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ABSTRACT: Exciton dynamics in a solid-state exciplex sensitized triplet-triplet annihilation
(ESTTA) system are studied using transient photoluminescence (TrPL) measurements. The
ESTTA system is a trilayer structure with 4, 4°, 4"-tris(N-3-methyphenyl-N-phenyl-amino)
triphenylamine (m-MTDATA) acting as the electron donor, 1-(2,5-dimethyl-4-(1-
pyrenyl)phenyl)pyrene (DMPPP) as a triplet-diffusion-singlet-blocking (TDSB) layer, and 9,10-
bis(2’-naphthyl) anthracene (ADN), acting as the electron acceptor and emitter. The thicknesses
of the m-MTDATA and ADN layers are 30 nm, while the thickness of the DMPPP layer is
varied to characterize its effect on the singlet quenching of the ADN emission. We find that
electron transfer via tunneling through the DMPPP layer is the dominant quenching channel,
with a characteristic length of ~5 nm. Doping the high photoluminescence quantum yield
molecule 4,4’-bis[2-(4-(N,N-diphenylamino)phenyl)vinyl]biphenyl (DPAVBIi) into the ADN
layer enhanced the overall intensity of the ESTTA signal but did not prevent quenching by
exciplex formation. The trilayer configuration (m-MTDATA/DMPPP/ADN) can effectively
prevent ADN singlets from being quenched by electron transfer and exciplex formation, and a

key property of the DMPPP is its tendency to not undergo electron transfer to the ADN.
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1. Introduction

One strategy for generating stable blue emitting organic light emitting diodes (OLEDs) is to
utilize triplet-triplet annihilation (TTA) to avoid high-energy singlet-singlet annihilation
processes 4. In such a device, electrons and holes recombine to generate 25% singlets and 75%
triplets, and the triplets then undergo TTA to create more singlets for light emission. To improve
the efficiency of this process, sensitized TTA-OLED devices incorporate two materials: a low-
bandgap sensitizer to generate triplets and a wide-bandgap emitter that supports the TTA process
%6 In a sensitized TTA system, the sensitizer can be pumped optically or electrically, then
transfer energy to the low-energy triplet state of the emitter via triplet energy transfer (TET).
Two triplet excitons then undergo TTA to generate an emitter molecule in its singlet state, which
then emits fluorescence 7-1°. The quantum efficiency of the TTA upconversion process, defined
as the number of singlet state photons divided by the number of triplets, can approach the
theoretical limit of 50% in the solution phase !'. The mobility of molecules in liquid solution
allows the TET and TTA events to be widely separated in space and prevents the high-energy
singlet state of the emitter from being quenched by low-energy states of the sensitizer. In solid-
state architectures, physical proximity of sensitizer and emitter increases the probability of
singlet quenching (SQ) of the emitter by the low-bandgap sensitizer'> 3. Suitable control of
molecular aggregation of sensitizer and emitter may help improve the efficiency!* > but a
bilayer structure (such as sensitizer/emitter) is preferred for solid-state STTA'. Even in a bilayer,
SQ can still occur at the sensitizer/emitter interface. Increasing the emitter layer thickness can
reduce SQ by increasing the average distance between the TTA event and the interface 7> 18,
However, a thicker layer also increases the film resistance, which can degrade the performance

of organic optoelectronic devices like OLEDs and organic solar cells.
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Molecular exciplexes have been used as both emitters'®23 and triplet sensitizers®* 2> in
OLEDs. In previous work, we demonstrated that using a trilayer geometry could significantly
improve the performance of a blue OLED device based on exciplex-sensitized triplet-triplet
annihilation (ESTTA)!7. In these devices, the exciplex was generated at the heterojunction
interface of electron donor and acceptor materials, 4, 4°, 4"-tris(N-3-methyphenyl-N-phenyl-
amino) triphenylamine (m-MTDATA) and 9,10-bis(2’-naphthyl) anthracene (ADN), as shown in
Fig. 1 (a). Efficient intersystem crossing in the charge-transfer exciplex results in facile TET to
the ADN triplet, followed by blue emission after TTA. However, the efficiency in a bilayer was
low due to SQ of the ADN singlet state, as shown in Fig. 1(b). A 40x improvement in efficiency
was achieved by: (1) insertion of a triplet-diffusion and singlet blocking (TDSB) layer between
sensitizer and emitter, and (2) incorporation of fluorescent dopant inside the TTA emitter, as
shown in Fig. 1 (c). The detailed device performance data can be found in reference 17. For
those devices, 1-(2,5-dimethyl-4-(1-pyrenyl)phenyl)pyrene (DMPPP) was used as the TDSB, as
shown in Fig. 1 (d) *6. This molecule has a triplet energy between that of the exciplex and ADN,
allowing triplets to migrate through the DMPPP layer to the ADN. But its singlet energy is
higher than that of both the exciplex and ADN, so it can block singlet quenching of ADN by the
exciplex. Doping the ADN layer with the high PL quantum yield emitter 4,4’-bis[2-(4-(N,N-

diphenylamino)phenyl)vinyl]biphenyl (DPAVBI) further improved the device efficiency?’.

In the present paper, we seek to understand the physical origins of the improvement in the
device EQE observed previously!”. We are particularly interested in the relative roles of the
singlet blocking versus the dopant in preventing SQ. In this paper, transient photoluminescence
(TrPL) measurements of bilayer and trilayer thin films that consist of various combinations of

the donor, TDSB, and emitter layers are performed to investigate the exciton dynamics. We find
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that the TDSB layer makes the most important contribution to the suppression of SQ. But even
for the thickest DMPPP layers, we still find evidence for ADN singlet quenching which
generates a long-range m-MTDATA/ADN exciplex that extends across the TDSB layer. The
fluorescent dopant is also clarified. Our results suggest that there is room for improvement in the

ESTTA devices by optimizing material parameters like the TDSB energy levels and the dopant

fluorescence quantum yield.
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Figure 1. Device outline and energy level diagrams of ESTTA-OLED with bilayer ((a) and (c))
and TDSB+dopant ((b) and (d)) configuration, respectively, along with the molecular structures

().
2. Experimental Section

Thin-film fabrication: Organic thin films were deposited on the glass substrate by thermal
evaporator under 5x10- torr. Prior to thin-film deposition, the glass substrate was cleaned by

acetone, methanol, and water for 5 min in a supersonic bath, followed by oxygen plasma
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treatment (50 sccm, 30 mtorr, 18 W for 5 mins). Calibrated crystal monitors on the evaporation
sources were used to obtain the thickness of each layer with a resolution to 0.1 nm and to control
the dopant concentration to 0.1%. After thin-film evaporation, the samples were sent for
encapsulation to a glove box that kept water and oxygen concentrations below 1 ppm. The cover
glass was cleaned using the same procedure as the substrate. An ultraviolet-sensitive epoxy was
applied on the periphery of the cover glass for assembly of sample and cover glass, followed by

ultraviolet exposure.

TrPL measurement of organic thin film: Time-resolved measurements were performed with a 1
kHz Coherent Libra regeneratively amplified Ti:Sapphire laser system. The 800 nm
fundamental pulse was directed into a frequency doubling beta barium borate crystal to produce
the 400 nm excitation beam. The encapsulated sample was mounted on a translation stage and
the emission was collected using front face detection with a 420 nm long pass filter. The
emission was detected using a Hamamatsu C4334 Streakscope with 25 ps time resolution and 2.5
nm wavelength resolution. Typical laser powers were 10-20 microwatts, and no dependence of
the early (< 100 ns) signal on laser power was observed, indicating that exciton-exciton
annihilation was negligible in this time window. The TrPL decay curves shown in the following
figures represent data integrated over a range of wavelengths to improve the signal-to-noise.

Wavelength selected traces are provided in the Supporting Information when relevant.

3. Results and Discussions
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We first characterized the photophysical behavior of thin films composed of pure m-MTDATA,
DMPPP, and ADN separately. Figure 2 (a) shows the absorption spectra of the different organic
thin films with 30 nm thickness. The ADN layer absorbed much more efficiently at 400 nm than
the m-MTDATA and DMPPP thin-films. Figure 2 (b) shows the normalized PL spectra of the
three thin films taken within 1 ns after 400 nm laser excitation. The broad emission lineshapes
peak at 441, 461, and 438 nm for m-MTDATA, DMPPP, and ADN, respectively. Figure 2 (c)
shows the un-normalized PL spectra, showing that under the same conditions, the ADN emission
intensity was ~40x stronger than that of m-MTDATA and DMPPP. It is therefore safe to

assume that the PL signal after 400 nm excitation will be dominated by emission from ADN

singlet excitons.
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Figure 2. (a) Absorption spectra, (b) normalized PL spectra, and (c) un-normalized PL spectra of
single-component m-MTDATA (red lines), DMPPP (black lines), and ADN (blue lines) thin
films.

We next characterized the exciplex states in the bilayer films. Exciplex emission was
observed from both m-MTDATA/DMPPP and m-MTDATA/ADN films, with peaks at 491 and

521 nm respectively, together with singlet emission from m-MTDATA, DMPPP and ADN
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ranging from 438 nm to 461 nm. No exciplex emission was observed for the DMPPP/ADN
bilayers (Supporting Information). Figure 3 (a) shows the PL spectra of the bilayer films m-
MTDATA/DMPPP (30 nm/ 30 nm) and m-MTDATA/ADN (30 nm/30 nm), integrated over a 5
pus window. The emission wavelength of m-MTDATA/DMPPP was shorter than m-
MTDATA/ADN due to the shallower LUMO value of DMPPP (2.5 eV), compared to that of
ADN (2.9 eV), as shown in Fig. 1 (d). Figure 3 (b) shows the transient photoluminescence (TrPL)
measurement on the ps timescale. For the m-MTDATA/DMPPP and m-MTDATA/ADN bilayer
thin films, a fast decay from the singlet states of DMPPP and ADN is followed by slower
exciplex emission decays with time constants of 0.15 and 0.21 ps, respectively. In contrast, the

ADN film PL signal completely decays within 200 ns.
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Figure 3. (a) PL spectra integrated from 0-5 microseconds, of ADN thin film (black) and bilayer
films of m-MTDATA/ADN (red) and m-MTDATA/DMPPP (blue). (b) TrPL decay of ADN
thin film (black) and bilayer films of m-MTDATA/ADN (red) and m-MTDATA/DMPPP (blue)
integrated from 400-600 nm. The ADN decay dominates at short times (<200 ns), while the
exciplex decay dominated on the microsecond scale.

To examine quenching of the ADN singlet by exciplex formation, we first examined the

DMPPP/ADN interface. As shown in Fig. 4 (a), the TrPL decay of the DMPPP/ADN bilayer
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was identical to ADN. Hence, we can say that DMPPP/ADN bilayer did not affect the (singlet)
exciton dynamics of the ADN layer. On the other hand, for a m-MTDATA/ADN (30 nm/30 nm)
bilayer film, the ADN singlet emission exhibited a reduced decay time as shown in Fig 4 (a). The
ADN decay could be slowed down by inserting DMPPP between the m-MTDATA and ADN
layers. In these trilayer samples, the decay time increased with increasing DMPPP thickness, as
shown in Fig. 4 (b). As expected, the singlet exciton in ADN was blocked by the DMPPP layer
from reaching the m-MTDATA/DMPPP exciplex due to the wider bandgap of DMPPP (3.2 V)
as compared to ADN (3.0 eV). The exciplex emission did not affect the analysis of the ADN
singlet dynamics on the sub-ns timescale, as shown by single wavelength TrPL decays

(Supporting Information, Figure S1).
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Figure 4. (a) Early time (0.0-0.8 ns) TrPL decays of monolayer ADN, and bilayers m-
MTDATA/ADN, and DMPPP/ADN. (b) trilayer m-MTDATA/DMPPP/ADN with different
DMPPP thickness (0, 5, 10, 15 nm), and single layer ADN thin films. TrPL decays were
integrated from 400-600 nm and are dominated by the ADN contribution on this timescale.

The mechanism of ADN SQ merits some discussion. In principle, energy transfer to an

exciplex state could proceed by an electron transfer process or by direct energy transfer via the
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Forster or Dexter mechanism.?® Due to the low oscillator strength of the exciplex ground state,
most models of exciplex formation assume it occurs through electron transfer with a rate that
falls off exponentially with distance.?*-3! If the electron transfer from the m-MTDATA to the
ADN occurs by tunneling across the entire DMPPP layer, we would expect k, to decay
exponentially with TDSB layer thickness R. If, on the other hand, electron transfer at the DMPPP
interface occurs, then the electron can hop through the DMPPP layer, leading to a much weaker
distance dependence. These two mechanisms leading to exciplex formation are illustrated in Fig.
5. Given that we observed no quenching of the ADN fluorescence by a DMPPP layer, electron
transfer from this layer is probably not competitive with the ADN singlet decay. Therefore we

will concentrate on the tunneling mechanism for electron transfer and quenching.
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Figure 5. Schematic diagram of different pathways for ADN exciton quenching by charge
transfer and exciplex formation. In the upper pathway, the hole travels from the ADN to the m-
MTDATA directly through tunneling. In the bottom pathway, the hole can hop through the
DMPPP layer before reaching the m-MTDATA. Both pathways lead to the formation of a long-
range exciplex between m-MTDATA and ADN.
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The TrPL signal of the ADN (integrated from 410-450 nm) could be fit using a

biexponential decay of the form
TrPL(t) = [Aeikf’t + Be ™" ]e_k"t (1)

where k4 and k; are the intrinsic decay rates of the ADN thin film and £, is the rate of quenching
by exciplex formation. Fitting the ADN thin film data yields 4 = B = 0.50+0.03, k, = 5.6+0.2 ns"
!, and kz = 0.8+0.1 ns”!. By keeping these parameters constant and varying k,, we could obtain
good fits to the TrPL decays in Figure 4(b). From the discussion in the preceding paragraph, we

approximate the dependence of &, on R by,

k,(R) =k e (2)

Fitting the k, data in Fig. 6 with Equation (2) yields k;” = 13.3 ns! and &= 0.16 nm™!. Despite

the fact that we only have four points, Equation (2) provides a reasonably good fit to the data in
Fig. 6. The o= 0.16 nm! value lies within the range observed for charge recombination across
an organic spacer layer3? but is small compared to typical values obtained for molecular donor-
bridge-acceptor complexes.’? 3 The DMPPP layer may aid the electron transfer by supporting
superexchange contributions to the coupling between ADN and m-MTDATA layers3> 36, but the
exact mechanism of photoinduced charge transport across solid-state organic semiconductor

layers is largely unexplored3’.
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Figure 6. Plot of k,(R), where R = thickness of the DMPPP layer, along with a fit using Equation
(2) in the text.

In all cases, electron transfer across the TDSB layer leads to a final state in which the
hole resides in the m-MTDATA and the electron in the ADN. The presence of this exciplex state
is indeed observed in the PL of the trilayer systems. Immediately after photoexcitation, the
normalized PL spectra of the trilayer (m-MTDATA/DMPPP/ADN) thin films with different
DMPPP thicknesses were identical, showing only the ADN fluorescence peaked at 448 nm (Fig.
7(a)). However, when measuring the PL spectra at long time-scales (1.42-2.64 ps), both blue and
yellow emission peaks at 448 and 521 nm were observed as shown in Fig. 7(b). The 521 nm
emission corresponds to the m-MTDATA/ADN exciplex, while the long-lived 448 nm emission
can be assigned to TTA in the ADN. No sign of the m-MTDATA/DMPPP exciplex at 491 nm is

observed even for the 15 nm thick DMPPP layer.

12
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The 448 nm/521 nm peak ratio depends on the DMPPP layer thickness in a complicated
way. On the one hand, a thinner TDSB layer facilitates formation of the exciplex state that
sensitizes the ADN triplet and leads to the delayed fluorescence from TTA. Without an exciplex
state, intersystem crossing is negligible for ADN and no delayed fluorescence is observed. On
the other hand, once formed, the ADN singlet will experience more quenching for thinner
DMPPP layers. These two competing effects lead to an increase in the delayed blue emission
with DMPPP layer thicknesses up to 10 nm, followed by a decrease for R = 15 nm. The

optimum thickness must be in the 10-15 nm range.
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Figure 7. (a) Early (0.0-1.0 ns) and (b) late (1.4-4.6 us) PL spectra of ADN-DMPPP-MTDATA
trilayer films with different DMPPP thicknesses. The ADN and m-MTDATA thicknesses were
30 nm. The maximum enhancement of the upconverted ADN PL is observed for a DMPPP
thickness of 10 nm, as seen for OLED devices.

The absence of DMPPP quenching and exciplex emission suggests that this molecule
does not transfer an electron the photoexcited ADN, despite the fact that its HOMO lies 0.2 eV
above that of ADN. It is likely that kinetic factors prevent electron transfer between ADN and

DMPPP from competing with the ADN singlet decay. For example, there is evidence from

13
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solution studies that steric effects can slow or prevent exciplex formation.3® 3% On the other hand,
electron transfer between m-MTDATA and ADN appears to be quite facile. The observation of
the m-MTDATA/ADN exciplex state emission even with a relatively thick TDSB layer was
surprising, given that there is no physical interface between the m-MTDATA and the ADN.
Previous work has shown that it is possible to form a long-range exciplex between electron
donor and acceptor materials that sandwich a spacer layer 4% 4. Perhaps surprisingly no
emission due to the m-MTDATA/DMPPP exciplex was observed after optical excitation, in
contrast to the electrically pumped OLED devices. This difference probably originates from the
fact that in electrically pumped devices, the relative mobilities of injected electrons and holes
determine where recombination and exciplex formation occur. From our previous work!”, it
appears that charges accumulate at the m-MTDATA/DMPPP interface, as shown in Fig. 1 (b).
For optical excitation of the ADN at 400 nm, there is no voltage bias to drive charges across the

TDSB layer and only the long-range m-MTDATA/ADN exciplex is formed.

Rather than using the TDSB layer to prevent SQ, a complementary strategy is to dope the
emitter layer with a lower energy emissive molecule as an exciton trap. DPAVBI is a highly
efficient fluorescent molecule that can be readily incorporated into the ADN layer. We
hypothesized that it might trap the ADN singlets produced by TTA before they could diffuse to
the DMPPP/ADN interface and undergo charge transfer to form the exciplex. Fig. 8(a) shows
the TrPL decay of DPAVBI doped into ADN with a 10% in volume ratio. This doping level was
found to be optimal for the OLED devices studied previously. Energy transfer from ADN to
DPAVBIi was very efficient, and in the 10% film most of the emission came from DPAVBI.
When this doped layer was combined with a m-MTDATA layer, the DPAVBI lifetime decreased

significantly, as shown in Fig. 8(a). All the decays were parameterized as biexponentials as

14
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defined in Equation (1), and by fitting the bilayer data in the inset of Fig. 8(a) we could extract a
value k, = 1.0£0.1 ns'!. This value is very similar to that of neat ADN (1.2 ns!), suggesting that
singlet excitons can still diffuse through the emitter layer. The idea that the DPAVBi component
could prevent singlet exciton quenching is not supported by the data. The main benefit of adding

this dopant appears to be its higher fluorescence quantum yield as compared to ADN.
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Figure 8. (a) inset: TrPL intensity within 8 ns window of DPAVBIi doped into ADN and ADN
m-MTDATA bilayer with 10% in volume ratio. TrPL decays were integrated from 400-600 nm
and reflect DPAVBI and exciplex components at short and long times, respectively. (b) PL
spectra of doped bilayer at early, medium and late time windows.

The DPAVBIi SQ would be expected to be accompanied by m-MTDATA-ADN exciplex
formation. Without the m-MTDATA layer, the ADN:DPAVBi mixed film TrPL signal
completely decayed within 400 ns, as shown in Fig. 8(a). With the m-MTDATA, the bilayer
film exhibited a long-lived decay, similar to that of the m-MTDATA/ADN exciplex. The
presence of the long-time decay suggests that some long-lived exciplex is created. The spectral
evolution of the TrPL shown in Fig. 8(b). The initial period of the TrPL signal is dominated by

the DPAVBI spectrum after energy transfer from the ADN. This fluorescence shows a strong

15
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exciplex contribution at intermediate times (0.3-1.0 ps) after photoexcitation. These exciplex
states can then sensitize triplets in the ADN, and on even longer timescales (1.5-4.7 us) the PL
spectrum shifts back to the DPAVBIi emission (peaks at 472 and 502 nm) due to sensitized TTA

in the ADN layer, followed by rapid energy transfer to the DPAVBI.

4. Summary

The results reported here clarify how a TDSB layer composed of DMPPP could act to boost the
efficiency of blue emitting OLEDs, as observed in our previous work.!” We have demonstrated
that this enhancement results from the ability of the DMPPP layer to effectively block ADN
singlets from being quenched by electron transfer and exciplex formation. In addition to the
energetic requirements for a TDSB layer (a triplet energy gap that lies between that of the
sensitizer and emitter, and a singlet energy gap greater than both), we find that it must also avoid
exciplex formation and charge transfer from the emitter. DMPPP is a molecule that fulfills these
requirements with respect to m-MTDATA and ADN. Adding a fluorescent dopant molecule to
the ADN layer enhances the TTA signal, mainly due to its greater fluorescence quantum yield as
opposed to inhibiting exciton diffusion. Finally, we should point out that the m-
MTDATA/DMPPP/ADN trilayer system is not fully optimized, and there is room to improve
output by finding materials that suppress SQ even more. The results in this paper suggest that
TDSB energy level engineering can benefit the development of optoelectronic devices based on

triplet exciton dynamics.
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SUPPORTING INFORMATION

Electronic Supporting Information available: Additional PL spectra and decays, along with fits.
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A triplet-diffusion-singlet-blocking layer and fluorescent dopant enhance blue emission due to
triplet-triplet annihilation in an organic light emitting diode structure.



