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Highly Efficient Polymeric Electrophosphorescent Diodes**

By Xiaohui Yang, David C. Miiller, Dieter Neher,* and Klaus Meerholz*

Intense research activities have been stimulated since Tang
et all"! and Friend and co-workers” demonstrated efficient
organic light-emitting diodes (OLEDs) based on small mole-
cules (SMs) and polymers. In the past, significant progress has
been made towards higher efficiencies and longer lifetimes by
using more intelligent device structures and improved organic
semiconductors. Previously, the world of OLEDs was domi-
nated by fluorescent emitters. In 1998, Baldo et al.®’! demon-
strated efficient OLEDs based on phosphorescent emitters to
overcome the efficiency limit imposed by the formation of sin-
glet excitons (25 %). This concept yielded highly efficient
electrophosphorescent devices with emission colors across the
entire visible spectral region,[S’u)] most of them based on car-
bazole-containing hosts such as 4,4’-bis(N-carbazolyl) biphe-
nyl (CBP).

Stimulated by this success, research activities have also been
directed to polymer electrophosphorescent devices.""?!! Re-
cent work by Neher and co-workers on electrophosphorescent
devices based on poly(vinylcarbazole) (PVK) doped with the
electron-transporting molecule 2-(4-biphenylyl)-5-(4-tert-bu-
tylphenyl)-1,3,4-oxadiazole (PBD) and a very soluble deriva-
tive of Ir(ppy)s (wWhere ppy=phenylpyridine) suggested that
charge injection imposes a severe limit on brightness and effi-
ciency."®! A significant improvement was achieved by using
CsF/Al or Cs/Al as the cathode.> '8 It was further possible to
improve hole injection from the polymeric PEDOT:PSS
[poly(3,4-ethylenedioxythiophene) doped with poly(styrene
sulfonate)] anode by adding the well-known hole-transporting
molecule  N,N’-diphenyl-N,N’-(bis(3-methylphenyl)-[1,1-bi-
phenyl]-4,4’-diamine (TPD) to the PVK-based emission
layer.[lg] Electrophosphorescent devices with an optimized
layer composition exhibited a maximum external quantum
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efficiency (EQE) of 10.7 %. More recently, Suzuki et al.
demonstrated a maximum EQE of 11.8 % and a power effi-
ciency (PE) of 38.6 Im W' in a device using a copolymer bear-
ing TPD, PBD, and a green-light-emitting phosphor as side
groups.!! Up to now, these are the most efficient polymeric
electrophosphorescent green-light-emitting devices.

Despite recent improvements, the efficiencies of polymer
electrophosphorescent devices are still inferior to their
respective SM counterparts.“’lo] A plausible reason for this
might be the necessity to realize a complex multilayer device
architecture to achieve ultrahigh efficiencies. This is inher-
ently much more difficult for the solution-processing tech-
nique that is commonly used for polymeric light-emitting de-
vices. In fact, highly efficient diodes (with efficiencies up to 11
and 55 cd A™! for red- and green-light emission, respectively),
comprising a solution-processed emission layer and an evapo-
rated electron-transporting/hole-blocking layer, have been
produced recently.[zo’zz] The most promising approach to
achieve multiple layers for purely solution-processed devices
is the conversion of a soluble precursor to an insoluble poly-
mer film by polymerizing reactive side groups, allowing the
sequential deposition of, in principle, an unlimited number of
layers. There are only a few examples of this approach, and
the most successfully used systems contain oxetanes as the
reactive units, which can be reacted cationically. For example,
a variety of triarylamine-based hole-conducting materials
were used as graded hole-injection layers to build highly effi-
cient polymer blue-light-emitting diodes.” Later, poly-spiro-
fluorene copolymers functionalized with these crosslinkable
moieties were demonstrated to work as negative photoresists,
allowing the fabrication of laterally structured multicolored
(red-green-blue) RGB polymer light-emitting diodes.**! Note
that several reports exist about polymer electrofluorescent
and electrophosphorescent devices based on crosslinkable
hole-transporting layers, but the efficiencies of these devices
without an evaporated electron-transporting/hole-blocking
layer are only moderate.>2!

As mentioned above, highly efficient polymer electrophos-
phorescent devices have been realized previously with a poly-
mer blend consisting of PVK/PBD (in a weight ratio 71:29) as
the host doped with the green-light-emitting phosphorescent
dye tris(2-(4-tolyl)phenylpyridine)iridium [Ir(mppy)s;] (see
Fig. 1). In these devices, which have PEDOT:PSS anodes, an
Ir-(mppy); concentration of 0.7 wt % has been found to be
optimum.m This device structure is used here as a reference
and referred to as G-X0-0.7 (the rule for the nomenclature
being “color-Xn-dye content”, where the color can be red,
green, or blue, and » is the number of crosslinked layers.
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Figure 1. Chemical structures and redox potentials (Eoy, red) of the compounds used in this study. The redox potentials were measured in dichlorometh-
ane (0.1 m tetrabutylammonium hexafluorophosphate) and calibrated versus the ferrocene/ferrocenium redox couple. [a] Estimated from the oxidation
potential and the optical gap. [b] Chemically irreversible (multiple electron transfer). [c] Chemically irreversible (dimer formation).

It was found in previous investigations that hole injection is
the limiting step in these devices. Therefore, to facilitate hole
injection, we first studied devices with a single crosslinked
hole-transporting layer (X-HTL). The selection of the proper
hole conductor was guided by the criteria that its highest
occupied molecular orbital (HOMO) level should be located
between the work function of the PEDOT:PSS anode and that
of the emitting dopant (or polymer host). Therefore, MUPD
and OTPD were tested, as these ideally fulfill this condition
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(see Fig. 1). No significant difference in device performance
using either MUPD or OTPD as the hole conductor was ob-
served. We attribute this to the fact that the offset between
the X-HTL HOMO and the HOMO of the emitter is very
small. For the following investigations we restricted ourselves
to MUPD.

Figure 2a shows the -current-density—brightness—voltage
(J~L-V) characteristics of the devices with an Ir(mppy); con-
centration of 0.7 wt % and a single crosslinked MUPD hole-
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Figure 2. Performance of green-light-emitting electrophosphorescent de-
vices. a) J-V (solid symbols) and L-V (open symbols) of several devices
comprising the green-light-emitting dye Ir(mppy)s in a PVK:PBD matrix:
GX0-0.7 (O, #), GX1-0.7 (V, ¥), GX1-6 (A, A), and G-X2-6 (O, ®@).
b) Electroluminescence (EL) emission spectra of devices at 20 mAcm™:
G-X1-0.7 and G-X1-6 (symbols as for (a)). The inset shows the EL spec-
trum of G-X1-0 (no dye added) at the same current density (axis labels as
for main graph). ¢) Luminous efficiency (solid symbols) and power effi-
ciency (PE; open symbols) of devices containing the green-light-emitting
phosphor at a concentration of 6 wt% with a different layer structure:
G-X0-6 (], M), G-X1-6 (A, A) and G-X2:6 (O, @).
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transporting layer (G-X1-0.7). Most noticeably, introduction
of the HTL reduces the current density, even though the hole-
injection barrier to the HOMO of the PVK matrix is consider-
ably reduced in the multilayer device. We attribute the lower
current in G-X1-0.7 mainly to the blocking of electrons (the
reduction potential of the hole-transporting molecules can be
estimated from the optical gap to be ca. 3.5 eV and the oxida-
tion potential to be less than -3.2 V). Unfortunately, the effi-
ciency of this simple multilayer device is quite disappointing,
with rather low brightness at high current values. The electro-
luminescence (EL) spectrum (Fig. 2b) of G-X1-0.7 shows a
distinct short-wavelength shoulder, which is not present in
G-X0-0.7. To clarify the origin of this emission, we fabricated
devices with the same composition of the charge-transporting
PVK:PBD matrix, but without the emissive dopant (formally
G-X1-0). In this case, a broad blue emission with low efficien-
cy is observed (Fig. 2b, inset). Based on this result and similar
observations on PVK:PBD:TPD blend layers,'® we attribute
this emission to an exciplex between the hole-transporting
molecules in the HTL and the PBD contained in the emission
layer.

On the other hand, this strong exciplex contribution and
the reduction in device current upon insertion of the HTL
indicate that a significant fraction of electrons are accumu-
lated at the interface to the crosslinked layer. To ensure
recombination of these electrons with holes on the phospho-
rescent dye, we raised the Ir(mppy); concentration to 6 wt %
(device G-X1-6). Consequently, the blue-light-emitting com-
ponent in the EL emission spectrum vanished completely, re-
sulting in pure-green-light emission, with the color coordi-
nates x =0.33, y =0.60. Concurrently, both the current density
and the brightness increased significantly. We attribute this to
the direct injection of holes from the HTL into the HOMO of
Ir(mppy)s;, followed by recombination with electrons accumu-
lated at the interface between the HTL and the emission
layer. Further evidence for this interpretation comes from the
electrochemical data included in Figure 1, which can be re-
garded as a good measure of the energy levels.””! Note, that
the HOMO levels of both MUPD and OTPD almost align
with that of Ir(mppy)s, but there is a 0.6 eV energy barrier for
the hole injection to the HOMO level of PVK (Fig. 1). More-
over, at higher dye concentration (>5 wt %), the dye mole-
cules might form their own transport manifold within the
PVK matrix, guiding holes deeper into the emission layer.

The luminous efficiency and PE for devices with identical
emission-layer compositions are shown in Figure 2c. Com-
pared to G-X0-6 (no HTL) the luminous efficiency in G-X1-6
is significantly larger (up to 40 cd A™). Moreover, the effi-
ciency maximum appears at rather low current values and
drops only gradually with increasing current density. Concern-
ing the driving voltage, the emission onset is significantly
reduced compared to the devices with only PEDOT:PSS,
resulting in a large PE of 38 Im W', This suggests that the
incorporation of the MUPD layer significantly improves hole
injection, in addition to its role as the electron-blocking layer
as discussed above.
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To further increase the PE of the devices, we employed
redox chemical doping of the HTL, which dramatically in-
creases its conductivity and reduces the drive voltage in com-
parison with a nondoped reference device. Redox chemically
doped carrier-transporting layers have been incorporated in
OLED:s to build so-called “p-i-n structures” for improved car-
rier injection.[28'30] However, the doping of carrier-transport-
ing layers leads to quenching of the EL close to the internal
interface, which strongly reduces the EQE in thin devices
(usually preferred due to their lower driving voltages and,
thus, higher PE). Therefore, to avoid this, a second nondoped
X-HTL was introduced. In such dual-injection-layer devices,
the HOMO levels ideally should increase stepwise. Through-
out this paper, we use a QUPD/OTPD combination, which
has been found to be ideally suited. The optimized procedure
will be described in detail elsewhere.! Introducing a second
hole-injecting layer into the device (G-X2-6) affected the cur-
rent only slightly, indicating that no additional energy barrier
is formed for hole injection and transport. However, the light
output was considerably enhanced (Fig. 2a).

In the G-X2-6 device, the luminous efficiency peaks at
67 cd A%, corresponding an EQE of 18.8 % at a current den-
sity of 0.21 mA cm™, a driving voltage of 4.4 V, and a bright-
ness of 141 cdm™. Given an out-coupling factor of 0.2 (as-
suming a refractive index of n=1.8 for the polymer layer), the
internal quantum efficiency of the device is approaching unity.
The maximum PE (ca. 65 ImW™) is at a current density of

MATERIALS

0.0l mAcm™. At a practical application brightness of
100 cdm™, the PE is 50 Im W™'. Compared to the best poly-
mer electrophosphorescent device reported in the literature,
the EQE and PE are larger by a factor of about two (see
Table 1). Moreover, the EQE of our green-light-emitting dou-
ble X-HTL device well exceeds the value reported for the best
device with Ir(ppy); doped into the SM-CBP host (the chemi-
cal analogue of PVK)" and is only slightly smaller than the
highest efficiency reported for SM devices.[*¥

The concept developed for the green-light-emitting Ir(mp-
pY)s phosphor worked equally well with the red-light-emitting
bis(1-phenylisoquinoline)iridium(acetylacetonate) [Ir(piq),-
(acac)]. SM devices with this dye co-evaporated with CBP
yielded deep-red emission with an efficiency of 8.2 cd A~
(corresponding to 9.2 %).®l Also note that the HOMO level
of Ir(piq).(acac) differs only slightly from that of Ir(mppy)s,
suggesting that direct injection of holes from the cross-
linked HTL should be as efficient as in the green-light-
emitting devices.

Figure 3a shows the J-L-V characteristics of a red-light-
emitting device with the structure R-X2-6, together with the
J-L-V characteristics of the corresponding reference device
R-XO0-6. Similarly to the green-light-emitting devices, intro-
ducing the double-layer HTL structure significantly reduces
the onset voltage, accompanied by a large increase in efficien-
cy. As shown in Figure 3b, the improvement in luminous effi-
ciency is most pronounced at low current levels, indicating

Table 1. Performance data of the best solution-processed multilayer devices as reported here. Also listed are the highest published values for red-,
green- and blue-light-emitting polymer devices, the best small molecule devices with a CBP host (SM-CBP), and the best performance data for small

molecule devices published up to now.

Maximum Maximum Maximum Performance @ Performance @ Ref.
luminous EQE power 100 cd m™ 1000 cd m™
efficiency efficiency
[cd A7) [%] flm W] [a] [a]
red devices
this work 1.7 13 10.7 9.7cd A” 6.7cdA”
10.8 % 7.4 %
53Imw’ 2.5 Imw™!
best polymer 11.0 10.3 n.a. n.a. n.a. [20]
SM-CBP matrix n.a. n.a. n.a. 10.3 % n.a. 7]
gIlmw’! n.a.
SM other 6.9 n.a. 5.7 n.a. n.a. [36]
green devices
this work 67.0 18.8 67 67 cd A 56cd A
18.8 % 15.7 %
50.3 Im W' 29.7 Im W™
best polymer n.a. 1.8 38.6 n.a. n.a. [21]
SM-CBP matrix 48.8 13.7 383 n.a. n.a. [5]
SM other n.a. 19.5 82 19.3 % 64 Im W' [30]
77 Im W'
blue devices
this work 11.5 5.7 4.9 11.5cd A 93cdA’
5.7% 4.6 %
49Imw’! 2.7 Im W™
best polymer 14 n.a. n.a. n.a. n.a. [17]
SM-CBP matrix n.a. 6.1 7.7 n.a. n.a. [34]
SM other n.a. 14.4 11.9 n.a. n.a. [10]
[a] Luminous efficiency, EQE, power efficiency; n.a. = not available.
Adv. Mater. 2006, 18, 948-954 © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.advmat.de
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Figure 3. Performance of red-light-emitting electrophosphorescent de-
vices. a) J-V (solid symbols) and L-V (open symbols) of devices com-
prising the red-emitting dye Ir(piq),(acac) in a PVK:PBD matrix: R-X0-6
(O, M) and R-X2-6 (O, @). b) Luminous efficiency (solid symbols) and
PE (open symbols) of the devices. Inset: Typical EL spectrum of all de-
vices measured at 20 mAcm™.,

balanced charge injection and a well-confined recombination
zone. The peak luminous efficiency of the R-X2-6 device is
11.7 ed A™!, corresponding to an EQE of 13 %, while the PE
is 10.7 Im W' (for further details see Table 1). The inset of
Figure 3b shows the EL spectrum of the devices
(Amax =628 nm). The emission was found to be independent
of driving conditions.

Finally, we attempted to apply the concept to blue-light-
emitting electrophosporescent LEDs using bis[(4,6-difluoro-
phenyl)-pyridinato-N,C?](picolinato)Ir'™ (FIrpic, see Fig. 1).
However, several points are distinctly different when using
Flrpic in combination with a PVK:PBD matrix, compared to
the cases discussed above. Firstly, the HOMO level of Flrpic is
now beyond that of PVK and, therefore, Flrpic molecules do
not constitute hole traps within the PVK host matrix. Further-
more, recent time-resolved PL measurements suggest the
existence of back-energy transfer from Flrpic to PBD due to
the triplet energy of PBD being lower than that of FIrpic.l*”
Consequently, we could not achieve efficient electrophos-
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phorescence if Flrpic was added to a PBD-containing matrix.
The emission properties could be drastically improved when
using 1,3-bis[4-tert-butylphenyl)-1,3,4-oxadiazolyl]phenylene
(OXD-7) as the electron-transporting species.

It has been shown previously that the efficiency of devices
with PEDOT:PSS containing Flrpic in a PVK:OXD-7 matrix
was maximum at a concentration of ca. 10-12 wt %.[121417]
For our devices of the structure B-X2, the efficiency increased
monotonically with decreasing Flrpic concentration, with
5 wt % being the lowest concentration tested in this study.
Figure 4 compares the J-L-V characteristics of devices
B-X2-5 and B-X2-15 with a reference device of intermediate
concentration (B-X0-10). As outlined above, introducing the
bilayer X-HTL reduces the emission onset voltage signifi-
cantly. Compared to the devices G-X2-6 and R-X2-6, the
current density of the blue-light-emitting devices B-X2-5 at a
given bias is significantly smaller, which is consistent with
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Figure 4. Performance of blue-light-emitting electrophosphorescent
devices. a) J-V (solid symbols) and L-V (open symbols) of multilayer de-
vices comprising the blue-light-emitting dye Firpic in a PVK:OXD-7 ma-
trix: B-X2-5 (O, @) and B-X2-15 (<, #). Also shown are the characteris-
tics of a reference device with an intermediate dye concentration B-X0-10
(CJ, M). b) Luminous efficiency (solid symbols) and PE (open symbols)
of the devices (shapes as for devices in (a)). Inset: Typical EL spectrum
of all devices measured at 20 mAcm™.
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the interpretation given above that direct transfer of holes
from the X-HTL layer to the HOMO of Ir(mppy); or
Ir(piq),-(acac) contributes significantly to the injection and
recombination of charges. Despite these differences, the gen-
eral performance (onset voltage, peak efficiency at low cur-
rent densities) of our blue-light-emitting multilayer devices
is quite comparable to that of the corresponding green- or
red-light-emitting device. However, the overall efficiency of
the blue-light-emitting X-HTL devices is, surprisingly, lower
compared with that of the corresponding B-X0-10 reference
diode: the peak efficiency of the most efficient device
B-X2-5 is 11.5 cd A™!, corresponding to an EQE of 5.7 %,
while the reference device B-X0-10 has a maximum efficien-
cy of 12-16 cd A™'. Interestingly, the efficiency of B-X2-5
devices compares quite nicely with the values reported
for FlIrpic doped into the small-molecule CBP host
(Table 1).%34 Tt has been previously pointed out that the
triplet excited states on Flrpic are not well confined in the
CBP matrix.”** Finally we note that the lifetimes of our
devices are well below the values needed for practical appli-
cations. The exact reason for this rapid degradation, which is
generally observed for devices with a PVK:PBD host, has
not, as yet, been identified.

In conclusion, we have demonstrated highly efficient multi-
layer polymer electrophosphorescent devices, which can be
completely solution-processed for all three primary colors. In
particular, we show that the EQEs of green- and red-light-
emitting polymer electrophosphorescent devices are compar-
able to the best values reported in multilayer SM electrophos-
phorescent devices.***7# This is the first report of polymer
electrophosphorescent devices with internal quantum effi-
ciencies approaching unity, indicating that highly efficient
electrophosphorescence is not a unique property of SM multi-
layer devices.

We show that the X-HTL concept is in principle suitable
to increase the PE of blue-light-emitting electrophospho-
rescent devices as well, but that the EQE of these devices is
not yet satisfactory. We attribute this to the deep HOMO po-
sition of the chosen phosphor, making the direct injection of
holes onto the dye inefficient, as well as to a weak confine-
ment of the triplet excited state on Flrpic. Thus, the optimiza-
tion of 1) the HOMO position of the blue-light-emitting
phosphor, 2) the triplet energy of the host, and 3) the HOMO
level and triplet energy of the hole-transporting molecules in
the X-HTLs is expected to improve the efficiency of blue-
light-emitting polymer electrophosphorescent devices con-
siderably.

We point out that our results were realized without incor-
poration of an exciton-blocking layer and an electron-trans-
porting layer between the emission layer and the metallic
cathode; insertion of these layers is often reported to be cru-
cial to achieve high efficiencies in SM multilayer devices.
Also, note that the overall thickness of our devices is higher
than usual and we expect further improvements of the PE
with optimized layer thickness. Further, no special efforts
were made to improve the out-coupling efficiency.

Adv. Mater. 2006, 18, 948-954
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Experimental

Ir(mppy)s, Ir(piq).(acac) and Flrpic were purchased from Ameri-
can Dye Sources and used as received. PBD and OXD-7 were pur-
chased from Sensient and used as received.

PEDOT:PSS (Baytron P purchased from H. C. Starck) was spin-
coated onto pre-cleaned and O,-plasma-treated indium tin oxide
(ITO) substrates, yielding layers with a thickness of ca. 40 nm. The
PEDOT:PSS layers were baked at 110 °C for half an hour to remove
residual water.

In the X1 devices, the crosslinkable hole conductors (MUPD or
OTPD synthesized according to [23]) were dissolved in THE,
0.5 wt % of the photoinitiator 4-octyloxydiphenyliodonium-hexafluor-
antimonate (purchased from Aldrich) was added, and finally the solu-
tion was spin-cast atop the PEDOT:PSS layer to yield 20 nm thick
films. The films were irradiated with light (365 nm wavelength) for
10 s and finally cured at 120 °C for one minute to promote crosslink-
ing. This procedure yielded layers that were insoluble in all common
organic solvents, which was verified by rinsing the films with good sol-
vent and comparing the absorbance before and after the rinse. Under
the conditions chosen here, we did not observe any difference, i.e., the
films were fully crosslinked. In the X2 devices, redox chemical doping
of the first layer was achieved by adding 2 wt % NO*SbF4 (Aldrich),
which stoichiometrically oxidizes the hole conductor. The second
layer was deposited as described above.

A blend of PVK, PBD or OXD-7 (weight ratio 79:29), and the
emitter (see Fig. 1) in chlorobenzene solution was spin-coated on top
of the PEDOT:PSS and X-HTL films, yielding 70 nm thick films.
Then, the samples were annealed at 80 °C for 30 min. The cathode,
consisting of an ultrathin CsF interfacial layer with a nominal thick-
ness of 1 nm and a ca. 70 nm thick Al layer, was deposited by thermal
evaporation at a base pressure of 10° mbar (1 mbar =100 Pa).

All in all, the device thicknesses were 70, 90, or 110 nm for devices
X0, X1, and X2, respectively.

Current-density—voltage characteristics were measured with a
Keithley 2400 source measure unit. The brightness of the devices was
recorded with a Minolta CS-100A camera. EL spectra of the devices
were measured using a charge-coupled device fiber spectrometer
(Ocean Optics). With the exception of the deposition of the PED-
OT:PSS layer, all processes were carried out in a dry nitrogen atmo-
sphere. The luminous efficiencies were converted to external quantum
efficiencies and power efficiencies assuming Lambertian emission.
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