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Multilayer Polymer Light-Emitting
Diodes: White-Light Emission with
High Efficiency**

By Xiong Gong,* Shu Wang, Daniel Moses,
Guillermo C. Bazan,* and Alan J. Heeger

Organic and polymer light-emitting diodes (OLEDs/
PLEDs) that emit white light are of interest and potential im-
portance for use in active-matrix displays (with color filters)
and because they might eventually be used for solid-state
lighting.?! In such applications, the fabrication of large-area
devices and the use of low-cost manufacturing technology will
be the major issues.”! The fabrication of PLEDs by processing
the active materials from solution (e.g., by using printing tech-
nology) promises to be less expensive than that of OLEDs,
where deposition of the active layers requires the use of vacu-
um technology.”*®! Several approaches have been used to gen-
erate white light from OLEDs and PLEDs.**! In each case,
however, the efficiency was modest and the lifetime was lim-
ited by that of the blue emitters. (3.7-12]

White light is characterized by three quantities: The CIE
(Commission Internationale d’Eclairage) coordinates, the col-
or temperature (CT), and the color rendering index (CRI).I"*!
“Pure” white light has CIE coordinates of (0.333, 0.333), and
is obtained by balancing the emission of the colors employed.
For illumination applications, the CT needs to be equivalent
to that of a blackbody source at temperatures between
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3000 and 7500 K. The CRI is a numerical measure of how
“true” colors look when viewed with the light source. CRI val-
ues range from O to 100, with 100 representing true color
reproduction.

We show that high-performance, multilayer, white-light-
emitting PLEDs can be fabricated by using a blend of
luminescent semiconducting polymers and organometallic
complexes as the emission layer, and water-soluble (or
ethanol-soluble) polymers and/or small molecules as the hole-
injection/transport layer (HIL/HTL) and the electron injec-
tion/transport layer (EIL/ETL). Each layer is spin-cast
sequentially from solution. These multilayer PLEDs emit illu-
mination-quality white light with high brightness, high lumi-
nous efficiency, suitable CT, stable CIE coordinates, and high
CRIL

The device fabrication is described in the Experimental sec-
tion. The device architecture and the molecular structure of
the polymers and small molecules used for fabrication of the
devices are shown in Scheme 1. The energy levels of the top
of the m-band (highest occupied molecular orbital, HOMO)
and the bottom of the m*-band (lowest occupied molecular
orbital, LUMO) of PFO-ETM, PVK-SO;Li, and -Bu-PBD-
SOsNa, and the work functions of Ba and PEDOT:PSS are
given in Scheme 2a. The corresponding energy levels of PFO-
ETM, Ir(HFP);, and fluorenone are shown in Scheme 2b.

The selection of materials for the HIL/HTL and EIL/ETL
is critical for achieving the band alignment that favors charge
injection from the electrodes, for achieving good transport of
the respective carriers through the HTL and ETL to the
active emission layer, and for hole-blocking (electron-block-
ing) at the ETL (HTL). PVK-SO;Li was selected for the
HIL/HTL because its HOMO energy level at -5.75 eV is
well-aligned with the HOMO energy level of PFO-ETM at
-5.80 eV, implying a nearly ohmic contact for hole injec-
tion/transport from PVK-SO;Li to PFO-ETM. ¢-Bu-PBD-
SOsNa was selected for the EIL/ETL because its LUMO at
—2.60 eV is only ~0.10 eV higher than the Fermi level of Ba
at —2.70 eV (as inferred from the work function). However,
even this small electron injection barrier will be reduced by
the formation of a dipole layer at the Ba/t-Bu-PBD-SO3Na in-
terface.'>!*13] Therefore, the combination of good band align-
ment and carrier blocking achieved by using PVK-SO;Li for
the HIL/HTL and #-Bu-PBD-SOsNa for the EIL/ETL results
in sufficiently balanced charge injection/transport to enable
high-performance white-light-emitting PLEDs (see Fig. 1). In
addition to functioning as the HIL/HTL, the PVK-SO;Li
layer provides a smooth and pinhole-free surface on which
the active emission layer can be cast. Moreover, the addition
of the HIL/HTL and EIL/ETL to the device architecture
leads to significantly reduced leakage currents (from micro-
shorts etc.) and thereby significantly reduces the probability
of catastrophic shorts.

By using water-soluble (ethanol-soluble) PVK-SO;Li as the
HIL/HTL and ¢t-Bu-PBD-SOsNa as the EIL/ETL, the inter-
facial mixing problem is solved (the emissive polymer layer is
soluble in organic solvents, but not in water). As a result, this
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Scheme 1. The device architecture used in this study and the molecular structures of PFO-ETM,
PFO-F (1%), Ir(HFP)3, PVK-SO;Li, and -Bu-PBD-SO;Na. t-Bu-PBD-SO;Na: 4-(5-(4-tert-butylphen-
yl)-1,3,4-oxadiazole-2-yl)-biphenyl-4"-yl sulfonate sodium salt; PFO-ETM: poly(9,9-dioctylfluorene)
end-capped with an electron-transporting moiety, electron-5-biphenyl-1,3,4-oxadiazol; PVK-SOjsLi:
poly(vinylcarbazole) sulfonate lithium salt; Ir(HFP)3: tris(2,5-bis-2"-(9",9"-dihexylfluorene) pyridine)
iridium(); PEDOT: poly(3,4-ethylene dioxythiophene); PSS: poly(styrene sulfonic acid); ITO: in-
dium tin oxide; ETL: electron-transport layer; EML: emissive layer; HTL: hole-transport layer.

As specific examples, we have focused
on two types of multilayer white-light-
emitting PLEDs. Type I devices are fab-
ricated by using PFO-ETM blended
with Ir(HFP); as the emitter, water-sol-
uble (or ethanol-soluble) PVK-SOj;Li as
the HIL/HTL, and ~-Bu-PBD-SOsNa as
the EIL/ETL. PFO-ETM was selected
as the host because more balanced
charge carriers can be obtained by end-
capping PFO with ETM. Type II de-
vices are fabricated by using blends
of PFO-ETM with PFO-F(1 %) and
Ir(HFP); as the emitter, PVK-SO;Li as
the HIL/HTL, and ~-Bu-PBD-SOsNa as
the EIL/ETL. The luminance (L/cd m™)
versus voltage (V) and current-density
(//mA cm™) versus V characteristics for
type I and type II devices are shown in
Figures 2a,b, respectively. Type I de-
vices have a value of L=2.4x10* cdm™

(2)
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Scheme 2. a) The HOMO and LUMO energy levels of PFO-ETM, PVK-
SOsLi, t-Bu-PBD-SO3Na, and the work functions of PEDOT:PSS and Ba.
b) The HOMO and LUMO energy levels of PFO-ETM, PFO-F (1 %), and
Ir (HFP)3. The shaded areas are the HOMO-LUMO gap; the energies of
the top of the w-band (HOMO) and the bottom of the m*-band (LUMO)
are indicated in black.

device architecture and process technology can potentially be
used for printing large-area multilayer light sources and for
other applications in “plastic” electronics.
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at 16 V, and type II devices have a

value of L=1.0x10* cdm™ at 25 V. The
brightness observed from the PLEDs with a HIL/HTL and a
EIL/ETL is approximately two times higher than that for
those without a HIL/HTL or a EIL/ETL. All devices turn on
at approximately 6 V (the turn-on voltage is defined as the
voltage at a brightness of 0.1 cdm™), which is ~1 V higher
than that for devices without PVK-SO;Li, due to the larger
film thickness. The reduced turn-on voltage results from the
enhancement of the built-in potential in the metal-semicon-
ductor-metal diode by the EIL/ETL.'®!

To evaluate the performance for display applications, a
Lambertian intensity profile was assumed; LE../cd A’l)
and the forward-viewing external power efficiency (PE.y/
Im W), were measured with the detector subtending a sol-
id angle of only 0.01 sr.'72% LE_,, versus J data for devices
with PEDOT:PSS as the HIL/HTL, -Bu-PBD-SO3Na as the
EIL/ETL, and devices with PVK-SOsLi as the HIL/HTL
and #-Bu-PBD-SO;Na as the EIL/ETL are shown in Fig-
ures la,b respectively. The PE. versus J data for type I
and type II devices are also shown in Figures lab.
For type I devices, LE.=10.4cd A, L=2391 cdm?,
and PE.=31mW™' at /=23 mAcm? (V=11 V). For
type II devices, LE..=7.2cd A, L=882cdm? and
PE.=151m W™ at J=12 mAcm™ (V=15 V). Note that
even at J=200 mAcm?, type I devices have values of
L=19500 cdm™, LE.=9.5cdA™, and PE.,=2lmW7;
and type II devices have values of L=9600cdm>,
LEc=48 cdA™, and PE.=0.65 ImW™. At 200 mA cm™,
LE . and PE,,; are significantly higher than those obtained
for any of the white-light-emitting OLEDs and PLEDs
reported previously.B‘S‘g] Moreover, as shown in Figure 1,
the values of LE. and PE.y obtained from white-light-
emitting PLEDs with +-Bu-PBD-SO;Na as the EIL/ETL are
higher than those obtained for those without -Bu-PBD-
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Figure 1. The forward-viewing external luminous efficiency (LE., left
axis) and external power efficiency (PE.y, right axis) versus current den-
sity (J) for a) type | and b) type Il devices using the following device con-
figurations: @, l: ITO/PEDOT:PSS/PVK-SOsLi/emissive layer/t-Bu-PBD-
SO;Na/Ba/Al; A: ITO/PEDOT:PSS/emissive layer/t-Bu-PBD-SO3Na/Ba/
Al; ¥: ITO/PEDOT:PSS/emissive layer/Ba/Al.

SOsNa. Similarly, values of LE .y and PE.y for white-light-
emitting PLEDs with both PVK-SO;Na as the HIL/HTL
and t-Bu-PBD-SO;Na as the EIL/ETL are higher than that
obtained for PLEDs with only -Bu-PBD-SO;Na as the
EIL/ETL.

The improvement in the values of L, LE.y, and PE.y from
these white-light-emitting PLEDs can be understood from the
energy-level diagrams shown in Scheme 2a. With both a
HIL/HTL and a EIL/ETL, the energy barriers for hole and
electron injection are eliminated, leading to more balanced in-
jection of holes and electrons. The addition of the HTL and the
ETL result in good hole and electron transport from the elec-
trodes to the emissive layer, while simultaneously providing
large barriers to the transport of carriers out of the emissive
layer prior to radiative recombination. As a result, higher
values of L, LE., and PE., are obtained at a given value of J.
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Figure 2. L versus voltage and current density versus voltage characteris-
tics for a) type | devices and b) type Il devices.

In addition, the ETL serves to block the diffusion of metal
atoms, such as Ba and Ca, and thereby prevents the genera-
tion of quenching centers!! during the cathode deposition
process. In addition, the HTL serves to block indium diffusion
into the polymer, a process known to enhance device degra-
dation.””?! Both the HTL and the ETL serve to protect
the polymer against contamination by oxygen and moisture
(exposure to oxygen and water vapor cause degradation of
PLEDS).[25’26] Therefore, the stability of multilayer white-
light-emitting PLEDs is expected to be better than that of
previously reported white-light-emitting PLEDs.*’]

Figures 3a,b show the emission spectra obtained from
type I and II devices at different applied voltages. The spectra
show the contributions from PFO-ETM, PFO-F (1 %), and
Ir(HFP);.'2%% The mechanism for achieving white light
from these PLEDs can be understood in more detail from the
energy-level diagrams shown in Scheme 2b. In PLEDs made
with Ir(HFP);:PFO-ETM, the injected holes and electrons
can recombine either on the PFO-ETM main chain to pro-
duce blue and green emission,!'” or they can be trapped by
Ir(HFP); with emission of red light from the triplet of

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2055



2056

3
)
>
=
7]
=
[]
3
£
|
i
400 450 500 550 600 650 700 750 800
Wavelength (nm)
3
&
>
=
(7]
c
[]
2
£
-
i

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3. The emission spectra of a) type | devices and b) type Il devices
at different applied voltages. EL: electroluminescence.

Ir(HFP);.23U In PLEDs made from the Ir(HFP);:PFO-
F(1 %):PFO-ETM blends, the injected holes and electrons
recombine by two processes; direct recombination on the
main chain (PFO-ETM) to produce blue and green emis-
sion,'?! in parallel with electron and hole trapping on the
fluorenone units and on the Ir(HFP); followed by radiative
recombination with green light from PFO-F (1 %)"”®! and red
light from the triplet excited state of Ir(HFP)3.*”#-1

As demonstrated in Figure 3, the emission spectra are
insensitive to the applied voltage, and this occurs even at
applied voltages larger than 20 V (not shown). Thus, the qual-
ity of white light emitted from these multilayer PLEDs is in-
sensitive to the applied voltage (and current density), and is
therefore insensitive to the brightness.

Figure 4 shows the 1931 CIE chromaticity diagram, with
coordinates corresponding to the emission from the PLEDs:
data points are shown for both type I devices (open squares)
and type II devices (open circles) biased at different ap-
plied voltages. For type I devices, the CIE coordinates shift
from (0.328, 0.334) at J=0.10 mAcm™ to (0.296, 0.290) at
J= 334 mAcm™. For type Il devices, the CIE coordinates
shift from (0.380, 0.400) at J=0.2 mA cm™ to (0.346, 0.368) at
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Figure 4. The CIE (1931) chromaticity diagram, with coordinates corre-
sponding to the emission from type | ((J) and type Il (O) devices biased
at different applied voltages. Also shown are the equi-energy point (E) for
pure white light (0.333, 0.333) (M) and the coordinates corresponding to
color temperatures of 4000 K (A), 5000 K (V¥), and 6500 K (@). The
dotted line indicates different color temperatures; the dotted oval indi-
cates the approximate area where the human eye perceives the color as
white.

J=115 mA cm™. All are very close to the CIE coordinates for
pure white light, (0.333, 0.333). The stability of the CIE coor-
dinates as a function of applied voltage is much better than
those of previously reported white-light-emitting PLEDs/
OLEDs.F"!

Type I devices have a CT value of ~6400 K (which is very
close to the CT of average daylight (6500 K)!*l) and a CRI
value of 92. Type II devices have a CT value of ~4500 K
(which is very close to the CT of sunlight at a solar altitude of
20° (4700 K)!*l) and a CRI value of 86. Both sets of values
(CT and CRI) are insensitive to the applied voltage and insen-
sitive to current density and luminance. Therefore, the white
light observed from the multilayer PLEDs has stable CIE
coordinates, stable CT, and stable CRI values, which are all
close to those of “pure” white light.

For solid-state lighting applications, one should include the
light emitted through the surface and edge of the glass/ITO
substrate when calculating the total efficiency.”** Assuming
typical values for the refractive indices of the glass (n=1.5),
ITO (n=1.8-2.0), and polymer (n=1.6-1.8), the critical angle,
0, between the direction of the light emitted in the polymer
layer and the substrate surface normal is ~36° at the air/poly-
mer interface, and ~62° at the glass/polymer interface.**>"]
Light incident on the interface at an angle greater than the
critical angle will be totally internally reflected within the
glass/ITO and then waveguided within the device. Although
some of the guided light escapes by scattering, the remainder
is either partially absorbed within the device or coupled out at
the edges of the glass/ITO substrate. Theoretically, the frac-
tion of light emitted in the forward direction is 1/(2n%) of the
total, where n is the index of refraction of emitter layer.*’!
More detailed optical modeling predicted 3/4n” to be the frac-
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tion emitted in the forward direction.”®®! Through a series of
experiments using an integrating sphere, Cao et al. demon-
strated that the measured reduction factor is approximately
2-2.5 times less than the theoretical value, 2n*~6 (assuming
n=1.7 for the emitting layer); i.e., closer to 4n¥3~3.85.
Forrest and co-workers have obtained similar results; in the
small-device approximation, they found that the total LE is
larger by a factor of 1.7-2.4 than that observed in the forward-
viewing direction.’**! Because the luminance was measured
in the forward-viewing direction in our experiments (the
detector subtended a solid angle of only 0.01 srl!719-2027-3135])
the total LE (LE ) and total PE (PEy.) are larger than
the corresponding forward-viewing external LE and PE val-
ues by approximately a factor of 2. Thus, for solid-state light-
ing applications, LE =21 cd A and PEi =6 ImW™ at
J=23 mA cm™ for type I devices, and LEq, =15 cd A and
PE =3 Im W™ at J=12 mA cm™ for type II devices.

In conclusion, we have demonstrated high-efficiency multi-
layer white-light-emitting PLEDs fabricated with a blend of
luminescent semiconducting polymers and organometallic
complexes as the emission layer, water-soluble (or ethanol-
soluble) PVK-SO;Li as the HIL/HTL and water-soluble (or
ethanol-soluble) +-Bu-PBD-SO3Na as the EIL/ETL. Illumina-
tion-quality light is emitted with stable CIE coordinates,
stable color temperatures, and stable color rendering indices,
all close to those of “pure” white light. More importantly, the
promise of producing large areas of high-quality white light
with low-cost manufacturing technology make these multi-
layer white-light-emitting PLEDs attractive for the develop-
ment of solid-state light sources.

Experimental

The synthesis and characterization of PFO-ETM, PFO-F (1 %),
and Ir(HFP); have been reported elsewhere [27,28,40].

Synthesis of PVK-SO;Li: The sulfonation of PVK was performed
by the procedure described in the literature [41]. The degree of sulfo-
nation of PVK was about 28 %. The sulfonated PVK was dissolved in
a minimum amount of hot ethanol, and the resulting solution was
cooled to room temperature. To this solution was added excess EtOLi
solution in ethanol and a white precipitate was formed. The precipi-
tate was collected by filtration, washed with cold ethanol, and dried in
vacuum to obtain PVK-SO;Li.

Synthesis of t-Bu-PBD-SO;Na: 4-(5-(4-tert-butylphenyl)-1,3,4-oxa-
diazole-2-yl)-biphenyl-4’-yl sulfonic acid (+-Bu-PBD-SO3;H) was syn-
thesized by the procedure described in the literature [42]. A concen-
trated solution of -Bu-PBD-SO;H in water/tetrahydrofuran (6:1 v/v)
was added into brine to give a white precipitate. The precipitate was
extracted with ethanol and the ethanol was removed to obtain ¢-Bu-
PBD-SO;Na.

Device Fabrication: For device fabrication, we employed poly(3,4-
ethylene dioxythiophene): poly(styrene sulfonic acid) (PEDOT:PSS)
on indium tin oxide (ITO) as the hole-injecting bilayer electrode. The
device structure is (ITO)/PEDOT:PSS/PVK/emissive polymer/PBD/
Ba/Al. Patterned ITO-coated glass substrates were cleaned with
detergent, distilled water, acetone, and 2-propanol and subsequently
in an ultrasonic bath. The substrates were dried in an oven at ~ 100 °C
for 12 h before treatment with UV-ozone. After treatment with
UV-ozone for 25 min, a 30 nm layer of PEDOT:PSS was spin-coated
onto the substrates, followed by drying on a hotplate at 120°C for
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30 min. The PVK thin film (15 nm) was deposited on top of the
PEDOT:PSS by spin-casting from 0.5 wt.-% ethanol solution, fol-
lowed by drying in a vacuum oven at 100 °C for 24 h (note that the
time and temperature for drying the PVK layer can be reduced in a
roll-to-roll manufacturing line). A thin film of polymer blend was
coated on the top of PVK by spin-casting from toluene solution, fol-
lowed by baking at 80 °C for 20 min inside a controlled-atmosphere
dry box. A PBD thin film (15 nm) was deposited on top of the emis-
sive layer by spin-casting from 0.5 wt.-% ethanol solution, followed
by drying inside the glove box at 80°C for 30 min. The Ba and Al
electrodes were thermally deposited through a shadow mask in a vac-
uum of 1x 107 torr (1 torr~133 Pa).

Device performance was measured inside the dry box. The current—
voltage—luminance characteristics were measured using a Keithley
236 source measurement unit. Electroluminescence (EL) spectra were
measured using an Oriel Ocean charge-coupled device (CCD) spec-
trograph. The luminance was obtained in the forward-viewing direc-
tion (detector subtended a 0.01 sr solid angle using a calibrated silicon
photodiode). The luminous efficiency was converted from measured
luminance [20]. The CIE coordinates, CT, and CRI were quantita-
tively evaluated from the EL spectra [43,44].
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Nanoporous Polymer Thin Films via
Polyelectrolyte Templating**

By Qi Li, John E. Quinn, and Frank Caruso*

Materials containing nanopores are important in a variety
of fields, including catalysis,“’zl separations,[3’4] electronics,m
optics,®! and biomaterials engineering.®! Templating tech-
niques represent an effective method for producing such
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materials (both inorganic and organic) with controlled pore
structures. For instance, removable surfactant templates have
been used to prepare inorganic mesoporous materials with
pore sizes tunable in the range 2-10 nm.'l More recently, it
has been demonstrated that a similar approach can be used
for the production of mesoporous polymers.[u] Polymer mate-
rials with highly ordered pore arrays have also been prepared
by exploiting the phase separation of different domains in
block copolymers,“z’”] while the possibility of using silica par-
ticles as a degradable template has also been demonstrated.!"”!
Other approaches to preparing nanoporous polymer materials
include CO, foaming, ' templating around supramolecular
liquid crystals,[”] self-assembly of modified polypeptides,[ls]
reactive encapsulation of a solvent,[w] and removal of a ther-
mally labile phase.[zo] In this paper, we report the use of
removable polyelectrolytes in layer-by-layer assembled poly-
electrolyte multilayer (PEM) thin films*'??! as a versatile ap-
proach to the production of nanoporous polymer films. The
significance of this new method is that, in principle, it can be
generalized to any PEM system where two components are
fixed and a third can be removed. Further, considering the
variety of materials that have been assembled to form PEMs,
templates with various molecular conformations may be used
to induce well-defined pores or interconnected channels.
Since PEMs can be readily transferred from planar to colloi-
dal supports,**?! the current approach may also be useful for
encapsulating enzymes®®® or drugs®’?*! inside coatings which
can be “switched” to give controlled pore architectures.

Many polymer pairs have been used to form PEM films
through electrostatic interactions,?”! hydrogen-bonding com-
plexation,?**! and other interactions.*>*! These films are
typically prepared by the consecutive deposition of comple-
mentary species from single-component solutions onto a solid
support. However, recent studies have demonstrated that by
having two polyelectrolytes in one of the adsorption solutions
(i.e., a blend of two polyanions or two polycations), film prop-
erties such as thickness, composition, and pH response can be
tightly controlled.®* ! Herein, we demonstrate that by as-
sembling poly(acrylic acid) (PAA) in alternation with a blend
of a polyelectrolyte (poly(allylamine hydrochloride), PAH)
and a hydrogen-bonding polymer (poly(4-vinylpyridine),
P4VP), appropriate precursor films can be prepared for the
formation of nanoporous polymer films. Pore formation is
achieved by chemically crosslinking the electrostatic compo-
nent (PAA/PAH) and removing the hydrogen-bonding poly-
mer by increasing the pH (see Scheme 1). Porous PEM thin
films have previously been prepared by exploiting polymer re-
arrangement in the thin films, viz. upon immersing PAA/PAH
multilayers in a low-pH solution,*! or by exposing the PAA/
PAH multilayers prepared from salt-containing polyelectro-
lyte solutions to pure water.*Y) The current article represents
the first example, to our knowledge, of preparing porous poly-
mer films using a hybrid multilayer-templating approach.

Initial studies were conducted to examine the effect of vary-
ing blend-solution composition on the buildup of PAA/
(P4VP/PAH) multilayers. These studies were performed using
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