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ABSTRACT

The low efficiency of organic light-emitting diodes based on lanthanide complexes is generally attributed to the triplet-triplet annihila-
tion processes in the regime of high concentration of excited states caused by their long lifetimes and optical losses near the interfaces
of multilayer device structures. Despite the enormous effort to synthesize short-lived complexes and minimize the optical losses in the
interfaces, it remains insufficient in understanding the exciton recombination processes that reduce the lifetime of these complexes.
Herein, we investigated the influence of the exciton recombination processes on a Tb complex (Tb-C) lifetime in the regime of a highly
excited state concentration as a function of the distance between the carrier layer and the interface by using a typical organic light-emitting
diode structure. Our results show that a 10 nm-thick Alqs layer decreases the exciton lifetime of the Tb-C, increasing approximately by
16 times the spontaneous emission decay rate of triplet exciton. The effects of interference and optical losses at the metallic interface
contribute actively to the modulation of the emission intensity and lifetime decay. However, these effects alone do not explain the sig-
nificant increase in the emission decay rate. The nonradiative Auger process at the Alqs/Tb-C interface seems to be largely accountable
for the Tb-C lifetime reduction as the energy released by the terbium ion occurs by the excitation of an adjacent electron at higher
energy. Furthermore, we propose a simple theoretical model to explain the observed effects. These results can provide a new approach
to reduce the lanthanide complexes’ lifetime through the Auger electron process near the interface and thus improve the performance
of organic light-emitting diodes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099014

1. INTRODUCTION However, the fabrication of full-color OLED based displays still
has some challenges, such as the poor color purity due to the

Organic light-emitting diodes (OLEDs) are among the tech- e o
intrinsic nature of broad emission spectra of the fluorescent

nologies that dominate the market for mobile devices and dis-

plays. The development of new classes of organic compounds, organic molecules, phosphorescent organic-metal complexes, and
novel approaches to device structures, and efficient methods to thermally activated delayed fluorescence (TADF) organic molecules
improve their efficiency are the main factors for their success.’ used widely as emitters in this kind of devices.”™
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In the last three decades, lanthanide complexes have appeared as
possible emitter alternatives due to their unique properties, such as
sharp emission bands (nearly monochromatic emission), compared
to other organic emitters.”® However, the device performance based
on these complexes is still unsatisfactory when compared to that of
devices using pure organic or phosphorescent compounds as emit-
ters. The device efficiency drops rapidly by increasing the current
density in lanthanide-based OLEDs. Extensive research suggests that
this roll-off efficiency is due to the long luminescence lifetimes of the
emitters and triplet-triplet (T-T) and triplet-polaron (P-T) annihila-
tions.”* Recently, Su et al.” reported a new organoeuropium complex
with a short lifetime of 30us. Their results demonstrated that the
emitter’s short luminescence lifetime reduced the efficiency roll-off
for the fabricated OLEDs. Nevertheless, the devices’ current efficiency
reached a maximum of 3.0 cd/A at 10 V.

Furthermore, the lanthanide complexes and other organic
emitters have their luminescence lifetime changed near the inter-
faces present in the devices.'™'' In fact, metallic and dielectric
interfaces provide additional optical paths that can produce
changes in the spontaneous molecular emission with significant
modifications in the spectrum of the emitted light. As the dimen-
sions of such devices are typically on the scale of one-half of the
optical wavelengths or less of the emitter material, the presence
of nearby interfaces may control the emission behavior of the
molecules and, consequently, plays a vital role in the device per-
formance. Kowalsky et al.'” observed a significant improvement
in the electroluminescence (EL) quantum efficiency of their euro-
pium based OLEDs at a high current density using a microcavity
device. Samuel et al.'’ demonstrated a powerful approach to
modulate the light emission and its propagation by the use of
photonic microstructures using solvent assisted microcontact
molding (SAMIM) in increasing the efficiency of the solution-
processed europium based OLEDs through efficient light extrac-
tion from the substrate mode. Thereafter, many improvements in
the OLED performance and optical outcoupling have been
reported' ™' where different metal structures and materials have
been used to achieve better reflectivity and radiative quantum
efficiency. Thus, understanding the modulation of the lifetime of
lanthanide complexes near the interfaces of devices is essential to
reduce the roll-off efficiency to improve the efficiency of the OLEDs
based on lanthanide complexes.

In the OLED structure, in addition to the dielectric and metallic
interfaces, different functional organic layers forming organic hetero-
junctions are also present. In the case of a significant energy barrier
at the organic heterojunctions, charges will accumulate at the respec-
tive interfaces, resulting in the formation of charge transfer (CT)
excitons between two adjacent layers. The Auger process is the
typical formation of nonradiative charge transfer (CT) excitons.'” For
organic semiconductors, the Auger electron process may involve
bimolecular recombination, where the energy released from the inter-
face charge transfer exciton recombination is transferred to excite
another electron into higher-energy states (Auger electron). Lu
et al'® fabricated ultralow-voltage OLEDs with device structures
using stimulated Auger electrons. In this case, the nonradiative
Auger process plays a crucial role in the attainment of ultralow
voltage, also increasing the OLED efficiency. In other words, using
OLED structures that favor the Auger processes, it is possible to
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modulate the lanthanide complexes’ lifetime. Besides, it can support
an ultralow-voltage OLED based on Auger electron injection.

In our work, we investigated the influence of the charge trans-
fer (CT) exciton recombination at the organic heterojunctions and
metallic or dielectric interfaces on the spontaneous emission rate
and the lifetime of a Tb complex probe layer inserted in a typical
multilayer OLED structure. The Tb complex is the ([1,2,5]thiadia-
zolo[3,4-f][1,10]phenanthroline) Tb(acetylacetonate-ACAC);]), also
indicated as [Tb(ACAC);TDZP] or simply Tb-C. To evaluate the
electrode’s (ITO or Al) influence on the emitting layer, we fabri-
cated two structures: ITO/HTL/EL (where HTL is the hole
transporting layer) and EL/ETL/Al (where ETL is the electron
transporting layer), which were studied separately. In particular,
the luminescence properties of thin Tb-C layers were studied as
a function of their distance from the Al and ITO electrodes
using Alqs [(tris(8-hydroxyquinoline)aluminum(III)] and NPB
[(N,N-bis(naphthalene-1-y)-N, N-bis( phenyl)benzidine)] as organic
spacers with thicknesses of 0-20 nm.

Il. MATERIALS AND METHODS

Figure 1 shows the vacuum-processed stack structure OLEDs
[Fig. 1(a)], molecular structures of the compounds [Fig. 1(b)],
and the energy level diagrams [Fig. 1(c)]. The glass and ITO/glass
patterned substrates were sequentially sonicated for 10 min at 75 °C
in a detergent solution [5wt. % of Extran in de-ionized (DI) water],
DI water, acetone, and 2-propanol. After, the substrates have been
dried with nitrogen gas, followed by UV-ozone treatment for
30 min to adjust the work function and improve the wetting. All of
the layers were sequentially deposited by thermal evaporation under
high vacuum (~107°Pa) and without exposure to the atmo-
sphere. We fabricated two device structures, stack structures I
and II, containing 7 or 40 nm, respectively, of a Tb-C film as the
emitter layer. Stack structure I consisted of a glass substrate par-
tially covered with 150 nm of Al and 0-20 nm of Alq; as an elec-
tron transporting layer (ETL). The active Tb-C layer was
deposited sequentially onto Alqs. Stack structure II consisted of a
patterned ITO/glass with 0-20 nm of the NPB film as the hole
transporting layer (HTL) and the Tb-C film on top. These trans-
porting layers were called the “spacer layers.” The stack structures
had their thicknesses measured by a Dektak 6M profilometer.

The luminescent properties of the Tb-C active layer in both
structures were studied using photoluminescence (PL) and con-
tinuous wave (CW) time-resolved luminescence spectroscopy.
The room temperature photoluminescence and excitation spectra
of the Tb-C and the corresponding laser excitation wavelengths
used in the present work are shown for comparison in Fig. S1
(see the supplementary material). The PL spectra were recorded
using an HR4000 Ocean Optics spectrometer as a detection
system. The active layer was excited through the glass on
different structure configurations [the black arrows in Fig. 1(a) rep-
resent 325 nm and 442 nm HeCd laser lines with an average excita-
tion intensity of 5n'W/cm®]. The measurement was performed via
a backscattering configuration in two ways: in the first, the Tb-C
active layer was excited from the Al and from the ITO for stack
structures I and II, respectively; in the second configuration, the
uncoated glass of structures I and II had the active layer probed
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STRUCTURE |

[Figure 1(a)]. The dashed arrows in Fig. 1(a) indicate the Tb-C
optical emission. The PL spectra were measured as a function of the
spacer thickness on the metal in structure I and on the ITO in
structure II. We denominate the luminescence signal measured on
the ITO-uncoated and Al-uncoated glass substrates as reference
samples. During the PL measurements, the optical path of the
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FIG. 1. (a) Representation scheme of
the vacuum-processed stack structures
| and II. The arrows represent the exci-
tation (solid arrows) and emission
(dashed arrows) wavelengths; (b) the
chemical structures of the materials
and (c) the rigid band diagram with the
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exciting and emitted light remained fixed. All of the measures were
conducted at room temperature and in an ambient atmosphere.

The luminescence decay was detected using a Thermo Jarrell
Ash monochromator (25cm focal length) equipped with a
Hamamatsu R298 photomultiplier tube. A digital oscilloscope pro-
cessed the signal averaging over 250 pulses. Time-resolved mea-
surements were conducted using a pulsed N, laser at 337 nm.

I1l. RESULTS AND DISCUSSION

A thin Tb-C layer (7 nm) was used to probe the optical proper-
ties of the interfaces for structures I and II. In particular, we investi-
gate the excited state dynamics of the Tb-C layer as a function of its
distance from the Al and ITO electrodes. Figures 2(a) and 2(b)
compare the PL of the Tb-C probe layer for structure I (glass/Alqs/
Tb-C) and structure IT (ITO/NPB/Tb-C) as a function of Alq; and
NPB thicknesses (L), respectively. In structure I [Fig. 2(a)], the
decrease in the PL intensity for the Tb-C layer deposited onto the
Algs spacer compared to the Tb-C film deposited onto the plain
glass surfaces (black lines) indicates that the charge or energy trans-
fer was expected from the rigid energy band diagram [Fig. 1(c)].
However, the samples prepared on the Al metal-coated surfaces and
depending on the Alq; spacer thickness L present a strong enhance-
ment in the Tb-C emission.

For structure II [Fig. 2(b)], the intensity of the Tb-C emis-
sion is almost the same for all of the spacer thicknesses
(0 <L £20) measured on the reference sample and the ITO sur-
faces. This behavior indicates that there is no loss in the excited
state at the ITO anode when L=0. Furthermore, no energy
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FIG. 3. The PL emission and dynamics of a Th-C layer for structure . (a) the PL spectra measured at 300 K; (b) the PL decays of the Th-C for the three cases shown in
(a); and (c) the PL decay times for the same 40 nm-thick Tb-C layers deposited onto the glass reference and Al surfaces as a function of the Algs spacer thickness.

charge transfer takes place from the Tb-C ligand to the NPB
when L > 0.

Figure 3 shows the effect of the interfaces on the PL emission
and dynamics for structure I with a thick Tb-C layer (40 nm).
Figure 3(a) compares the PL spectrum of the Tb-C layer deposited
directly onto the glass (open triangles) with that of the same Tb-C
deposited onto the Al cathode spaced with a 10nm Alg; film
(open squares). In this case, the emission of the Tb-C is approxi-
mately 16 times more intense than for the same film measured
directly on the glass reference surface (open triangles). The broad
Alg; emission band also appears superimposed to the Tb-C spec-
trum due to the excitation wavelength (325 nm) used in the experi-
ment. The intensity of the Alq; band demonstrates a significant
reduction when deposited onto the Al surface due to charge/energy
transfer losses to the metallic electrode. Also, only a weak signal
from the Tb-C layer is detected when it is deposited directly onto
the glass (open triangles) or when it is separated from the glass by
the Alqs spacer (open circles).

The different behaviors of the luminescence previously pre-
sented can be better understood with time-resolved photolumines-
cence measurements. Figure 3(b) compares the PL decays of the
546 nm emission line of Tb-C for the three cases shown in Fig. 3(a),
excited by the 337 nm line of a pulsed N, laser. For comparison
purposes, we used the PL decay of Tb-C embedded in a PMMA
matrix (closed circles). Here, we expect to observe the decay proper-
ties of noninteracting complex molecules due to their substantial
dilution in the PMMA matrix. Furthermore, the Alqs fast emission

decay (nanoseconds) is not detected in the millisecond time scale
presented in Fig. 3(b). The same happens for the laser pulse with a
width of 5ns.

Since the decay patterns involve a complex interplay between
different effects that complicate a theoretical analysis, we analyze
the PL decay evolution of the Tb-C within the framework of a
stretched exponential I(t) = Ipexp[—(¢/7)"].'” In this equation, 7
represents an active PL decay time and S introduces the stretch
coefficient. The coeflicient B varies between 0 and 1, where its
value represents the multiplicity of concurrent processes that
deactivate the Tb radiative channel for decay times in the range of
microseconds to milliseconds. A single exponential decay (8~ 1)
within 7=1.02 ms was found for the Tb-C isolated in the PMMA
matrix corresponding roughly to the natural lifetime 1, of
the isolated Tb ions. This scenario changes dramatically for the
40 nm-thick Tb-C films deposited onto different surfaces. The
mean decay time 7 sharply decreases to 0.02ms in the Tb-C
layers evaporated directly on the glass surface (open triangles)
but doubles to 0.04 ms with the inclusion of a 10 nm-thick Alg;
spacer between the Tb-C active layer and the glass surface (open
circles). The decay time 7 increases further to approximately 0.11 ms
when the same layer structure is excited on the Al surface (open
squares).

Table T summarizes the PL decay times 7 as well as the corre-
sponding 3 values, the estimated PL decay rates (K = % =kp + kRN),

and the PL quantum yields n = %" for structure I with an Alqs
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TABLE I. The PL decay times z, the estimated PL decay rates (K =
and the estimated values for the B and PL quantum yields n = "WR

1
T

for structures I and II.

Sample 7(ms) K™Y B n (kg =1000s"") (%)
Glass/Tb-C 0.02 50000 0.54 2
Glass/Alq3/Tb—C 0.04 23255 0.57 4.3
Al/Alq3/Tb-C 0.18 5555 0.80 18
Tb-PMMA 1 1000 1 100

layer thickness of 10 nm, as shown in Fig. 3(b). Here, kg = 1—10 is

the natural radiative decay rate of the isolated Tb-C, which was
assumed to be 1000s™}, and kgy takes into account all concur-
rent nonradiative decay rates. It is important to stress that only
optical processes occurring close the Tb natural decay rate kg
were considered in this evaluation of the radiative quantum yield.
In this work, concurrent nonradiative processes faster than 1/s
were not detected.

The progressive increase in the B coefficient from 0.54 for the
glass reference interface to 0.80 for the metallic interface (see Table I)
indicates that part of the processes competing for radiation has been
“turned off” with the introduction of the spacer layer and the metal
surface. This effect reflects a decrease in the total decay rate k
and a sequential increase in the emission efficiency 1. Compared
to the Tb-C deposited directly onto the glass surface (8=0.54,
k~5.0x10* s7h), the turning-off of the deactivation process is
more expressive for the Tb-C deposited onto the Al surface
(8=0.80, k ~5.5%10s™") than that observed for the same layer
structure on the nearby glass surface (8=0.57, k ~23 x 10’ s™ ).

The enhancement in the PL intensities shown in Fig. 3(a) can
be attributed to the increase in the emission quantum yield (Ip)
presented in Table I. Concerning the glass/Tb-C reference sample,
the efficiency 1 of the Tb-C layer enhances by a factor of only 2
with the introduction of the Alqs spacer layer on the glass surface
and a factor of almost 9 when it is onto the Al surface. However, a
best-fitting procedure of the PL spectra in Fig. 3(a) reveals that
Tb-C emission intensity increases at least 16 times for the Al/Alqs/
Tb-C sample in comparison with the emission intensity of the
glass/Tb-C reference sample.

The introduction of the reflecting metal interface necessarily
includes interference effects that would increase the PL intensity
by a maximum factor of 4, depending on the distance and the ori-
entation of the molecule emitter concerning the metallic mirror.
Moreover, an excited molecule or a rare-earth ion near to a metal-
lic interface suffers modification in the decay time.”” According to
Drexhage and Jose,”' the radiative decay rate of a europium
complex oscillates around its natural value depending on the dis-
tance to the metallic interface, but these variations would not
exceed a factor of 2. For an excited emitter positioned at intervals
below 5 nm from a metallic interface, the decay rate would increase
drastically due to the loss of energy to surface plasmons via rapid
nonradiative charge transfer processes.”” These changes depend on
the reflectivity of the metal surface. However, both the interference
effects and modification of decay times introduced by the metallic
interfaces are insufficient to explain the significant increase of 16
times observed for the PL intensity, as mentioned earlier.

ARTICLE scitation.org/journalljap

To obtain better insights into the different effects that inter-
faces impose on the recombination processes in the Tb-C active
layer, Fig. 3(c) displays the PL decay times for the same
40 nm-thick Tb-C layers deposited onto the glass and Al surfaces
as a function of the Alqs spacer thickness. The PL decay time
increases by approximately a factor of 2 (open circles) with the
spacer thickness for the glass surface, but this behavior eventually
saturates for the spacer thickness greater than 10nm. For
samples onto the Al surface (open squares), 7 is 4-5 times higher
than reference samples. However, its dependence on the spacer
thickness is virtually negligible. The variation in 7 for the refer-
ence samples is an indication that the Alqs layer acts as a buffer
layer that isolates the substrate effects in the film, which is proba-
bly caused by the charged radicals on the glass surface. As dis-
cussed below, these contradictory findings would be suitably
explained by the excited state dynamics in disordered materials
with long decay times, such as the Tb-C.

The different values of the PL decay behavior and the amplifi-
cation observed in the case of the Al surface were not found for the
corresponding 40 nm-thick Tb-C layers in structure II deposited
directly onto the ITO. Figure 4 summarizes the interface effects in
the PL spectra (a) and decays (b) measured at 300 K for the glass
surface (squares, assumed as reference) or separated by the 10 nm
NPB spacer layers from the glass (triangles) and the ITO surfaces
(circles). The Tb-C spectrum is superimposed onto the broad NPB
emission with the maximum at 435 nm when we used the 325 nm
excitation line of a He-Cd laser [Fig. 4(a)]. The Tb-C emission
component presents no enhancement but falls within the inclusion
of the spacer layer due to the partial absorption of the excitation
light by the NPB, as was observed for the Alq; spacer. Figure 4(b)
compares the PL decay of the samples presented in Fig. 4(a) with
that of the Tb-C embedded in a PMMA matrix (closed circles).
The excitation and optical paths were the same as those used in
Fig. 3 for structure I. For structure II, the decay behavior for the
Tb-C is almost the same, independent if the NPB spacer layer is
onto the reference sample or the ITO surfaces. The mean PL decay
time of approximately 0.02 ms was evaluated for all of the samples
as expected. Interestingly, the NPB does not act as a buffer layer as
was observed for the Alq; spacer.

The dependence of the Tb-C emission on the spacer thickness
L, as shown in Fig. 3, can be followed in Fig. 5(a). This behavior can
be plotted as a function of the intensity ratios between the lumines-
cence intensities measured on the Al-coated (I5) and ITO (Iiro)
surfaces and the reference intensity measured on the glass (Igjass)
surface. Thus, this figure compares the intensity ratios Ia/IGss
(structure I) and Irro/Iglss (structure II) for Tb-C layer thicknesses
of 7nm (stars) and 40 nm (circles) as a function of the respective
Alg; and NPB thicknesses. The value of the Iyro/lgs ratio is
approximately equal to 1 for all of the NPB spacer thicknesses and
both Tb-C layers. However, for the Al surface, the In/Igpss ratio
strongly depends on both the Alg; spacer and Tb-C thickness
(closed stars and circles). As the PL intensity on the glass surface,
IGlass 18 practically constant (see Fig. 3), the variation in the In)/IGass
ratio depends only on the PL intensity I,; recorded for the Al
surface. In this case, the I/l ratio consistently varies up to
50 times (10 times) with the spacer layer thickness L in the range
of 0-20nm for the 40 nm Tb-C emitting layer (7 nm). For the
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(triangles) and ITO surfaces (circles).

7-nm-thick Tb-C layer, the intensity shrinks when the separation
between the metal surface and the Tb-C layer is smaller than 5nm,
which is associated with losses due to the charge and energy transfer
to the metal. In the 40 nm-thick Tb-C layer, this annihilation effect
may be suppressed by the emitting centers present within the layer
and far from the metallic interface.

Figure 5(a) also includes the theoretically calculated intensity
ratios (solid lines) of structures I and II as a function of the separa-
tion L between the Al surface and the 7 nm and 40 nm active emis-
sive layers. The calculation takes into account two effects: (1) the
eventual losses due to the charge/energy transfer from an excited
Tb-C molecule to the collective excitations in the metal or (2) the
interference between the emitted radiation of the Tb-C molecule
propagating outside the sample and the counterpropagating radia-
tion reflected by the metallic surface.

Considering the contribution of a single Tb-C molecule in the
emitting layer as an oscillating dipole at a distance L from the
metallic interface, an approximate theoretical value for I (L)/I, can
be calculated according to the approach of Deppe et al.” (see the
supplementary material). The interaction length Ly =5nm for the
charge/energy transfer processes was estimated from Fig. 5(c),
which shows the emission intensity of the Alqs spacer layer in
structure I, measured on the metallic surface and the glass
surface as a function of its thickness. The Alq; emission on the
glass surface linearly increases with its thickness as expected. For
the metallic surface, the intensity of the same layer remains very
low up to 5nm and increases similar to that of the glass surface
for higher layer thicknesses. This behavior of the excited state,

generated within a spacer layer of 5 nm, migrates to the metallic
interface, and there it is deactivated through the charge/energy
transfer processes. This range of interaction was also reported by
Borges et al,”* for similar structures based on a very thin poly
(1,4-phenylene vinylene) (PPV) emitting layer prepared using the
layer-by-layer (LbL) technique.

The emission profile for a single molecule near a metallic
plane, as shown in Fig. 5(b), does not fit the experimental data of
Fig. 5(a) for the In/Iglss intensity ratio. In Fig. 5(b), horizontal
bars represent the integration intervals. These bars were scaled and
displaced according to the two Tb-C layer thicknesses of 7 nm
(short white bars) and 40 nm (long gray bars) and the thickness of
the Alqs spacer layer, respectively. As depicted in Fig. 5(a), both
calculated intensity ratios were corrected equally by a factor of
2.5 to obtain the corresponding intensity ratios. The factor of 2.5
corresponds to the theoretical adjustment for the calculated
intensity profile I (L)/I, relation of the Tb-C emitter as a function
of the spacer layer (L) at the metallic interface. The reduction for
the 7 nm Tb-C sample when compared to the 40 nm Tb-C sample
can be explained by the fact that a part of the total electronic energy
of the Tb-C molecule can be transferred or migrated to vibrational
modes during the emission due to the conformational change of
the molecule during emission decay of the excited state to the
ground state. The relative intensity between them depends on the
value of the electron-phonon coupling. There are, therefore,
many details of the sample structure that influence the form and
efficiency of the active layer emission intensity with the distance
from a metal-covered surface.
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interaction length.

The relatively small modulation of the Tb natural lifetime
induced by the metal at the interface produces additional behavior
that weakly affects the final dependence on the spacer thickness as
depicted in Fig. 5(a). However, the significant expressive increase in
the quantum efficiency by a factor of 9 for the Tb-C deposited onto
metallic surfaces could never be achieved by modifications of the
natural decay rate induced by the metallic interface. The changes in
the decay rates could be more readily associated with the optical pro-
cesses in the samples. The significant increase in the decay rate k from
1000s™" for the Tb-C in the PMMA matrix to 50000s™" for the
evaporated Tb-C layer on the glass or ITO surfaces can be associated
mainly with the elimination of nonradiative channels that rapidly
decrease the Tb-C excitation state in a dense solid-state film. Also,
these nonradiative processes occur for elapsed times that fall in the
decay range of microseconds to milliseconds in our measurements.

Consequently, rapid charge and/or energy transfer processes
that would quench the emission are rolled out in the present sample
structures. However, an effective energy homotransfer process
between the Tb-C molecules would be sufficient to promote the
incoherent migration of the excited state and guide this molecular
excitation to quenching centers inside the active layer. In solid films,
the excitation can migrate over much larger distances (~10 nm) than
the few nanometers established by the Forster radius (~1-2 nm for
heterotransfer between donors and acceptors).”” Therefore, any
nonradioactive channel that deactivates the Tb-C excited state
would act for times close to the Tb lifetime if the migration of the
excited state continues to proceed until the final emission process.

Migration is very effective between high energy levels within the
density of state (DOS) distribution of high density. The Tb-C
ligands would promote migration via energy transfer between high
energy states. The migration would be strongly reduced after the
rapid spectral relaxation of a few picoseconds to low-density tail
states at the bottom of the DOS. This process is due to the elec-
tronic relaxation via spectral diffusion.”> However, the low lying
states are those belonging to the long-lived Tb ions. As there is
one Tb ion per complex, the bottom of the DOS consists of high
density isoenergetic Tb>" states that actively promote migration
via energy transfer processes. The time needed to reach the
lower-lying equilibrium energy is much shorter for Tb-C than its
intrinsic lifetime. Although migration proceeds after electronic
relaxation due to thermal activation, the diffusivity of the excited
state decreases since the number of target sites, including the
quenching centers, reached during migration substantially decreases.
One of the main deactivation mechanisms in evaporated Tb-C films
of high molecular density is the effective migration of the excited
state via Forster-type energy transfer processes (homotransfers)
between Tb-C molecules that could end up at quenching centers.
However, these processes are rapid (< nanoseconds) and could not
be detected in the decay ranges used in the present work.
Radiationless transfer processes should not be influenced by
the presence of interfaces™ unless the transfer rate k= 1/7 (Ro/R)°
is modified by the change in the excited state decay rate k =1/7 of
the donor molecule. R, and R are the Forster critical radius and the
distance between the two interacting molecular dipoles,
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respectively. Metallic and dielectric interfaces may directly alter the
lifetime of an excited molecule due to the change in the boundary
conditions of the electromagnetic fields of the emitted light. The
emission lifetime would be lengthened or shortened depending on
the distance of the luminescent molecule from the interface. A
reduction k would increase kr and kyp.

Increasing the pump levels could progressively enhance the
annihilation processes that lead to Tb-C emission saturation for
higher pump fluences due to efficient Auger annihilation processes.
Figure 6(a) compares the PL intensities measured for the Tb-C
emission at 546 nm for structure I considering the metal and glass
interfaces as a function of the laser fluence ® normalized by the
maximally adjusted fluence ®,,. This pump power dependence can

be readily fitted to the universal behavior Ipj oc [ﬁ], where

@, = 1/o7 is the flux necessary for the formation of two nearby
excitons at different Tb-C molecules with cross sections of o during
the natural exciton lifetime 7. The exponent # defines the characteris-
tics of the recombination process (mono- or bimolecular). Ip;
increases linearly for the regime of low pump intensity (® < @,) with
an angular coefficient n = 7/4 for both samples and saturates at higher
pump values (® > ®,) due to the effective nonradioactive Auger decay
channel. The fitting procedure is @y~ 3.7 x 10'*s™ cm™, which
results in the value for the absorption cross section o for the Tb-C of
approximately 2.7 x 107' cm?, assuming a natural lifetime 7 for iso-
lated Tb ions of 1 ms [Fig. 3(b)], which is close to the typical cross-
sectional value for most organic dyes (107'®cm?).”” Furthermore,
the similar fitting values found for @, indicate that the natural life-
time of Tb ions is not expressively modified by the presence of the
metallic interface compared to the reference glass interface.
Therefore, the short decay times visible in Figures 4 and 5 and

measured for the Tb-C were strictly produced by non-radioactive
Auger processes since pump fluencies of ® =5.5 x 10" 57 cm™2 are
higher than the one used in the time decay measurements.

Note, however, that the interference effects and losses of
energy to surface plasmons via rapid nonradiative charge trans-
fer processes are not enough to explain the 16 times increase in
the PL emission of Tb-C observed in Fig. 3(a). Therefore, our
results suggest three different physical pathways for charge trans-
fer exciton recombination at structure I: (i) interference effects
that would increase the PL intensity by a maximum factor of 4,
depending on the distance and the orientation of the molecule
emitter concerning the metallic mirror;'>*" (ii) energy transfer
near the interface, where a Dexter or a Forster process is respon-
sible for transferring the energy of the charge transfer excitons
to another acceptor molecule. For an excited emitter positioned
at intervals below 5nm from a metallic interface, the decay rate
would increase drastically due to the loss of energy to surface
plasmons via rapid nonradiative charge transfer processes;”” (iii)
an Auger process at the Tb-C/Alq; interface. Figure 6(b) shows
the schematic diagram of an Auger process at the organic semi-
conductor heterojunction Tb-C/Alqs, where the energy of a
third particle (electron or hole) is shaken up by nonradiative
recombination of the charge transfer excitons. Owing to the
large energy offsets on both the HOMOs and LUMOs, electrons
and holes accumulate at the Tb-C/Alq; interface, leading to an
Auger recombination. The Auger process involving valence
shells (conduction band to valence band) is typically a low-
probability event. However, previous works®”>** suggest that the
4d-4f direct recombination occurs in the lanthanide complex is
associated with a coupled Auger process. In an Auger electron
process, one electron from the LUMO of the electron transport
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layer (ETL) recombines with one hole from the HOMO of Tb-C
by exciting another electron on the Alqg; LUMO to a higher
energy level (Auger electron). This Auger electron will then be
the resonant level between the Alqs; triplet state around
2.17 £0.5eV*’ and the D, — “F, transition of Tb** ion with triplet
state at 2.12 eV (583 nm).

IV. CONCLUSIONS

Our results demonstrate that metallic interface effects directly
affect the emission dynamics of the active layer in OLEDs. In par-
ticular, the experiments conducted using the Tb(ACAC);TDZP
terbium complex (Tb-C) as an active layer showed that a metallic
Al interface substantially enhances the Tb-C emission. Also, there
are many details on the sample structure that influences the form
and efficiency of the emission intensity of the active layer with the
distance from a metal-covered surface. The effects of interference
and optical losses at the metallic interface contribute actively to
the modulation of the emission intensity and lifetime decay.
However, only these effects are insufficient for the significant
increase in the emission decay rate. The nonradiative Auger
process at the Alqs/Tb-C interface seems to be the foremost
accountable for the Tb-C lifetime reduction as the energy released
by the terbium ion occurs by excitation of an adjacent electron at
higher energy. Finally, this study presented and discussed theoret-
ical models that thoroughly explain the observed effects, which
can be generally applied to elucidate quenching mechanisms of
emitting species close to metallic interfaces.

SUPPLEMENTARY MATERIAL

See the supplementary material for optical characterizations of
the organic materials and theoretical model details.
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