mobilities (case IT). Under
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forward bias, electrons and holes accumulate at the respective
interface of the EML due to the presence of an energy barrier
of 700 meV. Not all charge carriers form excitons due to the
low minority carrier density, as discussed in detail below, and
the excess charge carriers drift toward each other under reverse
bias conditions, as illustrated in Figure 4b. When those excess
charge carrier clouds meet, they generate additional excitons
that recombine and cause a peak in the transient EL signal after
turn-off (cf. Figure Sd—f). In the case of exactly balanced
electron and hole densities in the EML (at all voltages), no
excess charge carriers would accumulate at the respective
interfaces and thus there would likely be no turn-off peak.

The detailed charge carrier profiles at 0 and 0.6 s after turn-
off are shown in Figure Sa,d,g for different combinations of
hole and electron mobilities (cases I-III). Figure Sb,e,h shows
the temporal evolution of the emission zone at steady state and
after turn-off, and Figure Scfji shows the resulting EL signal
normalized to the steady-state value under forward bias.

In case I (Figure Sa—c), the electron mobility in the EML
and ETL is 10 times higher than the hole mobility in the EML
and HTL, which leads to a larger electron than hole density
(Figure Sa). After exciton formation, a large number of excess
electrons remains due to the lower hole density. These excess
electrons accumulate at the HTL/EML interface, and a single-
sided emission zone is formed. We note that accumulation of
electrons can extend into the HTL if the energy barrier is low,
especially for a large electron mobility in the HTL. Upon
applying a reverse bias, the excess electrons migrate toward the
cathode, and because the hole density is much lower, the
majority of electrons reach the cathode without forming
excitons, whereas the holes migrate less due to the lower
mobility. Therefore, the electroluminescence signal decays
without a peak.

For case II in Figure 5d—f; the electron and hole mobilities
are equal and the excess electron and hole densities are
identical at both EML interfaces. This leads to a nearly
balanced exciton distribution with equal number of excitons at
either side of the EML. Due to the Purcell effect, which
increases the exciton decay rate near the metal cathode, the
maximum exciton density is slightly higher at the anode side of
the EML, as can be seen in Figure Se and by comparing Figure
Sb,h. When the excess electrons and holes migrate toward the
center of the EML under reverse bias (dotted lines in Figure
5d), a significant number of excitons are formed in the center
of the EML (Figure Se), leading to a pronounced peak in the
transient electroluminescence (Figure 5f).

Case III (Figure Sg—i) is inverse to case I, and the higher
hole mobility causes a higher hole than electron density in the
EML, with excess holes at the EML/ETL interface. Under
reverse bias, the excess holes migrate to the anode, and because
there are no excess electrons, the electroluminescence decays
without a peak.

The simulations for cases I-III demonstrate that an EL turn-
off peak is observed only if a split emission zone is formed. The
split emission zone is formed when electron and hole
mobilities are equal or similar and energy barriers for electrons
are present at the HTL/EML interface and for holes at the
EML/ETL interface. The same behavior can be expected in
nonideal devices as long as electron and hole injections into
the EML are equal or similar.

To explain the measured bias-dependent emission zone, the
simulations for case IV used a different field dependence of the
electron and the hole mobility. We argue that only a different

field dependence leads to the observed bias-dependent
emission zone. Figure 6a shows the electron and hole
mobilities for typical electric fields inside the OLED
stack.’”** An electric field exists at which both mobilities are
equal, as in case II above, due to the different field
dependencies. At higher fields, the electron mobility is larger
than the hole mobility (case I), whereas at lower fields, the
situation is reversed (case III).

Figure 6b shows the exciton densities at three different
voltages. At low external bias, the emission zone is located
mainly at the EML/ETL interface, whereas at high bias, the
maximum emission originates from the HTL/EML interface.
At an intermediate bias, the exciton densities are nearly equal
at both EML interfaces. This balanced and split emission zone
leads again to the largest peak in the transient turn-off signal
under reverse bias, as shown in Figure 6¢. The inset to Figure
6¢ shows the peak height of this turn-off peak for different on-
voltages. The same behavior as in the measurements (Figure
3c,d) is observed, confirming that the exciton density is split
and balanced on both sides of the EML for a bias of 11 or 8 V
for the detuned and tuned case, respectively. The different
field-dependences of the electron and hole mobilities are, thus,
responsible for the changing emission zone with the applied
bias. If electron and hole mobilities had the same field
dependence, the ratio of the effective mobilities at different
biases would be equal and no bias-dependent change of the
emission zone would occur. We note that the exact condition
for the appearance of the largest peak is a complex interplay
between the mobility values, especially their field dependence,
the energy barriers, and the Purcell factor of the OLED cavity.
Nevertheless, the maximum peak always occurs when the
exciton density is nearly balanced at both EML interfaces.

The local charge carrier and exciton densities in the idealized
OLEDs are in a range where triplet—polaron quenching
(TPQ) or triplet—triplet annihilation (TTA) can become
significant.>” If these exciton quenching processes are
considered in the simulations, the results remain qualitatively
the same as shown for TPQ in Figure 7 and for TTA in Figure
S2. The exciton quenching leads to a faster EL decay (Figures
7a and S2a), but the peak in the transient EL signal under
reverse bias appears at the same time as in the case without
quenching and the maximum peak height is again obtained for
an on-voltage of 8 V as expected.

The emission zone for the case considering exciton
quenching is again single-sided for low and for high applied
bias and is nearly balanced for an intermediate voltage that
results in the largest EL turn-off peak (see Figures 7a and S2a).
In comparison to that in Figure 6c, the exciton density in
Figure 7b is lower due to exciton quenching, especially at high
biases. The peak height in Figure 7a with exciton quenching
appears larger than in Figure 6¢ without quenching, but this is
due to the large effect of TPQ in the steady state, which lowers
the intensity used for normalization. The number of excess
electrons and holes remains the same irrespective of exciton
quenching mechanisms; thus, the number of additional
excitons formed after turn-off remains essentially the same.
Initial studies reveal a tendency that the measurements are
better explained when exciton quenching mechanisms are
included, and further studies are in progress to clarify the role
of exciton quenching in those devices.
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B CONCLUSIONS

We have shown how measurements of angle-dependent EL
spectra in optically detuned OLEDs reveal changes in the
spatial distribution of the exciton density with applied bias in
three-layer phosphorescent OLEDs. The emission zone
obtained by solving the inverse problem on the basis of a
dipole emission model can have two peaks at either side of the
emission layer, and the maximum of this split emission zone
shifts with the applied bias due to differing field dependencies
of the electron and hole mobilities. A large excess charge
density at both sides of the emissive layer leads to a
pronounced electroluminescence peak after the OLED is
reverse-biased. The intensity of this turn-off peak depends on
the extent of the split emission zone, and a bias dependence of
the peak height implies changes of the split emission zone with
forward voltage. Our findings are rationalized with electrical
charge drift-diffusion device simulations and are largely
unaffected by exciton quenching processes. The bias-depend-
ent split emission zone can also be present in optimized
OLEDs that maximize light output.

B MATERIALS AND METHODS

OLED Fabrication. For the fabrication of OLEDs, we used
commercially available glass substrates structured with a 20 Q/sq
indium tin oxide (ITO) from Ossila. After cleaning in acetone and
isopropanol in an ultrasonic bath, a 15 min UV—ozone treatment was
performed, directly followed by spin-coating poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonate (PEDOT:PSS, Clevios P VP Al
4083) with a spin speed of 3000 rpm. Before evaporating the organic
materials, the substrates were annealed for 10 min at 160 °C under a
nitrogen atmosphere in a glove box. The phosphorescent OLED stack
consists of ITO (100 nm)/PEDOT:PSS (30 nm)/TCTA (46 nm)/
CBP:Ir(ppy),(acac) (35 nm, S wt %)/NBPhen (52 or 120 nm)/Ca
(1S nm)/Al (100 nm). The organic materials 4,4’,4"-tris(carbazol-9-
yl)triphenylamine (TCTA), 4,4'-bis(carbazol-9-yl)biphenyl (CBP),
bis(2-phenylpyridine) (acetylacetonate )iridium(III) (Ir(ppy),(acac)),
and 2,9-bis(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline
(NBPhen) were purchased from Lumtec and were evaporated
under high vacuum of <107® mbar without any prior purification.
TCTA was used as a hole transport layer (HTL) and electron-
blocking layer due to its higher lowest unoccupied molecular orbital
(LUMO) level than the CBP LUMO level. NBPhen was used as an
electron transport layer (ETL), which has a good hole-blocking
property due to its low-lying highest occupied molecular orbital
(HOMO) compared to the HOMO level of CBP. The energy levels
with values taken from the literature'”*>*" are shown in Figure 1. The
phosphorescent emitter Ir(ppy),(acac) was coevaporated with the
CBP host to obtain a concentration of &5 wt %. For the evaporation
of the Ca/Al cathode, the shadow masks were exchanged and the
samples were exposed to N,. After fabrication, the OLEDs were
encapsulated using an encapsulation epoxy and a cover glass from
Ossila under a nitrogen atmosphere. The optical and electrical
characterization took place in air, and the active area of the OLED
pixels is 0.045 cm?.

EL Measurements. The angle-dependent s-polarized EL spectra
were measured in a home-built setup consisting of a half cylinder lens
and a rotational stage with a detector unit comprising pinhole,
polarizer, retarder, and a ULS2048L spectrometer (Avantes). The
angular measurement range is from —70 to +70° with respect to the
surface normal, and with a 1 mm diameter pinhole an angular
resolution of less than +1° is achieved. The setup is connected with
the all-in-one measurement system Paios from Fluxim,** and a
redesigned version of the setup is now available as the angular
luminescence spectrometer Phelos by Fluxim. The half cylinder lens
out-couples all substrate modes to air and thus allows us to measure
the entire angle-dependent EL spectra in the glass substrate. A gated
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Hamamatsu photosensor module (H11526-110) attached to Paios
was used to measure the time-dependent EL decay.

Calculating the Emission Zone. To calculate the shape of the
emission zone from measured angle-dependent s-polarized EL
spectra, the optical dipole emission model of Setfos 4.6 software by
Fluxim was used,”” which implements a fit algorithm previously
introduced and evaluated by Perucco et al.*>*"** and by Jenatsch et
al.** The algorithm uses a superposition of deltalike emitters equally
distributed inside the emission layer and adapts their height to
minimize the difference between measured and simulated EL spectra
and also extracts the PL spectrum of the emitter (cf. Figure 2a). The
preferential horizontal alignment of the Ir(ppy)2(acac) emitter
molecule was set to be 77% horizontal > To calculate the exciton
density from the measured radiative dipole density, the same radiative
exciton decay rate as in the electrical OLED model was used. With
this approach, the shape of the emission zone can be determined from
optical measurements using a purely optical model.

Electrical OLED Model. The electrical simulations were
performed with Setfos 4.6 software, which solves the drift-diffusion
equations for electron and holes and considers exciton formation,
diffusion, and decay in the framework of radiating dipoles inside a
cavity including the Purcell effect.”” Either constant or field-
dependent electron and hole mobilities according to the Poole—
Frenkel model with u(E) = p, ¢’VE were used.”” The chosen HOMO/
LUMO values are close to the ones displayed in Figure 1, and the
boundary conditions for the charge carrier densities at the electrodes
were set to satisfy the Fermi-level alignment at thermal equilibrium.
Exciton generation is permitted only in the emission layer and follows
the standard Langevin recombination.”® Exciton recombination was
modeled with a nonradiative decay rate of 0.09 us™' and a radiative
decay rate of 0.63 us™', resulting in a quantum efficiency of 87% and
an exciton lifetime of 1.39 us, as reported for similar systems.>***’
The exciton diffusion coefficient was set to 63 nm?/us, which results
in an exciton diffusion length of 9 nm, as observed in the optical
measurements. If larger exciton diffusion coefficients were used, the
exciton distribution inside the EML would smear out, and for very
large values, the split emission zone can even disappear. The excitons
were confined to the EML because the triplet energy of TCTA (2.8
eV)*® is larger than that of Ir(ppy),(acac) (2.4 eV),” which prevents
exciton transport into the HTL. The reported triplet energy for
NBPhen (2.2 ¢V)*' allows exciton transport into the ETL, but the
exciton transport into the ETL is expected to be only a few percent'
and was thus neglected. For emitters with high triplet energy levels,
exciton transport should be considered. The organic—organic
interfaces assume a quasi-Fermi-level alignment and use Boltzmann
statistics to calculate the charge carrier densities in the OLED stack.
For the results shown in Figures 7 and S2, exciton quenching was
modeled as triplet—polaron quenching or triplet—triplet annihilation
with quenching rate of 5 X 107> cm®/s taken from refs 39 and 46.
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