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Exciton and Polaron Quenching in Doping-Free
Phosphorescent Organic Light-Emitting Diodes from a

Pt(I1)-Based Fast Phosphor

Qi Wang, lain W. H. Oswald, Michael R. Perez, Huiping Jia, Bruce E. Gnade,*

and Mohammad A. Omary*

By introducing a neat Pt(ll)-based phosphor with a remarkably short decay
lifetime, a simplified doping-free phosphorescent organic light-emitting diode
(OLED) with a forward viewing external quantum efficiency (EQE) and power
efficiency of 20.3 £ 0.5% and 63.0 + 0.4 Im W', respectively, is demonstrated.
A quantitative analysis of how triplet-triplet annihilation (TTA) and triplet-
polaron annihilation (TPA) affect the device EQE roll-off at high current densi-
ties is performed. The contributions from loss of charge balance associated
with charge leakage and field-induced exciton dissociation are found negli-
gible. The rate constants kit and krp, are determined by time-resolved pho-
toluminescence experiments of a thin film and an electrically-driven unipolar
device, respectively. Using the parameters extracted experimentally, the EQE
is modeled versus electric current characteristics of the OLEDs by taking both
TTA and TPA into account. Based on this model, the impacts of the emitter

long lived triplets in common phospho-
rescent dyes tend to aggregate and induce
strong self-quenching in the neat form.!
Doped PhOLEDs with very high external
quantum efficiency (EQE) for blue,®
green,’! orange,®d and white emission, ')
have been reported in recent years; how-
ever, problems remain for the doping
technique. First, precise control of doping
is a very complicated and time-consuming
process. Additionally, doping system
could cause parasitic exchange energy
losses in power efficiency (PE), resulting
from the host-to-guest energy transfer.l!!
Although doping-free PhOLEDs (DF-
PhOLEDs) provide a promising alterna-
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lifetime, quenching rate constants, and exciton formation zone upon device
efficiency are analyzed. It is found that the short lifetime of the neat emitter is

key for the reduction of triplet quenching.

1. Introduction

Phosphorescent organic light-emitting diodes (PhOLEDs)
represent a promising technology for both solid-state lighting
and display applications because of their ability to convert
100% of the injected electrons into photons by harvesting
the energy of both singlet and triplet excitons.}=3] Although
various methods have been proposed to improve the perfor-
mance for PhOLEDs,* host-guest doping is required for all
of today’s state-of-the-art PhOLEDs.'"® This is because the
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tive to overcome both problems,['>14 the
highest PE of DF-PhOLEDs reported to
date is 45 Im W14 which still cannot
compete with that achieved in doped
PhOLEDs (61.7 Im W™!) with similar spec-
trum (orange/red emission).d

Furthermore, in typical PhOLEDs the device EQE decreases
rapidly from its peak value with increasing current because of
the long triplet lifetime (1-10 us) of common phosphorescent
dyes.P’! This efficiency roll-off in PhOLEDs can be attributed to
the following factors: triplet-triplet annihilation (TTA), triplet-
polaron annihilation (TPA), loss of charge balance, and field-
induced exciton dissociation.! Studies on the four processes in
doped PhOLEDs have been extensively reported. Baldo and co-
workers reported that TTA is the dominant factor for the EQE
roll-off in a Pt-based PhOLED because the emitter possesses
a rather long photoluminescence (PL) lifetime (>80 us).l'l
Reineke et al. found that TTA and TPA coexist in their Ir(III)-
based device with a short PL lifetime of =1 ps.'”] The influence
of reduced charge balance on device efficiency was reported by
Giebink et al.'® Recently, Aziz and co-workers proposed that
TPA could be the only source for efficiency roll-off in some
devices.' Besides, field-induced quenching has also been
observed by Kalinowski et al. and other groups.?”l As can be
seen, studies on triplet quenching processes have been mainly
involved in doped devices. Corresponding research in DF-
PhOLEDs is rare,*!! though this is needed and urgent infor-
mation for the further development of non-doped PhOLEDs.

In this study, simple bilayer DF-PhOLEDs with the highest
efficiencies yet reported for such device types (20.3 + 0.5% for

Adv. Funct. Mater. 2013, 23, 5420-5428


http://doi.wiley.com/10.1002/adfm.201300699

Makeis
Vier'S
www.MaterialsViews.com

EQE and 63.0 £ 0.4 Im W! for PE) are demonstrated by using
a Pt(II)-based emitter with fast decay. We then focus on the tri-
plet quenching processes in this device to determine the origin
of the efficiency roll-off at high current densities. The contribu-
tions from field-induced exciton dissociation and loss of charge
balance associated with charge leakage are found negligible. A
mathematical description of the EQE roll-off, combining both
TTA and TPA, is proposed to model the experimental data.
Using this model, the influence of several parameters like
quenching rate constants, lifetime and length of exciton recom-
bination zone on the device efficiency is also discussed.

2. Results
2.1. Doping-Free PhOLEDs

Here, neat bis[3,5-bis(2-pyridyl)-1,2,4-triazolato]platinum(II),
[Pt(ptp),], is selected as the emitting layer (EML) because
the neat Pt(ptp), film exhibits a quantum yield of nearly
100%.22122 The device structure employed is 1TO/1,1-bis[(di-
4-tolylamino)phenyljcyclohexane (TAPC) (X nm)/Pt(ptp),
(100 nm)/LiF/Al (see device energy-levels in Supporting Infor-
mation Figure S1),2420 with the TAPC thickness changing
from 0 to 100 nm.?3] For this type of device, the TAPC layer
plays an important role in achieving high efficiency because:
1) it can serve as an efficient hole-transporting and electron/
exciton-blocking layer (Supporting Information Figure S1);
2) the charge balance of the device can be tuned by changing
the thickness of this layer.?*] Figure 1 and Table 1 summarize
the performance characteristics of this family of devices. Elec-
troluminescence (EL) peaks of the resulting devices are around
580 nm. At a TAPC thickness of 50 nm, the device performance
reaches the optimum with a forward viewing PE of 63.0
0.4 Im W' and EQE of 20.3 £ 0.5%. Remarkably, this is even
superior to that achieved in today’s state-of-the-art PhOLEDs
(with similar EL spectrum) which include much more sophis-
ticated device structures.dl Table 1 also shows that our devices
exhibit a rather low turn-on voltage of 2.2 V (at 1 ¢cd m™) in
a wide range of TAPC thicknesses. This is a prerequisite to
achieving such high PEs in these devices.??2l Furthermore,
compared to most doped PhOLEDs the efficiency roll-off in our
devices is low, e.g., the EQEs decrease by less than 5% at a high
brightness of 1000 cd m™. In the following sections the tri-
plet quenching mechanisms that can lead to efficiency roll-off
in these DF-PhOLEDs will be discussed, including TTA, TPA,
field-induced quenching and loss of charge balance.'6-201

2.2. Triplet-Triplet Annihilation

In a triplet-triplet quenching process one participant loses
energy and goes back to the ground state whereas the second
participant is promoted to a higher state that ultimately relaxes
to the emitting triplet *M* + Ve A s+ M).27} Here, M
represents the ground state of the molecule and krpy is the
rate constant for the TTA process. The PL transient method
provides a means to quantify the quenching rate in TTA.'617]
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Figure 1. Forward viewing power efficiency, a) and external quantum effi-
ciency, b) of devices with the structure of ITO/TAPC (5, 20, 30, 50, 70,
100 nm)/Pt(ptp), (100 nm)/LiF/Al. c) Electroluminescence spectra of the
above devices (including the device with TAPC thickness = 0 nm) at a
voltage of 6 V. Inset: the molecular structure of Pt(ptp),.

Under a short-pulse optical excitation, the time development of
the triplet exciton population can be expressed as!'®!

d[Pm* SM*] 1 .
[dt ]:_ [ - ]_EkTTA[SM ]2 (1)
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Table 1. Performance characteristics of PhOLEDs based on neat Pt(ptp),. Each device is constructed with ITO anode and LiF/Al cathode (ITO/
organic layer(s)/LiF/Al), with the combination of the rest organic layer(s) shown in column 1. Parameters listed are turn-on voltage (V,, defined as
the drive voltage at 1 cd m=2), power efficiency (PE), and external quantum efficiency (EQE). Device efficiencies are listed at peak performance and at
brightness of 500, 1000 cd/m?.

Device Vi [V] PE [Im/W] (at peak, 500 cd m~2, 1000 cd m~2) EQE [%] (at peak, 500 cd m~2, 1000 cd m~?)
TAPC(0 nm)/Pt(ptp), (100 nm) 3.4 0.08 £0.01, -, 0.07£0.01, -, -

TAPC(S nm)/Pt(ptp),(100 nm) 2.2 11.5£1.2,11.0+3.0,10.9£ 0.6 5.8+0.1,5240.6,5.8+0.1
TAPC(20 nm)/Pt(ptp), (100 nm) 2.2 393+1.4,32.6+1.1,283 1.1 13.04£02,12.8402,12.2405
TAPC(30 nm)/Pt(ptp), (100 nm) 2.2 49.5+1.3,38.440.4,33.5 402 17.4402,17.340.2,16.7+0.1
TAPC(50 nm)/Pt(ptp), (100 nm) 2.2 63.0+0.4,450+1.2,39.4+1.3 20.3+0.5,202+0.6,19.8+0.6
TAPC(70 nm)/Pt(ptp), (100 nm) 2.2 54.0+0.4,39.1 £0.1,34.3 £ 0.1 16.5+0.1,16.240.1,15.7 0.1
TAPC(100 nm)/Pt(ptp),(100 nm) 24 54.8+1.6,35.240.5,29.5+0.4 18.040.2,17.7 402,173+ 0.3

AThe maximum brightness of the device based on pure Pt(ptp), is only 204.6 cd m™2. This device suffers from strong exciton quenching by the ITO anode because neat

5422 wileyonlinelibrary.com

Pt(ptp), is an electron-transporting material, making the main recombination zone shift to the interface between Pt(ptp), and ITO.

which can be solved to attain:

L(0)
(1+ PM*(0)] TIAT) et/r — [3 M*(0)] Lt 2)

2

Lrra (t) =

Here, 7 is the phosphorescence lifetime of the emitter
and L is the luminescence intensity. Equation (2) is based
on one assumption that L is linearly proportional to the
concentration of excited states (ie., L (t) o [*M*(t)]/7)."
For this measurement, a 100 nm neat film of Pt(ptp), is excited
by the pulsed N, laser. Figure 2 shows the PL time decay of
the thin film under different excitation intensities. The TTA
rate constant krpy and lifetime 7 can be derived by fitting
the decay curves (solid lines in Figure 2) using Equation (2).
Figure 3 shows the calculated krrs and 7 as a function of the
initial exciton density, ?M*(0)]. The mean values of krry and ©
are calculated to be (6.5 + 3.2) x107!2 cm?® s7! and 469 £ 13 ns,
respectively.

The magnitude of krpy in neat Pt(ptp), herein is compa-
rable to that in many doped phosphorescent systems reported
previously,’*161728] falling in the same =107'> cm? s™' order
of magnitude and corresponding to equal initial exciton den-
sities (=10'°-10"7 cm™). This occurs despite the shorter dis-
tance between molecules in neat Pt(ptp), (<1 nm vs 2.2 nm in
a 10% doping system).?”) The shorter lifetime of neat Pt(ptp),
(469 £ 13 ns) is one possible reason for the ki, reduction by
decreasing the probability of triplet-triplet interactions (discussed
in Section 3).[18:19.29

2.3. Triplet-Polaron Annihilation

TPA is a process by which triplet excitons interact with charged
molecules (polarons) to lose energy. This process can be
described as M* + M‘% M~* + M, where M~ represents an
electron-charged molecule and kypy is the TPA rate constant.
In TAPC/Pt(ptp), devices, TPA mainly occurs between the
excited Pt(ptp), molecules and electron-charged Pt(ptp), mole-
cules because the neat Pt(ptp), layer functions as both the EML
and electron-transporting layer (ETL) (Supporting Information

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure S1). This quenching process in neat Pt(ptp), can be
observed by examining changes in the steady-state PL intensity
and transient decay in a Pt(ptp),-based electron-only device.

Assuming that the rate of TPA is proportional to the charge-
carrier density [n.], the differential equation follows:

d 3M* 3M*
[dt I T ]_"TPA[Z’M*][”J (3)

According to the established calculation method,'”! the
steady-state condition of Equation (3) can be finally expressed
as:

PL intensity /a.u.

T T

[
2000

[ I
1000 1500

Time /nS

o—
a
o
o

Figure 2. Photoluminescence (PL) time decay of an 100 nm Pt(ptp),
film (examined at 580 nm) at different excitation intensities indicated by
the determined initial exciton density, 2M*(0)]. The solid lines indicate
fitting results using Equation (2). For this measurement, the sample is
protected under Ar blanket atmosphere to minimize oxygen quenching
during the test. >M*(0)] is determined by the absorption of the film at
337 nm and the laser intensity. It is also assumed that the excitation inten-
sity of the spot is constant in directions normal to the light propagation
in the thin film.l"7] Furthermore, for this measurement it is assumed an
100% intersystem crossing efficiency for this Pt(ll)-based phosphores-
cent dye,3 which means that only the triplet excitons participate in the
emission process.

Adv. Funct. Mater. 2013, 23, 5420-5428
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Figure 3. The PL lifetime and triplet-triplet annihilation (TTA) rate con-
stant as a function of initial exciton density [*M*(0)] in an 100 nm neat
Pt(ptp), film. Within the experimental error, the calculated lifetime can be
recognized as constant in the range of excitation intensity applied to the
thin film. The large error of the TTA rate constant partly arises from the
determination of *M*(0) which is influenced by several sources of error,
e.g., the determination of the film thickness, intensity and spot size of
the laser beam.

Lrpa (J) 1

Ly (1+ krparCJU0mD)

“)

Here, L, is the luminescence intensity in absence of TPA
while J is the current density of the single-carrier device.
The constant C describes microscopic properties of the spe-
cific system (e.g., dielectric constant and carrier mobility).["’]
Figure 4 shows the relative PL intensity of the unipolar device

e
=
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D
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Figure 4. The relative PL intensity of the electron unipolar device (see
inset for device structure) under a excitation wavelength of 300 nm. The
excitation light is applied through the transparent ITO substrate. The
solid line represents the fitting result using Equation (4); its fitting error
R? is 0.80617. The 10 nm tris[3-(3-pyridyl)mesityl|borane (3TPYMB) is
used to avoid anode quenching for excitons and prevent hole injection
from 1TO.2%] Under just bias no electroluminescence from Pt(ptp), was
observed, confirming unipolar electron transport in the device.
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vs current density. The PL intensity decreases with increasing
current density, which is associated with the TPA effect in
neat Pt(ptp),. Equation (4) can be used to fit the data plotted
(black line),'*'7) from which the value of krpstC can be
derived.

To measure the magnitude of kyp,, the transient decay of
neat Pt(ptp), in this electron-only device with changing cur-
rent density is investigated. In this decay process, TTA and TPA
coexist; therefore, the rate of triplet quenching is determined
using:

d[*M*]
dt

3M*
=- [ - ]_kTPA[nc][SM*]_%kTTAPM*]Z

()

Here, the transient decay has linear components and a quad-
ratic component due to bimolecular TTA. krp, can be obtained
by measuring changes in the linear decay rate as a function of
current density.3% Figure 5a shows the phosphorescent decay
of Pt(ptp), in this unipolar device at different electron-current
densities; the current density-electric field characteristics of
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Figure 5. a) The transient PL decay of neat Pt(ptp), in response to a
pulsed N, laser in an electron-only device as a function of electron current
density. Device structure is shown in the inset of Figure 4. The laser pulse
is applied through the ITO side of the device. b) The current density-
electric field characteristics of the electron-only device. In this test, the
contribution from 3TPYMB decay can be neglected since the fluorescent
lifetime of 3TPYMB is much shorter than the phosphorescent lifetime of

Pt(ptp),.*%
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this device are shown in Figure 5b. The decreased lifetime
with increasing current densities manifests the TPA process.
In Equation (5) the value of krpa[n ] can be directly obtained by
fitting the decay curves in Figure 5a (dashed lines) whereas the
electron-carrier density [n.] can be roughly estimated by fitting
Figure 5b data to the equation:13%

_] = q e [nc] Fefr (6)

Here, F.r is the effective electric field applied to the neat
Pt(ptp), layer. Figure 6 shows the calculated TPA rate krpa[n]
and electron-carrier density [n,] as a function of current density,
from which the average value of kpps of (1.3 £ 0.3) x 1071% cm?
s7! is obtained.?% Compared to literature values of krpy (=107
cm? s7') in doped systems,>*17:1930] the kpp, value in neat
Pt(ptp), is larger. This is because the neat Pt(ptp), film func-
tions as both the EML and ETL here, increasing the likelihood
of triplet-polaron interactions in the Pt(ptp), layer. Furthermore,
we assume that the TPA rate is proportional to the apparent
charge-carrier density [n]. There could be a difference between
the calculated vs effective [n ] in the device that contributes to
the TPA process,’”l which could then affect the krp, value.

2.4. Electric Field-Induced Quenching

Field-induced quenching is a process where electrically-gener-
ated excitons, or their precursors prior to exciton formation,
are quenched by dissociation into free charges under high
electric fields.?% To study this quenching process in TAPC/
Pt(ptp), devices, the effective field F.g applied to the intrinsic
Pt(ptp), layer needs to be estimated. Because TAPC possesses
a high charge (hole) mobility (=1073-102 cm? V7Is7}), in
TAPC/Pt(ptp), devices the voltagemainly drops across the neat

A , — , 10"
] e
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Figure 6. Variation of krpa[n] (krpa: rate constant of triplet-polaron
annihilation) and electron-carrier density [n ] of the neat Pt(ptp),-based
device (see Figure 4 inset for device structure) with electron current
density. kypa[nd] is determined from the triplet-polaron quenching data
of Figure 5a using Equation (5). [n ] is calculated from the current den-
sity-electric field data of Figure 5b using Equation (6); the electric field-
dependent electron mobility of neat Pt(ptp), used for the calculation
is derived as described in the Supporting Information. The trends of
krpalnc] and [n] with the current density are very similar to the results
by Baldo et al.?%
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Pt(ptp), layer. Therefore, F.q within the device can be defined
as follows:['”]

Fp — (U - Us)
‘ dripp), )

Here, Uy,; represents the built-in potential and @pipip), the
Pt(ptp), thickness. Uy,; can be roughly determined by the dif-
ference between the lowest unoccupied molecular orbital
(LUMO) level of neat Pt(ptp), (or its conduction band edge
since its neat films are semiconductors) and highest occupied
molecular orbital (HOMO) level of TAPC. In TAPC/Pt(ptp),
devices, Uy, is calculated to be =2.1 V (Supporting Informa-
tion Figure S1) according to equation (7). Accordingly, the
upper limit of the device F. (corresponding to 10* cd m™
brightness) is in the 0.40-0.71 MV cm™! range upon vari-
ation of the TAPC thickness from 20 to 100 nm. Generally,
field-induced quenching is realized in two different manners:
amplitude quenching and lifetime quenching.?* Both pro-
cesses can be distinguished by time-resolved measurements.
In amplitude quenching, only the precursor to the emis-
sive state is quenched, leading to a decrease of the initial PL
amplitude; in lifetime quenching, only the emissive state is
quenched, resulting in a shorter lifetime but no reduction of
the initial luminescence amplitude.

Time-resolved PL decay measurements were performed to
investigate both quenching processes. The device structure
employed is ITO/TAPC (50 nm)/Pt(ptp), (100 nm)/LiF/Al. A
reverse bias is applied to the device to rule out the influence of
EL decay since charges cannot be injected into the device. The
reverse electric field is increased from zero up to 0.7 MV cm™},
which exceeds the upper limit of device operation conditions
(0.3 MV cm™) by 2x. Figure 7 shows the PL decays of the device
at different F.gz. No difference, in either amplitude or lifetime,
can be observed up to a field of 0.7 MV cm™!. Therefore, field-
induced quenching can be excluded as a cause for the triplet
quenching in TAPC/Pt(ptp), devices. Similar to our result, field-
induced quenching was also found irrelevant to the EQE roll-off
as reported by several groups in other OLEDs.['*718] Although
Haneder et al. and Kalinowski et al. both accounted for field-
induced quenching process in their devices, 231 it dominated
the device EQE roll-off only at very high electric field excitations
(>1 MV cm™). At this point, our experimental results are rea-
sonable since the upper limit of our device operation is below
0.71 MV cm™.

3. Discussion

In TAPC/Pt(ptp), devices, TAPC can serve as an excellent elec-
tron blocker due to its rather high LUMO level (=2.0 eV). Alter-
natively, at high electric fields there is a possibility that holes
injected from TAPC can traverse the neat Pt(ptp), layer to the
cathode. Giebink et al. have demonstrated that this current
leakage can lead to loss of charge balance and therefore effi-
ciency roll-off.'#32 To determine whether this process exists in
our devices, thanks to a suggestion by an anonymous reviewer,
we studied the EL spectra of the device ITO/TAPC (100 nm)/
Pt(ptp), (80 nm)/tris(8-hydroxy-quinolinato)aluminium (Algs)
(20 nm)/LiF/Al as a function of electric field. Alqs is selected as

Adv. Funct. Mater. 2013, 23, 5420-5428
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Figure 7. The transient PL decay of a TAPC/Pt(ptp), OLED as a function
of the effective electric field (F.g) in reverse bias. The device structure is
ITO/TAPC (50 nm)/Pt(ptp), (100 nm)/LiF/Al. The OLED is excited with
a pulsed N, laser through the ITO side; and the decay signal is recorded
from the peak emission of the device at 580 nm. Here, the decay contribu-
tion from TAPC is negligible because TAPC is almost transparent at this
excitation wavelength (337 nm).12%]

the sensor layer since it holds a shallow HOMO level of 5.8 eV
(see details in Supporting Information Figure S2). If there is
significant hole leakage from the neat Pt(ptp), layer, the Alqs
emission will be clearly exhibited in this device. However, no
additional emission from Alq; is observed during the entire
operation (up to 0.9 MV cm™), as shown in Supporting Infor-
mation Figure S2, thus excluding the charge leakage process.
Therefore, the EQE roll-off of neat Pt(ptp), devices is domi-
nated by both the TTA and TPA processes, and contributions
from field-induced quenching and charge leakage are ruled out.

Considering both TTA and TPA, the rate equation com-
bining Equations (1) and (3) follows:

a0 mMm* 3Mm* 2 *
01D S i

®)

Here, d is the thickness of the exciton formation zone (which

is kept constant) while q stands for the elementary charge and
J/gqd describes the exciton generation under EL conditions
assuming that triplet generation is proportional to the current
density J.'® The solution to Equation (8) can be represented as:/'”]

n(J) _ _4qd \/(} + krpa C J 10m+0)? 4 2[;‘;’1‘A
Mo krrat] — 1 ppa CJ M) 9)

Here, 7, is the device EQE in absence of TTA and TPA.
Equation (9) can be used to model the device EQE as a func-
tion of J. Thus, 1, represents the maximum forward viewing
EQE of each device to scale the fitting curves. Furthermore,
Equation (9) depends on four parameters that can be used to
fit the experimental EQE: krra, krpa, 7 and d. The first three
parameters, which were quantitatively determined in Section 2,
will be implemented into the model calculation, leaving d as the
only free parameter. As discussed above, measurement of kyr
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was performed at a calculated PL excitation strength *M*(0)]
ranging from 10'® to 10'7 cm™3. Here if we assume d is in the
range of 1-10 nm for TAPC/Pt(ptp), devices, the electric-excited
triplet density 2 M*(J)] is calculated to be 10'6-10'® cm™3, with |
ranging within 0.1-100 mA cm™ (see the Supporting Informa-
tion for calculation details). This range of exciton density covers
the time-resolved PL experiments (10'*~107 cm~3) and does not
saturate the molecular density (=10?! cm™) in the neat Pt(ptp),
film.[601617.29] Therefore, the mean value of krpy = (6.5 % 3.2) x
10712 cm? s7! is directly used in the model calculation. Further-
more, in TAPC/Pt(ptp), devices TPA mainly occurs between
the excited and electron-charged Pt(ptp), molecules in the
neat Pt(ptp), layer. Accordingly, the average value of krpy =
(1.3+0.3) x 107'% cm? s7! is used in Equation (9).

Figure 8 shows the fitting results for EQE of the TAPC/
Pt(ptp), devices vs. TAPC thickness according to Equation (9).
One can see that the curves are in good agreement with the
experimental data in a wide range of TAPC thicknesses, dem-
onstrating that the combination of both TTA and TPA can fully
explain the EQE roll-off behavior of neat TAPC/Pt(ptp), devices.
Furthermore, from the fitting results we obtained d = 20 A
for all of these devices. This value is in good agreement with
the experimental results reported previously.l®3334 However,
Reineke et al. found d = 100 A in an OLED with a doped
EML ([Ir(ppy);: TCTA = fac-tris(2-phenylpyridine)iridium:
4,4’ 4" tris(N-carbazolyl)triphenylamine).l'”! We interpret this
difference as follows: Unlike neat EMLs, the particular dopant
in a guest-host EML can significantly influence charge trans-
port and hence the carrier distribution in the recombination
zone.® It has been shown that TCTA is a hole-transporting
material, and that doping TCTA with Ir(ppy); increases the
electron mobility and decreases the hole mobility by several
orders of magnitude.®® Therefore, the addition of Ir(ppy); can
extend the exciton recombination zone by enhancing electron
transport in the hole-dominated TCTA layer. By contrast, in
TAPC/Pt(ptp), devices the only mobile carriers in the Pt(ptp),
layer are electrons(?? and the electron-hole recombination is,
consequently, confined within a narrow region near the TAPC/
Pt(ptp), interface (Supporting Information Figure S1),13% ren-
dering our calculation result reasonable.

To shed light on future optimization, the influence of the life-
time (1), quenching rate constants (krry and krp,) and exciton
formation zone (d) on device performance is mathematically
discussed, assuming that the four parameters are independent
of each other.l'”] The fitting curve of the TAPC (50 nm)/Pt(ptp),
(100 nm) device with its corresponding parameters is plotted
as the black line in Figure 9. Using this data set as the basis,
all parameters are varied sequentially in plots Figure 9a—d.
One can see that all parameters influence the device efficiency
in a certain manner. As expected, a smaller krp, (Figure 9a) or
krpa (Figure 9b) favors the reduction of efficiency roll-off by
decreasing the corresponding triplet-quenching strength. Figure
9c¢ shows that the phosphorescent lifetime 7 strongly affects
the device efficiency; a shorter lifetime is greatly beneficial to
reducing the efficiency roll-off.?”) This is reasonable because the
lifetime of triplet participants directly influence TTA and TPA
processes; a shorter-lived triplet reduces the chances for encoun-
tering with either another triplet or a polaron, thus reducing
the probability of the occurrence of TTA and TPA. From a
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in Ir(ppy); or Ir(piq); doped films;!'7® and
(c) the donor atoms are both nitrogen in
j the ptp ligand vs the lighter combination of
one N and one C atom in ppy or piq; there
. are also two other non-donor N-heterocyclic
atoms in ptp that also contribute to imparting
greater heavy atom effect than that in ppy or

piq. These factors combine to produce much
faster radiative decay in neat Pt(ptp), com-
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pared to doped films of Pt(OEP), Ir(ppy);, or
Ir(piq);. Finally, Figure 9d demonstrates that
a wider d can reduce efficiency roll-off by
decreasing the triplet density, hence triplet-tri-
plet or triplet-polaron interactions, within the
exciton formation zone. This is reasonable
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since the triplet generation density should be
the highest therein.
The parameters krpy and 7 are intrinsic
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properties of neat Pt(ptp),. Although Zhou et
al.B8 have demonstrated that krp, and d can
be optimized by introducing a double-emis-
sion layer with different transporting prop-
erties, it remains doubtful if both param-
eters can be tuned in our devices since neat
T Pt(ptp),, which serves as both the EML and
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10° ETL, is an electron-transporting material.
Therefore, further optimization for such DF-
PhOLEDs should be focused on exploring
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A non-doped Pt(II)-based PhOLED with a
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forward viewing EQE of 20.3% and power
efficiency of 63.0 Im W! is demonstrated.
The study of triplet quenching processes
I in the device shows that triplet-triplet and
] triplet-polaron annihilations (TTA and TPA)
account entirely for the efficiency roll-off,
and that contributions from charge leakage
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Figure 8. Forward viewing external quantum efficiency (EQE) of ITO/TAPC (=20-100 nm)/
Pt(ptp), (100 nm)/LiF/Al devices with variation of the TAPC thickness. Solid lines represent

the fit calculated using Equation (9).

molecular design standpoint, neat Pt(ptp), is distinguished vs
prototypical  2,3,7,8,12,13,17,18-octaethylporphine  platinum
(PtOEP), Ir(ppy)s, or tris(1-phenylisoquinoline)iridium [Ir(piq)s]
complexes investigated earlier by: (a) there is greater concen-
tration of the heavy metal phosphor in a neat vs doped film;
(b) the emission is metal-centered in Pt(ptp), neat filmsl’d vs
ligand-centered in Pt(OEP)¥ or metal-to-ligand charge transfer

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2
10 and field-induced exciton disassociation

are insignificant. Both TTA and TPA are
studied quantitatively, expressed by the
rate constants krry and krpa, respectively.
A unified model is introduced to describe
the device efficiency roll-off by taking both
the TTA and TPA processes into account.
According to this model, good agreement with the EQE
versus current density characteristics is achieved for a family
of Pt(ptp), devices. As a next step, the influence of the emit-
ter’s lifetime, quenching rate constants and exciton formation
zone on the device performance is calculated. The results
show that efforts to optimize such non-doped PhOLEDs
should concentrate on exploring phosphors with short triplet
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The black line in each plot stands for the fitting curve of the TAPC (50 nm)/Pt(ptp), (100 nm)

device using Equation (9) (corresponding fitting result is shown in Figure 8). Based on this
data, kya, kpa, Tand d are varied consecutively in plots (a—d), respectively. Values used for the

four parameters are depicted in each plot.

lifetime and bipolar transport properties, in addition to high
quantum yield.

5. Experimental Section

Photoluminescence Characterization: Steady-state photoluminescence
spectra were acquired with a PTI Quanta-Master model QM-4 scanning
spectrofluorometer. The emission spectra were corrected for the
wavelength-dependent xenon lamp intensity and detector response.
Time-resolved photoluminescence measurements were acquired
using fluorescence subsystem add-ons to the PTI QM-4 instrument.
The pulsed excitation source was generated using the 337.1 nm line
of the N, laser with 1.0 ns pulse width. The output energy density of
the N, laser is =4 ) cm™. The absorption spectrum of neat Pt(ptp),
was obtained using a Perkin Elmer Lambda 900 UV-Vis-NIR system. To
avoid contamination by the ambient air and moisture, the samples in
time-resolved and steady-state photoluminescence measurements were
protected under flowing Ar atmosphere.

Device Fabrication and Characterization: Glass/ITO substrates were
cleaned by sonication in a sequential series of solvents, including
acetone, 2-propanol and de-ionized water. The substrates were dried
with flowing nitrogen after cleaning, and then were treated with oxygen
plasma (PLASMALINE 415) for 10 min. The ITO substrate and all organic
molecules except Pt(ptp), were purchased from Lumtec Ltd., Taiwan.
The preparation of Pt(ptp), followed procedures previously reported.’c
The purity of the sample was determined by TGA and elemental analysis.
The organic materials were thermally evaporated from Knudsen cells
in a high vacuum chamber with a base pressure below 8 x 1077 Torr
(1 Torr = 133.322 Pa). The chamber was vented to load and align the
shadow masks for cathode deposition. Quartz crystal oscillators were
used to monitor the film thicknesses, which were calibrated ex situ using
a profilometer (VEECO DEKTAK VIII). The active area of all devises is
10 mm?2. A calibrated spectrophotometer, PR-650 (PhotoResearch, Inc.),
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