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Red phosphorescent organic light-emitting diodes (PHOLEDs) with a 100% internal quan-
tum efficiency at a low doping concentration were fabricated using a spirobenzofluorene
type phosphine oxide as the host material. A spirobenzofluorene type phosphine oxide
compound, 2,7-bis(diphenylphosphoryl)spiro[fluorene-7,11’-benzofluorene] (SPPO21),
was synthesized as the electron transport type host material for the red phosphorescent
organic light-emitting diodes. The device performances of the SPPO21 based red PHOLEDs
were optimized at a low doping concentration of 1-2% because of energy transfer, little
concentration quenching and charge trapping. A high external quantum efficiency of 20%
was achieved for the red PHOLEDs with the SPPO21 host.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorescent organic light-emitting diodes (PHOL-
EDs) exhibit better quantum efficiencies than fluorescent
organic light-emitting diodes and many high quantum effi-
ciency PHOLEDs have been developed. In particular, red
PHOLEDs have been widely studied for commercial appli-
cations [1].

Typically, organometallic complexes, including Al based
organometallic complexes [2], Zn based organometallic
complexes [3] and Be based organometallic complexes
[4], are used as host materials for red PHOLEDs. Generally,
Ir and Pt based organometallic complexes have been ap-
plied as red emitting phosphorescent dopant materials
[5-8], and the device performances of red PHOLEDs are
optimized at a doping concentration between 5% and 20%
[6]. The device performance decreases at high doping con-
centrations because of the concentration quenching effect,
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whereas the PHOLEDs degrade at low doping concentra-
tions because of an incomplete energy transfer between
the host and dopant materials.

However, Kwon’s group reported that a high quantum
efficiency could be obtained at a low doping concentra-
tion of 1% for PHOLEDs with a Be derivative as the host
material [4]. The complete energy transfer between the
Be type host and the red dopant was responsible for the
low optimum doping concentration because of the small
bandgap difference of 0.2 eV between the singlet and trip-
let excitons.

In this work, a spirobenzofluorene type phosphine
oxide compound, 2,7-bis(diphenylphosphoryl)spiro[fluo-
rene-7,11’-benzofluorene] (SPPO21), was synthesized as
the host material for the red phosphorescent dopant, and
the device performances of the red PHOLEDs were investi-
gated. A very low optimum doping concentration of 1-2%
and an external quantum efficiency of 20% were observed
for the red PHOLEDs with the SPPO21 host. Additionally,
the cause of the low optimum doping concentration for
the device was elucidated in this work.
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2. Experimental
2.1. Materials

1-lodo-2-bromobenzene, n-butyllithium (n-BulLi), chlo-
rodiphenylphosphine, N-bromosuccinimide, naphthalene-
1-boronic acid, tetrakis(triphenylphosphine)palladium(0),
potassium carbonate, 2,7-dibromo-9-fluorenone were pur-
chased from the Aldrich Chem. Co. and used without fur-
ther purification. Hydrogen peroxide was obtained from
the Duksan Sci. Co. and used without further purification.
Tetrahydrofuran (THF) was distilled over sodium and cal-
cium hydride.

2.2. Synthesis

The synthetic route of SPPO21 is shown in Scheme 1.
The synthesis of 1-(2-bromophenyl)naphthalene (1) and
2,7-dibromospiro[fluorene-7,11’-benzofluorene] (2) was
described in a previous work [9].

2.3. 2,7-Bis(diphenylphosphino )spiro[fluorene-7,11'-benzo-
fluorene] (3)

2,7-Dibromospiro|fluorene-7,11’-benzofluorene] (0.97 g,
1.85 mmol) was dissolved in THF. The solution was cooled
to —78 °C and n-BulLi (10 M in hexane, 0.46 mL) was slowly
added dropwise. The solution was stirred for 3 h and then a
solution of chlorodiphenylphosphine (1.02 g, 4.62 mmol)
was added under an argon atmosphere. The resulting mix-
ture was gradually warmed to ambient temperature and
quenched with methanol. The mixture was extracted with
dichloromethane, and the combined organic layers were
dried over magnesium sulfate, filtered and evaporated at
a reduced pressure. The white powder that was obtained
was purified using column chromatography.

2.4. 2,7-Bis(diphenylphosphoryl)spiro[fluorene-7,11'-
benzofluorene] (SPPO21)

A mixture of 2,7-bis(diphenylphosphino)spiro|fluo-
rene-7,11’-benzofluorene] (0.845 g, 1.14 mmol), dichloro-

J
O‘g ClH O r\@/
Br O'O b CHRCOOH, Q'O Br

n-BuLi

0‘8 ©/© Q O‘O Q

OO o

3

0w

methane (10 mL), and 2 mL of 30% hydrogen peroxide
was stirred overnight at room temperature. The organic
layer was separated and washed with dichloromethane
and water. The extract was dried through evaporation to
produce a white solid, which was further purified using
column chromatography with a final yield of 0.74 g.

SPP0O21 yield 83%. T, 135 °C. '"H NMR (200 MHz, CDCls):
6 8.75-8.71 (d, 1H), 8.34-7.30 (d, 1H), 7.95-7.84 (m, 3H),
7.70-7.41 (m, 15H), 7.35-7.20 (m, 12H), 7.13-7.06 (d,
2H) 6.73-6.69 (d, 2H). MS (FAB) m/z 767 [(M+1)+].

2.5. Characterization

The 'H nuclear magnetic resonance (NMR) was ob-
tained using a Varian 200 (200 MHz) spectrometer. The
photoluminescence (PL) spectra were recorded on a fluo-
rescence spectrophotometer (HITACHI, F-7000), and the
ultraviolet-visible (UV-vis) spectra were obtained using a
UV-vis spectrophotometer (Shimadzu, UV-2501PC). The
transition temperature measurements for SPPO21 were
carried out using a differential scanning calorimeter (DSC,
Mettler DSC 822) at a heating rate of 10 °C/min under a
nitrogen atmosphere. The low and high resolution mass
spectra were recorded using a JEOL, J]MS-AX505WA spec-
trometer in the FAB (fast atom bombardment) mode. The
energy levels were measured using cyclic voltammetry
(CV). Atomic force microscopic (AFM) measurements were
performed on the evaporated SPPO21 film in order to study
the morphological stability of the film.

2.6. Device fabrication

A basic device configuration of indium tin oxide (ITO,
150 nm)/N,N’-diphenyl-N,N’-bis-[4-(phenyl-m-tolyl-ami-
no)-phenyl]-biphenyl-4,4’-diamine (DNTPD, 60 nm)/N,
N’-di(1-naphthyl)-N,N’-diphenylbenzidine (NPB, 20 nm)/
4,4’ 4"-tris(N-carbazolyl)triphenylamine (TCTA, 10 nm)/
SPPO21: iridium(IIl) bis(2-phenylquinoline) acetylaceto-
nate (Ir(pq),acac, 30 nm, x%)/2,9-dimethyl-4,7-diphe-
nyl-1,10-phenanthroline (BCP, 5 nm)/tris(8-hydroxy-
quinoline) aluminum (Alqs, 20 nm)/LiF(1 nm)/AI(200 nm)
was used for the device fabrication. Various doping
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Scheme 1. Synthetic scheme of the SPPO21.
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Fig. 1. Device structures of the red PHOLEDs and energy level diagram of
the devices.

concentrations of 1% (device 1), 2% (device II), 3% (device
III), 5% (device 1IV) and 10% (device V) were used for the
red emitting layer. The device structures of the red PHOL-
EDs are shown in Fig. 1. The photoluminescence (PL) mea-
surements were carried out for Ir(pq),acac doped SPPO21
using a fluorescence spectrophotometer. Ir(pq).acac
doped solid films with the same doping concentration
as the red devices were fabricated for the PL measure-
ments. The current density-voltage-luminance and elec-
troluminescence (EL) characteristics of the red PHOLEDs
were measured using a Keithley 2400 source measure-
ment unit and a CS 1000 spectroradiometer. The external
quantum efficiency was calculated from the EL spectra,
luminance and current density. Lambertian distribution
of the light emission was assumed in the calculation of
the quantum efficiency and the light emission in the for-
ward direction was measured.

3. Results and discussion

SPPO21 was synthesized through the phosphonation
reaction of dibromospirobenzofluorene with chlorodiphen-
ylphosphine. Dibromospirobenzofluorene was effectively
prepared through the reaction of dibromofluorenone with
2-bromobiphenyl followed by lithiation and dehydration
[9]. The synthetic yield of SPPO21 was 83%, and after puri-
fication using column chromatography, the purity of
SPPO21 was over 99%. The synthetic scheme of SPPO21 is
shown in Scheme 1. SPPO21 was fully characterized using
TH NMR, high performance liquid chromatography, differ-
ential scanning calorimetry and high resolution mass
spectrometry.

SPP0O21, containing a spirobenzofluorene unit and two
diphenylphophine units, was used as the electron trans-
porting host material for the red phosphorescent dopant.
The spirobenzofluorene moiety has good thermal and mor-
phological stability because of its rigid benzofluorene unit
[9]. Additionally, the spirobenzofluorene unit has a triplet
bandgap of 2.4 eV, and can be applied as a molecular back-
bone for the host in red PHOLEDs. The phosphine oxide
group isolates the core structure and has electron with-
drawing characteristics because of its polarity [10,11].
Therefore, the electron transport properties of the mole-
cule were enhanced by the phosphine oxide group and
SPPO21 was an efficient electron transport type host mate-
rial. Additionally, the energy levels of SPPO21 were effec-

tively managed by the two electron withdrawing
phosphine oxide units for efficient electron injection.

Fig. 2 shows the UV-vis and PL spectra of SPPO21. The
PL spectra were obtained at both room temperature and
77 K in order to measure the triplet bandgap of SPPO21.
SPPO21 exhibited strong absorption peaks at 297 and
340 nm, which corresponded to the absorption of the spi-
robenzofluorene unit. On the other hand, the diphenyl-
phosphine oxide group did not greatly contribute to the
optical absorption. A bandgap of 3.55 eV was calculated
for SPPO21 using the absorption edge of the UV-vis spec-
trum. A PL emission peak was observed at 417 nm because
of the wide bandgap of SPPO21. A low temperature PL
spectrum was also obtained at 77 K, and the triplet emis-
sion peak of SPPO21 was detected at 533 nm with a triplet
bandgap of 2.32 eV.

The CV measurements showed that SPPO21 had a
HOMO level of 6.12 eV, and a lowest unoccupied molecular
orbital (LUMO) of 2.57 eV as well a triplet bandgap of
2.32 eV, which was suitable for transferring energy to red
emitting Ir(pq)acac (triplet bandgap of 2.2 eV). Therefore,
SPPO21 can be used as the host in the Ir(pq),acac doped
device.

SPPO21 had a spirobenzofluorene core structure with a
twisted fluorene and benzofluorene backbone, which was
advantageous for amorphous and thermally stable film for-
mation. Additionally, the diphenylphosphine oxide unit
that was connected to the spirobenzofluorene backbone
structure also improved the thermal stability because of
the polar phosphine oxide group and the phenyl group that
was attached to the phosphine oxide unit. Therefore,
SPPO21 had a high glass transition temperature of 135 °C.

The surface morphology of the evaporated SPPO21 film
was analyzed using AFM in order to study the film stability
of SPPO21. The AFM measurements were carried out for a
pristine SPPO21 film and an SPPO21 film that was ther-
mally treated at 100 °C for 2 h. The AFM images of SPPO21
are shown in Fig. 3. SPPO21 formed a stable amorphous
film with a surface roughness of 0.12 nm. The surface mor-
phology of the SPPO21 film did not change even after ther-
mal treatment at 100 °C for 2 h, and the surface roughness
of the SPPO21 film baked at 100 °C was 0.14 nm. Therefore,
SPPO21 can effectively be used as a thermally stable host
material in organic light-emitting diodes. The stability of
the amorphous film was caused by the twisted structure
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Fig. 2. UV-vis and PL spectra of SPPO21.
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Fig. 3. Atomic force microscopic pictures of the SPPO21 without thermal treatment and after thermal treatment at 100 °C.

of the spirofluorene-benzofluorene core and the two
diphenylphosphine oxide units.

The device performances of the red PHOLEDs were
studied with respect to the doping concentration of Ir(p-
q)acac in order to evaluate the performance of SPPO21
as a host material for red PHOLEDs. Fig. 4 shows the cur-
rent density-voltage-luminance curves of the red PHOL-
EDs with different doping concentrations. The current
density of the red PHOLEDs increased as the doping con-
centration increased, and the highest current density was
obtained for the red PHOLED with the highest doping con-
centration. SPPO21 had a HOMO/LUMO level of 6.12/
2.57 eV, whereas the HOMO/LUMO of Ir(pq),acac was
5.2/3.0 eV in the energy level diagram (Fig. 1), correspond-
ing to a HOMO/LUMO level difference of 0.92/0.43 eV be-
tween the SPPO21 and Ir(pq)acac. The large HOMO level
gap between SPPO21 and Ir(pq)acac induced significant
hole trapping by the dopant, and electrons were also
trapped by the dopant because of the LUMO level gap of
0.43 eV [12]. Therefore, the charge trapping was critical
to the current density, and the intermolecular hopping be-
tween the dopant materials dominated the charge trans-
port behavior of the SPPO21 device, resulting in high
current densities in the highly doped devices.
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Fig. 4. Current density-voltage-luminance curves of the red PHOLEDs
with the SPPO21 host according to the doping concentration of the
Ir(pq).acac.

The luminance of the SPPO21 red PHOLEDs was high at
a doping concentration of 3% despite the low current den-
sity, indicating a high recombination efficiency in device
IIl. The low luminance of devices I and II was caused by
their low current densities. Additionally the luminance of
devices IV and V was low because of the low recombina-
tion efficiency of the holes and electrons.

Fig. 5 shows the quantum efficiency and current effi-
ciency of the SPPO21 based red PHOLEDs. Device II exhib-
ited the highest quantum efficiency at high luminance
(>400 cd/m?), whereas the quantum efficiency of device I
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Fig. 5. Quantum efficiency (a) and current efficiency (b) of the red
PHOLEDs with the SPPO21 host according to the doping concentration of
the Ir(pq),acac.
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was higher than the other devices at low luminance
(<400 cd/m?). The maximum quantum efficiencies of de-
vices I and II were 20% and 18.3%, respectively, whereas
the quantum efficiencies at 1000 cd/m? were 12.1% and
13.1%, respectively. The quantum efficiency of the SPPO21
device was higher than the SPPO2 that was reported earlier
[13]. The external quantum efficiency of device I was the
same as the theoretical external maximum quantum effi-
ciency of 20%. However, the quantum efficiency was signif-
icantly reduced in devices IV and V. The maximum
quantum efficiencies of devices IV and V were only 11.5%
and 5.4%, respectively. The quantum efficiency of the
SPPO21 based red PHOLEDs was optimized at a very low
doping concentration of 1% or 2%. The current efficiency
showed the same tendency. However, the reason for this
observation was unknown. Therefore, the PL spectra of
the Ir(pq),acac doped SPPO21 films and the EL spectra of
the fabricated red PHOLEDs were examined at various dop-
ing concentrations.

Fig. 6 shows the PL spectra of the Ir(pq),acac doped
SPP0O21 films at different doping concentrations of Ir(p-
q)acac. The PL emission of the pure SPPO21 film was ob-
served at around 400 nm with a maximum peak at
405 nm, and the Ir(pq)acac PL emission was detected at
605 nm. The Ir(pq).acac doped SPPO21 films exhibited PL
peaks for both SPPO21 and Ir(pq),acac at doping concen-
trations below 6%, whereas the Ir(pq),acac doped SPPO21
films exhibited only the Ir(pq),acac emission at higher
doping concentrations above 6%. Therefore, the energy
transfer from the SPPO21 host to Ir(pq),acac was not com-
plete at low doping concentrations. At 6% doping the
SPP0O21 emission was completely absorbed by Ir(pq).acac.
However, the PL intensity of Ir(pq),acac was not as strong
in the 6% doped SPPO21 film as the others despite the com-
plete energy transfer from SPPO21 to Ir(pq).acac. The PL
intensity of the emitter doped film is affected by the lumi-
nescence concentration quenching, which is governed by
the doping concentration [14-16]. The concentration
quenching rate constant was dependent on R~°, where R
is the average distance between dopant molecules. The
average distance between Ir(pq)acac decreased according
to the following relationship, R =[(molecular density in
film) x (mol% of the dopant in a film)]~'® [16], and R de-
creased below 3.0 nm in the 3% doped film. The Forster ra-
dius of the phosphorescent emitter doped film was
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Fig. 6. Photoluminescence spectra of the SPPO21: Ir(pq).acac film
according to the doping concentration of the Ir(pq),acac.

estimated to be below 3 nm [16-18]. Therefore, the con-
centration quenching was serious above a doping concen-
tration of 3%, resulting in a decrease in the PL intensity. The
highest PL intensity was obtained at a doping concentra-
tion of 2% because of the small concentration quenching,
even though the SPPO21 emission was not completely
quenched by the dopant. The low PL intensity at 1% doping
was caused by the incomplete energy transfer, whereas the
low intensity at 3% doping was caused by the concentra-
tion quenching.

The PL intensity of the film was well correlated with the
quantum efficiency of the red PHOLEDs. The high efficiency
was obtained for device II at a 2% doping concentration,
and the efficiency decreased as the doping concentration
increased. Even though other factors affected the quantum
efficiency of the EL devices, these results proved that the PL
emission was critical to the quantum efficiency of the
SPPO21 based red PHOLEDs.

Fig. 7 shows the EL spectra of the SPPO21 based red
PHOLEDs. The red PHOLEDs exhibited main emission peaks
at around 600 nm and the emission peaks were red-shifted
at higher doping concentrations because of the intermolec-
ular dipole-dipole interaction that was caused by the short
distance between the dopant molecules at high doping
concentrations. The main emission peak shifted from
596 nm at 1% doping to 612 nm at 10% doping.

Comparing the PL spectra of the films and the EL spectra
of the devices, device I did not show any host emission in
the PL spectrum of the 1% doped film. All of the SPPO21
emissions were not absorbed by the 1% doped Ir(pq),acac
in the PL excitation, but the host emission disappeared in
the EL emission because of the hole and electron trapping
by the Ir(pq).acac in the energy level diagram of the host
and dopant. The excitons were generated not only in the
host but also in the dopant because of the charge trapping
caused by the large energy level difference between the
host and dopant materials. Both the excitons that were
formed in the host through the transfer of energy to the
dopant and the excitons that were generated in the dopant
directly emitted. Therefore, both the energy transfer and
the charge trapping were parts of the main mechanism
for the light emission in the SPPO21 based red PHOLEDs.
The contribution of the charge trapping on the light emis-
sion was significant in the highly doped device, but the
concentration quenching had a negative effect on the
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Fig. 7. Electroluminescence spectra of the red OLEDs with the SPPO21
host according to the doping concentration of Ir(pq),acac.
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quantum efficiency. On the other hand, the energy transfer
dominated the light emission and the charge trapping
compensated for the incomplete energy transfer in the de-
vices with low doping concentrations. Therefore, a high
quantum efficiency over 20% was achieved in the SPPO21
based red PHOLEDs.

Even though SPPO21 did not exhibit an emission at
405 nm, a weak emission was detected at 465 nm in the
EL spectra of the red PHOLEDs at low doping concentra-
tions. The intensity of the emission weakened at higher
doping concentrations and was not observed in device V.
An expanded image of the emission peak is shown in
Fig. 7 as an inset. This emission peak was caused by the
exciplex of TCTA and SPPO21, which was confirmed by
the PL emission of the mixed film of TCTA and SPPO21.
The electron donating aromatic amine group in TCTA and
the strong electron withdrawing phosphine oxide group
combined to make the excited complex [19,20]. The TCTA
hole transport layer and the SPPO21 host formed the exci-
plex at the interface, which emitted a weak peak at
465 nm. The exciplex formation was facilitated by the elec-
tron accumulation and overflow at the interface between
the SPPO21 host and TCTA. Fewer electrons were trapped
by the dopant in the red PHOLEDs with lower doping con-
centrations, leading to better electron transport through
the SPPO21 emitting layer. Therefore, more electrons accu-
mulated at the interface and were injected into the TCTA
layer in device I, resulting in a relatively strong exciplex
emission. The exciplex emission was responsible for the
large efficiency roll-off in the red PHOLEDs with low dop-
ing concentrations in Fig. 5. A previous report showed that
the charge leakage is critical to the efficiency roll-off, and
confirming the results that were obtained in this work
[21]. The efficiency roll-off decreased as the intensity of
the 465 nm peak decreased.

4. Conclusions

The device performances of the red PHOLEDs with the
phosphine oxide based SPPO21 host were studied, and a
high external quantum efficiency of 20% was achieved.
The device performances were optimized at a low doping

concentration because of the little concentration quench-
ing, energy transfer and charge trapping. SPPO21 exhibited
a high quantum efficiency and low optimum doping con-
centration making it an effective host material for red
PHOLEDs, and therefore, the SPPO21 host material exhib-
ited potential for use in future display and lighting
applications.
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