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The authors report a small molecule host of 2,7-bis(diphenylphosphoryl)-9-[4-(N,
N-diphenylamino)phenyl]-9-phenylfluorene (POAPF) doped with 8 wt% iridium(III)-
bis[(4,6-difluorophenyl)pyridinato-N,C? |picolinate (FIrpic) for use in efficient and single-
layer blue phosphorescent organic light-emitting diodes (PHOLEDs) exhibiting a maximum
external quantum efficiency of ~20.3% at brightness of 100 cd/m?. The high performance of
such single layer PHOLEDs is attributed to the POAPF host’s high morphological stability,
suitable triplet energy level, and equal charge carrier mobilities of hole and electron to
form the broad carrier recombination zone in the emitting layer, thus reducing the
triplet-triplet annihilation and resulting in a slight efficiency roll off of 0.5% from the
brightness of 1 and 1000 cd/m?. This work also systematically investigated the arrange-
ment of the POAPF:FIrpic recombination zone for optimizing the performance of the single
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1. Introduction

Highly efficient phosphorescent organic light-emitting
diodes (PHOLEDs) have been successfully fabricated by
solution process using large molecules (dendrimers and/
or polymers) or by vacuum deposition of small electrolu-
minescent (EL) molecules [1,2]. Based on these approaches,
multilayer devices based on small molecules have been
proposed to achieve high device performances through
the selection of an appropriate material to tune the carrier
transport and/or control the exciton distribution [3-5].
However, using such a multilayer structure with vacuum
thermal deposition has several critical drawbacks,
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including complex device structures and high fabrication
costs [6]. To the structure of such small-molecule devices
can be simplified through the use of multiple-function
materials in single-layer OLED applications.

Recently, many groups have demonstrated that the
fluorescent or phosphorescent molecule can be used in
vacuum processes for the fabrication of a single layer OLED
with high performance [7-10]. For example, a boron-
containing material has been proposed to demonstrate an
efficient yellow-emitting single-layer device [11]. Lai
et al. reported an ambipolar transporting host of benzimid-
azole/amine-based compounds in an orange/red-emitting
phosphorescent single-layer device [12]. Using 3,7-bis[4-
(N-carbazolyl)phenyl]benzo[1,2-b:4,5-b"] difuran as the
host material, the resulting device exhibited well-balanced
charge transport and high hole and electron mobilities of
~1072 cm?/V s, allowing for the fabrication of an efficient
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single layer device [13]. More recently, Wang et al. demon-
strate that the emission properties of a top-emitting sin-
gle-layer with p-i-n structure based on ambipolar host of
2,5-bis(2-(9H-carbazol-9-yl)phenyl)-1,3,4-oxadiazole are
much higher than that for a multilayer device using the
same emitting layer (EML) [14]. These results suggest that
a host containing equal hole and electron mobilities and a
high triplet energy level is required to improve the charge
balance and exciton confinement in the single-layer
PHOLED [15], especially in application for blue phospho-
rescent systems [16,17]. Based on the concept of exciton
confinement in EML, our previous work demonstrated
the use of a small molecule host containing triphenylamine
and diphenylphosphorl-substituted fluorene units in the
fabrication of highly efficient blue bilayer PHOLED because
their high triplet gap (Er of 2.75 eV) confines the triplet
exciton in the emitting layer [18]. In addition, Yin et al.
reported efficient white single-layer devices by co-doping
blue and orange phosphorescent dyes to the 2,7-
bis(diphenylphosphoryl)-9-[4-(N,N-diphenylamino)phenyl]-
9-phenylfluorene (POAPF) [19]. Unfortunately, this approach
did not systematically study the relationship between the
material properties, i.e. carrier mobility and morphology
stability, and single-layer device performance. Thus, this
work uses electrical and EL characteristics, time-of-flight
(TOF) measurement, and atomic-force microscopy (AFM)
to address the effects of the POAPF:FIrpic recombination
zone on single layer PHOLEDs.
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2. Experiments

Organic  materials  9,9-bis[4-(N,N-diphenylamino)
pheny]fluorine (BPAF), POAPF, 3-(4-biphenylyl)-4-phenyl-
5-(4-tert-butyl-phenyl)-1,2,4-triazole (TAZ), and
phosphorescence dopant of iridium(IIl)-bis[(4,6-difluoro-
phenyl)pyridinato-N,C? |picolinate (FIrpic) were synthe-
sized by reported procedures [18], while blue dopant was
purified twice in a home-made vacuum system according
to the standard operation procedure in the literature
[20]. The substrate was cleaned by ultrasonic bath in suc-
cessive solutions of acetone and isoproponal, etched in a
dilute solution of sulphuric acid, and finally dried by 5N
nitrogen blow. The single layer PHOLEDs were fabricated
on a glass substrate coated with ITO anode (10 Q/square).
In addition, to improve the hole injection efficiency in our
proposed device, a 35 nm PEDOT:PSS (CH8000; Clevios)
was spin-coated on top of the ITO anode. To allow a perfor-
mance comparison, various multilayer devices were also
fabricated. The active area of our device was 4 mm? and
all devices were encapsulated in a glove box. Fig. 1 shows
the device configurations, energy levels, and chemical
structures. The current density-voltage-luminance (J-V-
L) characteristics of the OLED devices were measured using
a dc current/voltage source meter (Keithley 2400), while
the brightness was monitored with a spectrophotometer
(Photo Research PR655). The AFM image of the organic thin
films on a Si wafer was analyzed by a Park System XE-70 in
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Fig. 1. Chemical structures, energy levels, and device configurations of PEDOT:PSS, BPAF, POAPF, TAZ, and FIrpic used in this study.
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non-contact mode using a NCHR tip cantilever. The work-
function of the ITO and the highest occupied molecular
orbital (HOMO) level of the organic materials were
measured using a photoelectron spectrometer (Riken Keiki
AC-2). All measurements were carried out in an air
environment.

For the TOF measurement, the POAPF ambipolar mate-
rial was deposited at a constant rate of 0.3 nm/s on the
ITO substrate to form a nearly 0.18-0.6 pm thick film,
which was subsequently covered by 25 nm of Ag to form
the electrode. The actual thickness of the organic layer
was measured by a surface profiler (Dektak 150; Veeco).
The frequency-doubled output of a 5 ns pulsed dye laser
set at 295 nm was chosen to match the peak optical
absorption of the organic layer. The laser was aimed at
the samples from the semitransparent Ag electrode to gen-
erate carriers. The transient photocurrent created by the
drift of the photoexcited carriers was monitored by a
2.5 GHz digital oscilloscope (LeCroy, WaveRunner 625Zi).
To evaluate POAPF carrier mobility (x), the hole or electron
transient time was determined from the double-logarith-
mic plot of the TOF photocurrent versus the time charac-
teristics and followed the Poole-Frenkel relationship to
describe the increasing trend of field-dependent carrier
mobility as the electric field strength increased. In addi-
tion, the u was determined by p = D/[t;E, where D is the
thickness of the organic layer, tr is the transit time, and E
is the applied electric field [21].

3. Results and discussion

Fig. 2 shows the J-V-L characteristics and external
quantum efficiency (EQE) of various multilayer structures
in POAPF based-devices. These devices include the previ-
ously reported highly efficient multilayered blue PHOLED
(PO-m) with a configuration of ITO/BPAF (30 nm)/POAPF:
8 wt% Flrpic (30 nm)/TAZ (40 nm)/LiF (1 nm)/Al (100 nm)
[18]. BPAF and TAZ were used as the hole-transporting
layer (HTL) and the electron-transporting layer (ETL),
respectively, because they have sufficiently high triplet
energy gaps to confine the triplet excitons in the POAPF
EML. Thus, the device PO-m exhibited the EQE and EL
efficiencies reaching as high as 20.6% and 35.4 cd/A,
respectively. To increase the efficiency of the blue PHOLED,
we simplified the device architecture into a single-layer
POAPF device, in an attempt to replicate the performance
found in device PO-m. First, the POAPF layer was used as
the electron- (PO-b1) or hole- (PO-b2) transporting layer
in device PO-m. To provide a basis for comparing the
effects of exciton-polaron annihilation and hole injection,
we then used the bilayer structure of ITO/PEDOT:PSS
(PO-b3: without and PO-b4: with) (35 nm)/POAPF: 8 wt%
FIrpic (60 nm)/TAZ (40 nm)/LiF (1 nm)/Al (100 nm) to fab-
ricate devices PO-b1, PO-b2, PO-b3, and PO-b4. As shown
in Fig. 2, device PO-b1 exhibited a high (EQE) of ~22.5% at
250 cd/m? because POAPF can be used as an electron-
transporting and injecting layer in bilayer devices. This
indicates that the POAPF can provide the effective material
functions of carrier/exciton confinement, electron trans-
porting, and electron injection in the ETL, thus improving

the bilayer device performance. In contrast, device PO-m
significantly outperformed devices PO-b2 and PO-b3 with
the ITO/POAPF interface providing poor injection efficiency
due to the large hole injection barriers. In addition, as com-
pared to BPAF containing two-triphenylamine-segments,
POAPF has only one triphenylamine segment in the mole-
cule, which may degrade its hole-transporting ability. As
mentioned above, we found that the current density or
emission efficiency of device PO-b3 is slightly higher than
that of device PO-b2 (see Fig. 2a). As noted by Lee et al.,
this is potentially because the high carrier mobility Flrpic
doped into POAPF can generate a trap state suitable to
improving the hole injection efficiency [22]. Recently,
many groups have proposed inserting the PEDOT:PSS buf-
fer between the ITO and HTL to improve hole injection and
reduce exciton quenching near the electrode [23,24]. Thus,
the performance of device PO-b4 was similar to that
of device PO-m because the PEDOT:PSS possesses a
ladder-type (HOMO) level which facilitates hole-injection.
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Fig. 2. (a) Current density vs. voltage, (b) brightness vs. voltage, and (c)

external quantum efficiency vs. current density of various multilayer
devices.
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Another possible reason could be that the device’s wide
recombination zone significantly reduces the exciton
quenching effect in PHOLED [25,26].

As shown in the inset of Fig. 3a, five devices were fabri-
cated using the single-layer configuration to further con-
firm the recombination zone in the POAPF device. These
devices were fabricated using the following configuration:
ITO/PEDOT:PSS (35 nm)/POAPF (PO-0:x =0, PO-20:x = 20,
PO-40:x =40, PO-60:x=60, and PO-80:x=80nm)/
POAPF:8 wt% Flrpic (20 nm)/POAPF(80—x nm)/LiF (1 nm)/
Al (100 nm). The total thickness of the single-layer device
was under 100 nm. On the other hand, to evaluate the
charge balance in the single-layer POAPF device, we also
fabricated device PO-s with a 100 nm emitting layer, i.e.,
ITO/PEDOT:PSS/POAPF:8 wt%FIrpic/LiF/Al. As shown in
Fig. 3a, the electrical characteristics of all single-layer
devices (PO-x series) were almost identical indicating that
altering the HTL or ETL thickness does not induce the extra
trap or alter the carrier transporting properties of single-
layer POAPF devices. Despite the similar electrical charac-
teristics of these single-layer devices, their EL spectra and
emission efficiency are quite different from that found in
the single-layer devices (see Fig. 3b and c). For example,
the devices PO-60 and PO-80 exhibited relatively poor
emission efficiency due to charge imbalance as well as
the formation of an emission zone near the ITO/POAPF
which induced additional exciton quenching. More inter-
estingly, the emission profile of device PO-80 (see
Fig. 3d) with high electric field is similar to that of device
PO-0 (see Fig. 3b). This result suggests that high perfor-
mance is dependent on controlling the recombination zone
in single-layer POAPF.

Devices PO-0 and PO-20 exhibited a pure Flrpic
emission spectrum because the recombination zone is
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completely confined in the EML. Using this confinement
strategy in a single-layer device, device PO-s with a wide
EML showed high EQE values 20.3% than devices PO-m,
mCP-s, and mCP-m. Note that the architectures of devices
mCP-s and mCP-m were respectively identical to PO-s and
PO-m, and both devices used the conventional host mate-
rial N,N'-dicarbazolyl-3,5-benzene (mCP). For comparison,
Table 1 summarizes the EL data (driving voltage, EQE,
power efficiency, current efficiency, and Commission Inter-
natonale de L'éclairage coordinate) of all devices. In the
measured results, the EL performance of device PO-s
(EQE ~20.3%) is comparable with that of device PO-m
(EQE ~20.6%), both of which significantly outperform
devices mCP-s and mCP-m (EQE ~13%). However, we
observed that the performance of device PO-s is slightly
lower than that of device PO-b1 because the single-layer
device can not completely confine the recombination zone
in central region to avoid exciton quenching. Note that the
performance of PO-s is still much higher than that of sin-
gle-layer green PHOLED based on high carrier mobility
and ambipolar transporting 4,4 -N,N'-dicarbazolylbiphenyl
host (EQE ~13.3%) [9,27].

We attribute this improved performance of device PO-s
to the POAPF host’s ambipolar transporting ability and
good thermal or morphological stability to form the broad
carrier recombination zone in single-layer PHOLEDs,
resulting in the alleviation of undesired exciton quenching
[28]. Fig. 4 shows the TOF result to confirm our hypothesis
regarding the transporting property (hole or electron) of
POAPF. The POAPF host clearly exhibits rare ambipolar
charge transport properties with mobility in the order of
~10% cm?/V s. However, this result was very consistent
with our design rule for the synthesis of POAPF [18]. More
recently, several studies have successfully used the

—— PL of POAPF film
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Fig. 3. (a) Current density vs. voltage, (b) EL spectra, and (c) external quantum efficiency vs. current density of various single-layer devices. (d) The EL
spectra of device PO-80 under different applied voltage. Note that the inset figure shows the device configuration of single-layer POAPF devices.
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Table 1
Electroluminescence data for the devices.

3331

Device PO-m  PO-bl  PO-b2¢ PO-b3® PO-b4  PO-0 PO-20 PO-40 PO-60 PO-80  PO-s mCP-s¢ mCP-m
Vi (V) 25/42 25/40 60/~ 50/~  3.0/48 3.0/56 3.0/54 3.0/56 3.0/64 30/74 3.0/50 10.8/- 3.8/6.6
EQE® (%) 20.6/18.8 22.0/21.8 —/- - 20.8/202 9.6/82 11.1/9.0 7.8/6.1 46/32 3.3/1.8 203/202 -/-  13.2/112
PE° (Im/W) 36.7/243 35.2/35.1 —/- |- 24.7/22.8 15.6/95 16.5/9.8 11.8/65 82/3.1 59/1.6 265/262 -/-  14.9/9.6
LE® (cd/A) 35.4/32.3 44.8/44.7 |- /- 35.8/34.8 19.8/16.9 21.0/17.0 15.0/11.7 9.1/62 6.6/3.6 422/42.1 -/-  23.7/20.1
CIES (x,y) 0.13,027 0.14,0.34 0.14,0.34 0.14,0.34 0.11,0.28 0.15,0.33 0.12,0.31 0.14, 0.31 0.16,0.30 0.18,0.28 0.15,0.35 - 0.12,0.29

3 Measured operating voltages, presented in the order of the values at 1 and 1000 cd/m?.
b Measured values, presented in the order of the maximum value and the value at 1000 cd/m?.

¢ Measured at 7 V.

4 The devices showed the very poor electroluminescence property. (PO-b2:11 cd/m? at a driving voltage of 8.5 V; PO-b3:14 cd/m? at a driving voltage of

7.0 V; mCP-s:12 cd/m? at a driving voltage of 12 V.)
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Fig. 4. (a) Hole and (b) electron mobilities plotted with respect to square
root of applied electric field. Insets: double-linear and double-logarithmic
plots of TOF transient profiles.

concept of balancing the holes and electrons in the EML to
improve the performance of single-layer devices
[29,30,10]. In addition, the TOF transient photocurrents
for POAPF holes and electrons (insets to Fig. 4a and b)
exhibited highly dispersive profiles due to the presence
of a large local site-energy in the host which induced the
board charge carrier distributions [31]. This phenomenon
is in agreement with previous assumption that the
single-layer POAPF device features a broad carrier recom-

bination zone. In order to further study the issue of the
EML property, we expect that the good thermal stability
of POAPF can provide stable injection and transporting
properties in the EML, which suggests the lifetime of the
POAPF-based device is longer than that of its mCP-based
counterpart. Thus, it is well known that the carrier mobil-
ity of an organic semiconducting layer can be effectively
improved by using a thermal annealing [32,33]. Therefore,
we observed that the thermal effect improves the carrier
mobility of POAPF thin film to form a good molecule-pack-
ing configuration and induce a smoother morphology in
POAPF, resulting in increased carrier mobility in the POAPF
host as shown in Fig. 5. Although the POAPF exhibits a
good thermal stability and ambipolar transporting prop-
erty, the hole or electron carrier mobility of POAPF is still
lower than that of common HTL or ETL [34,35]. Thus it is
reasonably explained that we have observed that device
PO-s or PO-x showed high driving voltage as compared
with device PO-m.

Fig. 6 shows the AFM images of POAPF and mCP hosts
with thermal annealing at ~100 °C for 12 h. The surface
profile of the root mean square (rms) image is measured
to be 0.38 nm for POAPF. Most importantly, the POAPF thin
film exhibits a very smooth and stable surface morphology
as compared with the mCP host (see Fig. 6). In fact, the
formation of a highly smooth host is a key factor in
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Fig. 5. Carrier mobilities plotted with respect to E'/?> without (w/o) and
with (w) thermal annealing.
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Fig. 6. AFM images of POAPF and mCP hosts doped with 8% FIrpic with thermal annealing.

determining the injection efficiency at the anode/organic
or cathode/organic interface. Our experiment results dem-
onstrate that the single-layer device PO-s has potential to
serve as an alternative to the traditional multilayer archi-
tecture in PHOLEDs.

4. Conclusion

We have demonstrated a highly efficient single-layer
blue PHOLED based on the POAPF host doped with 8 wt%
Flrpic fabricated via a step-by-step method to simplify
the conventional multilayer structures. The single-layer
PO-s device with an EQE of ~20.3% exhibited EL perfor-
mance similar to that of the multilayer PO-m device. In
addition, the ambipolar transporting ability and stable
morphology properties of the POAPF may significantly
improve the charge balance and reduce undesired exciton
quenching, thus significantly improving the performance
of single-layer devices.
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