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Abstract—In this paper, we report bright, efficient Alq,-based
[tris-(8-hydroxyquinoline) aluminum] organic light-emitting
diode (OLED) structures that incorporate hemispherical
lenses for increased output power efficiency. The 6-layer hy-
brid (polymer/small molecule) OLED structure contains two
spin-coated polymer layers and four thermally evaporated
small molecule layers. This structure results in balanced charge
injection, thus leading to a more efficient device. The use of
index-matched transparent lenses resulted in luminous and ex-
ternal quantum efficiency of 7.5 Im/W and 8%, respectively. The
size and shape of the lens was used to control the angular power
distribution. Lenses incorporating color conversion media were
used to achieve high OLED efficiency in various colors. Saturated
yellow, orange, and red devices with external quantum efficiencies
as high ~4% were obtained from this approach.

Index Terms—Alqg, color conversion efficiency, color conversion
material, lensed device, luminous intensity, organic light emitting
diodes (OLED), outcoupling efficiency, quantum efficiency.

1. INTRODUCTION

RGANIC light-emitting devices (OLEDs), using Alg,

(tris(8-hydroxyquinoline) aluminum) as both electron
transport material (ETM) and emitter layer, have attracted great
interest since Tang and Van Slyke [1] reported their first bilayer
device in 1987. OLEDs are being extensively investigated and
are beginning to be commercially utilized in electronic display
and solid-state lighting applications [2]-[4].

In order to obtain more balanced charge injection from both
the anode and cathode, multilayer OLED devices are studied
intensively so as to lower the device operating voltage and to
increase the device luminance and output power efficiency. To
achieve this end, one approach is to enhance electron injection
at the cathode/ETM interface by: 1) using low work function
metals [5]-[8] and 2) introducing a thin layer of electron in-
jection material with high electron affinity between the cathode
and ETM in order to increase electron injection through step-
wise injection from the cathode [9], [10]. A second approach is
to increase the hole injection by using: 1) UV-ozone treated in-
dium tin oxide (ITO) [11]; 2) high work function anodes [12];
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and 3) a thin layer of hole injection material (HIM) with a lower
ionization potential than that of hole transport material (HTM)
in order to enhance hole injection [13]-[15] through stepwise
injection from the anode.

The imbalance of the electron/hole (e/h) energy barriers in the
heterostructure and the differences of e/h mobility should be taken
into account during device design [16]. Charge injection balance
is an extremely important issue in achieving high efficiency
OLED devices. During device operation, unbalanced injection
of electrons or holes will result in nonradiative recombination
of the charge carrier species at either the organic/cathode or the
organic/anode interfaces [17]. In designing a device structure
with charge-balanced operation, one needs to consider both
the effect of the energy barriers on charge injection and the
effect of e/h mobilities on charge transport.

Alq, is widely employed as the emissive layer in small mol-
ecule OLEDs. Devices with purely Alq, material as the emitter
layer generally yield an external quantum efficiency nexs ~ 1%
[13], [14], [18], which is still much less than that anticipated
[19] from the high photoluminescence (PL) efficiency (~30%)
of the material, suggesting a large potential for improvement in
these devices if a highly charge balanced device structure can be
designed. Additionally, a considerable portion of the light origi-
nating from emissive centers never escapes from the device due
to total internal reflection when the emitted light exceeds the
critical angle at both the device/substrate interface and the sub-
strate/air interface within an OLED. This reflected fraction of
the emitted light is finally either dissipated by metal electrode
absorption or waveguided within the glass substrate, resulting
in edge emission.

The external quantum efficiency, expressed as number of pho-
tons emitted into the viewing direction for every electron in-
jected, is given by Next = 7int X loc = ¥ XN X § X Noc, Where
Nint 18 the internal quantum efficiency (i.e., total photons gen-
erated per injected electron); 7, is the outcoupling efficiency;
v is the charge carrier balance factor, namely the ratio of elec-
trons/holes at the recombination region; 7, is the efficiency of
singlet formation and ¢y is the quantum efficiency of fluores-
cence. 7 and ¢ are properties of the selected material. As a
result, balancing the charge injection becomes the easiest way
to increase the internal efficiency for Alg; OLEDs.

The external and internal quantum efficiencies are connected
by the device outcoupling efficiency 7,.. This factor has been
approximately evaluated using a simple ray-optics model [20],
[21]. According to the model, more than 80% of produced pho-
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tons are confined within the device and, thus, not available for
a useful function.

Several methods have been reported for increasing the out-
coupling efficiency. The external outcoupling efficiency can
be improved ~ 2X by etching grooves in the glass around the
OLED device in order to redirect light trapped in the glass
substrate and organic/ITO layers [21]. eyt can be improved
~ 1.8% by inserting a low refractive index (n < 1.03) silica
aerogel layer between the glass substrate and the ITO layer
[22]. An increase in outcoupling efficiency of ~ 2x can also
be achieved by integrating optical elements within the OLED
device structure [21], [23], which direct more of the emitted
light out of the device.

In this paper, we report a bright, efficient hybrid Alq, OLED
structure with two layers of spin-coated polymers and four
layers of thermally evaporated small molecules. The schematic
device structure and dimensions are shown in Fig. 1(a) and
(b). The polymer materials serve as hole injection and charge
balance layers, while small molecule materials are used as elec-
tron transport, hole blocking, emitter, and hole transport layers.
Enhancements in outcoupling efficiency have been achieved
through the use of index-matched transparent hemispherical
lenses. Additionally, lenses containing color conversion ma-
terials were used to obtain high efficiency at different colors.
Saturated yellow, orange, and red devices with high efficiency
were obtained from this approach. These high efficiency de-
vices can significantly reduce power consumption, so as to
extend the OLED device operational lifetime.

II. EXPERIMENTAL PROCEDURES

The fabrication process starts with sputter deposition of the
indium tin oxide (ITO) anode layer on Corning 1737 glass sub-
strates (n = 1.46). The ITO (p = 60 /0, n = 1.95) is then
patterned and cleaned with methanol and acetone ultrasonic
bath treatments for 30 minutes each, followed by being thor-
oughly rinsed in de-ionized water and dried in an oven. Next,
two polymer layers of PEDOT [poly(3,4-ethylenedioxythio-
phene) doped with poly(4-styrenesulfonate)] (Baytron-P from
H. C. Stark) and PVK [poly(N-vinylcarbazole)] (Acro Or-
ganics) are sequentially spin-coated onto the patterned ITO
glass substrate. The aqueous PEDOT solution is diluted, fil-
tered and spin-coated at a speed of 2000 rotations per minute
(rpm). The film is then hard baked at 150 °C for 15 min before
applying PVK, resulting in a film thickness of ~30 nm. PVK
solution (4 mg/ml) is filtered and spin-coated afterward at
the same speed. The spin-coated wafer is then rapidly trans-
ferred into an ultra high vacuum molecular beam deposition
(MBD) system (from SVT Association) and baked under
vacuum at 140 °C for 10 min. TPD [N,N’-diphenyl-N,N’-bis(3-
methylphenyl)1-1’-biphenyl-4-4'-diamine] or NPB [(N,N’-bis
(naphthalene-1-y1)-N,N’-bis(phenyl) benzidine)], Alq, and
BCP [2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline] (all
from H. W. Sands) are then thermally evaporated with a depo-
sition rate of ~ 2 A/s at a base pressure of 107" torr. LiF is
evaporated next, at a rate of 1 A/s. The wafer is then briefly
removed to apply the Al cathode shadow mask. The active
device area is 2 x 2 mm?. Finally, the substrate is reinserted
into the MBD system and Al is evaporated at 7 A /s.
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Fig. 1. High outcoupling efficiency of Alq, OLED using index-matched
lenses. (a) Schematic structure of lensed Alg, device. (b) Cross section of Alq,
device with layer dimensions; (c) light output scheme without lens. (d) Light
output scheme with lens. (¢) Emission from lensless device operating at 6 V.
(f) Emission from device with 2.5-mm lens operating at 6 V. (g) Waveguiding
effect for lensless device at 6 V; (h) waveguiding effect for device with 4-mm
lens at 6 V. (Color version available online at http://ieeexplore.ieee.org.)

OLEDs are tested at room temperature without any en-
capsulation. Various transparent epoxy lenses (n = 1.56)
with spherical radius of 2.5, 4 and 5 mm, and different
dome heights (high: h = 8 mm, medium: h = 5 mm
and low: h = 3 mm for the 5-mm-radius lens only) are
attached to the glass side of the OLED device with index
matching liquid; » = 1.51. The refractive indices of the
materials in our device are: glass (n = 1.46)/ITO(n =
1.95)/PEDOT(n = 1.51)/PVK(n = 1.7)/TPD(n =
1.76)/Alqs(n = 1.7)/BCP(n = 1.7) /LiF (n = 1.39).

The color conversion material (CCM) lenses are fabricated
by molding mixtures of molten soft silicone gel (n = 1.4) and
different CCMs. Three different CCM designs were fabricated
for comparison: CCM disk; CCM lens and partially CCM lens
(pCL). The lenses are about 4 mm high with a spherical radius
of ~3.2 mm. The radius of the disk and the lenses are identical.
The thickness of the disks and the thickness of the CCM section
in the pCL lenses are kept the same at 2 mm.

The current density-voltage (J — V') characteristics for the
Alg, device are obtained with an HP-6634B DC power source
controlled by a LabView program. The luminance is obtained
through the transparent glass substrate with a Minolta CS-100
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luminance meter. Device output power is recorded by Newport
1830-C optical power meter through an integrating sphere, and
then calculated (Pou¢ = [ I(X)/R(A)dX) according to the re-
sponsivities of the power meter under the assumption that the
electroluminescent (EL) spectrum is angle independent. I()\)
and R(\) are the power meter photocurrent and detector re-
sponsivity for light incident at wavelengths between A and A +
d\. EL spectra were measured with an Ocean Optics SD 2000
fiber-optic spectrometer with the optical fiber attached above
the OLED normal to the glass substrate. External quantum ef-
ficiency (7ext) and luminous power efficiency (7)), ) are then
calculated according to methods found in the literature [24].

III. EXPERIMENTAL RESULTS

A. Engineering Highly Charge Balanced Device Structures

Introduction: The energy level diagram of the OLED and the
chemical structures of the corresponding materials are shown
in Fig. 2. Values from the literature [15], [25]-[27] are used for
the highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) of the organic materials
and for the work function of the metal electrodes. ITO serves as
the anode; PEDOT functions as a hole injection layer (HIL);
PVK is a charge balance layer (CBL) whose purpose is to ef-
fectively slow down hole transport; and TPD or NPB are used
as hole transport layers (HTL). It has been reported [28], [29]
that devices fabricated with TPD or NPB showed similar device
performance. TPD and NPB films have similar hole mobility
[30] and only a slightly different HOMO/LUMO levels [25].
Therefore, devices fabricated with either TPD or NPB are com-
parable. Alg, is used for both the electron transport layer (ETL)
and the emitter layer (EML); BCP functions as a hole blocking
layer (HBL); LiF works as an efficient electron injection layer,
and Al is used as the cathode.

A conventional bilayer OLED using Alq, as emitter usually
has a structure of ITO/TPD/Alq,/low-work-function cathode
[71, [25], [31], [32]. This type of OLED generally produces an
Next ~ 1%, indicating a large potential for improvement of this
structure. Since the energy barrier at the ITO/TPD interface is
fairly large (~0.7 eV), a thin spin-coated layer of conductive
polymer PEDOT is inserted to assist hole injection. PEDOT
has a HOMO value of 5.2 eV, which is lower than the HOMO
value of TPD but higher than the work function of ITO, so it
can enhance hole injection [13]-[15] through stepwise injec-
tion from the anode. It was reported [33] that the hole mobility
(10_3 cm2/V -s) in the TPD or NPB film is 2 orders of magni-
tude higher than the electron mobility [34] (10™° cm? /V -s)in
Alg,, while the hole mobility [33] in PVK (1072 cm?/V - s) is
quite comparable with the electron mobility in the Alq, layer.
The incorporation of a PVK film in the device is expected to
prevent holes from moving much faster than electrons, helping
to balance e/h injection. The two polymer buffer layers, PEDOT
and PVK are very important layers for high luminance and high
efficiency device operation. Devices without any buffer layer
are found to be inefficient and to degrade rapidly. There are
many possible mechanisms for the improvement in performance
achieved through the introduction of the polymer layers: re-
duction in the energy barrier between sequential layers [35],
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Fig. 2. Energy levels (a) and chemical structures (b) in the Alq; OLED with
polymer layers and BCP layer. (Color version available online at http://ieeex-
plore.ieee.org.)

[36]; reduction in back-scattering of injected charges [37]; re-
duction in surface energy mismatch between the hydrophilic
oxide anode and the hydrophobic arylamine HTL [13] which
can cause poor physical adhesion.

However, a device with the ITO/PEDOT/PVK/TPD/Alq,/
LiF:Al structure will still operate inefficiently at high current
density (high luminance) because electrons have an energy
barrier of 0.9 eV at the TPD/Alq; interface. This effectively
confines electrons to the emitter layer. However, holes remain
free to travel from the emitter layer toward the cathode where
they will nonradiatively recombine. To prevent this, a BCP
film is inserted into the device structure as a hole blocking
layer. BCP has a HOMO value of 6.7 eV, which creates a
1.0-eV energy barrier for holes to escape the emitter layer.
Furthermore, the BCP electron mobility is reported [38], [39]
to be ~ 10™* cm?2 /V -s, which is an order higher than that of
Alq,. Therefore, including a thin BCP HBL into the device will
have only a minimum effect on the electron transport rate.

To determine the effect of different device structures design
on device performance, five device types having the following
structures were fabricated. Four devices of each type were
measured. The spread in device characteristics was found to be
<5%. ITO and LiF:Al were used as anode and cathode for all
five devices:

A) PEDOT(50 nm)/TPD(60 nm)/Alq;(40 nm);

B) PVK(50 nm)/TPD(60 nm)/Alq4(40 nm);
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Fig. 3. Electroluminescent spectra of Alg; OLED at several bias voltages.
(Color version available online at http://ieeexplore.ieee.org.)

C) PEDOT(50 nm)/NPB(30 nm)/Alq;(40 nm)/BCP(20 nm)/
Alq4(10 nm);

D) PVK(50 nm)/NPB(30 nm)/Alq;(40 nm)/BCP(20 nm)/
Alq4(10 nm);

E) PEDOT(50 nm)/PVK(50 nm)/NPB(30 nm)/Alg;(40 nm)/
BCP(20 nm)/Alq4(10 nm).

Results and Discussion: Fig. 3 contains EL spectra of device
A at operating voltages from 4 to 10 V. As expected in an Alq,
device, the emission is in the green range, with a peak at 520 nm
and full-width at half-maximum (FWHM) of 90 nm. The emis-
sion peak does not significantly shift with applied voltage. It
was observed that the shape of EL spectra was identical in all
five devices, with the difference only in the output power inten-
sity at fixed operating voltage.

The luminance-current density-voltage (L-J-V) characteris-
tics of devices A, B, C, D and E are shown in Fig. 4. Three-layer
devices with different polymer layers of either PEDOT or PVK
are compared in Fig. 4(a). The PEDOT buffered device (device
A) turns on (defined as generating measurable optical emission
of ~ 0.01 cd/m?) at a bias of ~2.8 V, and reaches 300 cd/m?
at 6 V. The bias condition needed for reaching 300 c¢d/m? lu-
minance is a useful measure of comparison since that is the ap-
proximate level required for many display applications. The lu-
minance saturates at a value of ~ 10* cd/m? at a bias of ~19
V. In comparison, device B with the PVK polymer layer turns
on at a much higher voltage (7 V). This is consistent with its de-
vice structure: 1) in contrast to the highly conducting PEDOT,
PVK is a semiconducting polymer and, therefore, including a
50 nm PVK layer into the device will introduce a significant
voltage drop across this layer and 2) the ITO/PVK hole bar-
rier of 1.1 eV in device B is much higher than the PEDOT/TPD
hole barrier (0.2 eV). After turn on, the luminance of device B
increases slowly with voltage, reaching 300 cd/m? at a bias of
20 V. The luminance of device B saturates at a much lower value
(~ 10® cd/m?) than device A at the higher voltage of 30 V.

Devices with the addition of the BCP HBL are compared in
Fig. 4(b). Device C with the PEDOT polymer layer turns on at
3V, which is nearly the same as device A. This is consistent
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Fig. 4. Luminance and current density as a function of voltage. (a) Without
BCP layer. (b) With BCP layer. (Color version available online at http://ieeex-
plore.ieee.org.)

with the organic layer thickness and the e/h energy barriers in
these two device structures. After turn on, the luminance of de-
vice C increases rapidly with voltage, reaching 300 cd/m? at
7 V and a saturation value of ~ 2 x 10* cd /m? at a voltage of
16 V. The PVK buffered structure (device D) turns on at 8 V
and can produce 300 cd/m? at 18 V. The luminance saturates
at a value ~ 2500 cd/m? at 24 V. Interestingly, the introduc-
tion of the HBL layer doubles the maximum luminance for both
PEDOT and PVK devices. The device with dual polymer layers
(device E) turns on at ~4 V, and reaches 300 cd/ m?at11 V. The
brightness saturates at about the same value (~ 2 x 10* cd/m?)
as device A, with a slightly higher bias of ~18 V but with only
about half of the driving current.

Fig. 5 shows the luminous efficiency 7., as a function of
OLED luminance for the same five devices of Fig. 4. In gen-
eral all five devices follow the same trend: a rapid increase in
efficiency at low luminance levels, followed by a slow increase
or a nearly constant efficiency over a wide range of luminance
(approximately from one to three orders of magnitude), and fi-
nally a fairly sharp decrease at the highest luminance values.
The external efficiencies of devices A and B reach their max-
imum value of ~0.85% (2.8 cd/A) and ~1.9% (6.4 cd/A) for
luminance values of 5000 and 50 cd/m?, respectively. By com-
parison, devices C and D exhibit maximum efficiency values of
~1.8% (6 cd/A) and ~1.5% (5 cd/A), respectively. The satu-
rated efficiency ranges for devices C and D are approximately
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Fig. 5. External quantum and luminous efficiency for OLED structures with
different polymer buffer layers and (a) without and (b) with BCP layer. (Color
version available online at http://ieeexplore.ieee.org.)

from 10 to 15000 cd/m? and from 2 to 1000 cd/m?, respec-
tively. Considering the charge transport mechanism in devices
B and D, we can assume that their e/h charge transport rate is
roughly the same, with the electron mobility through the Alq,
layer matching the hole mobility through the PVK layer. How-
ever, because of the 1.1 eV ITO/PVK energy barrier, hole injec-
tion into the TPD (or NPB) layer is less efficient than electron
injection into the Alg, emitting layer. This will result in electron
build-up at the HTL/Alq, interface. Therefore, it is expected that
most of the e/h recombination takes place at the HTL/Alq, in-
terface and that it is rate-limited by hole injection. This supposi-
tion is supported by the fact that since similar efficiency values
are obtained from these two devices, the incorporation of the
HBL does not actually increase the maximum efficiency. Un-
like devices B and D, devices A and C do not have a PVK layer
to reduce the hole mobility. Therefore, holes will move much
faster than electrons, resulting in excess holes at the TPD/Alq,
(device A) or Alq,/BCP (device C) interface. The recombina-
tion is then rate-limited by electron injection. In the case of de-
vice A, it is expected that holes can easily overcome the 0.3
eV energy barrier at the TPD/Alq, interface and move toward
the cathode, resulting in a reduced efficiency value. Therefore,
the incorporation of the HBL in device C is expected to con-
fine the recombination to the Alq, layer by blocking the holes
from further transporting to the cathode. The doubled efficiency
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value from device A to device C confirms this supposition. The
external quantum efficiency 7.yt of the dual polymer layer (de-
vice E) saturates at a value >3% (10 cd/A) for luminance values
from 10” to over 10* cd /m?. The high efficiency of device E re-
sults from having both balanced e/h energy barriers and e/h mo-
bilities. It is, therefore, likely that the e/h recombination occurs
mostly within the Alq, layer.

B. Lensed Approach to High Outcoupling Efficiency

Introduction: The outcoupling efficiency, expressed as the
ratio of surface emission intensity to total internal emission in-
tensity, has been assumed to be less than 18% due to the crit-
ical angle of total internal reflection within the device [21]-[23].
The schematic diagrams in Fig. 1(c) and 1(d) illustrate the ef-
fect of the lens on the efficiency of the Alq; OLED. In the lens-
less device, the light reaching the glass—air interface at angles
larger than the critical angle (6.1) is totally internally reflected
and waveguided in the glass substrate. With the lens outcou-
pling technique, the light previously trapped in the glass sub-
strate (within a cone from 6. to 6.2, f.> = tan~1(r/d)) would
now be emitted [parameters are defined in Fig. 1(d)].

Results and Discussion: Fig. 6 shows the output power den-
sity of lensed devices as a function of the driving current den-
sity. Hemispherical transparent lenses are incorporated with de-
vice E (dual polymer layer structure) to enhance the outcou-
pling efficiency. The epoxy lenses are 2.5 and 5 mm in radius
with a refractive index of 1.56. For comparison, the performance
of the same device without lens modification (lensless) is also
shown. The device output power is dramatically enhanced by
using the lensed structure. Compared to the lensless device, the
output power is doubled for the 2.5-mm-lensed device and in-
creases 2.5x for the 5-mm-lensed device. This is close to the
maximum outcoupling enhancement factor [21]-[23] of ~2.7
calculated by assuming that all the light previously waveguided
in the glass substrate is now coupled out of the device. The max-
imum output power density is reached by the 5-mm-lensed de-
vice at 19 V (0.3 A /cm?), namely 45 mW /cm? (calculated by
using the 2 x 2 mm? base size) compared to only 18 mW /cm?
for the lensless device. Fig. 1(e) and 1(f) show photographs
taken under ambient lighting of the lensless device and of the
2.5-mm-lensed device operating at 6 V. Clearly, the power in-
tensity of the 2.5-mm-lensed device is much higher than that
of the lensless device. Fig. 1(g) and 1(h) illustrates the wave-
guiding effects in a lensless device and in a device with a 4-mm
lens. The lensless device shows very bright edge emission, while
edge emission from the 4-mm-lensed device has almost disap-
peared. Alternately, we estimate at least a doubling of OLED
operational lifetime for the lensed devices under the same lu-
minance condition, since they require only about one-half the
input power of the lensless devices.

Efficiency (next and mum) as a function of current density
is shown in Fig. 7 for device E with various lens sizes. The
5-mm-lensed device has a maximum 7)ex; of ~8%. This com-
pares to the highest 7jext of 1.2%—1.4% reported [13], [31] for
undoped Alq, lensless devices and 4-5% for doped Alq, lens-
less devices [27], [40]. The highest 71, value of ~7.5 Im/W is
achieved with the same lensed device at ~ 10 mA/cm?. Both
Next and M,m, increase approximately 2.5 for the S-mm-lensed
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device and 2.0x for the 2.5-mm-lensed device compared to the
lensless device, which has its maximum 7)cx¢ and 7y, of ~3.2%
and 2.8 Im/W, respectively. Remarkably, both 7ex¢ and 7y, are
constantly high (>2% and >2.5 Im/W, respectively) over the en-
tire operating range from 0.1 mA /cm? to over 200 mA /cm? for
the 5-mm-lensed device. This compares favorably to most phos-
phorescent devices, which have very high 7.yt at low current,
but experience a rapid drop in efficiency with increased driving
current. The hybrid fluorescent device appears to be quite com-
petitive for high luminance (high current) applications.

Fig. 8 shows the far-field power distribution of our devices.
As shown in Fig. 8(a), the measured (individual data points)
emission from the lensless device matches very well with
the calculated Lambertian pattern (dashed lines). For the dif-
ferent lensed devices the measured far-field power distribution
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Fig. 8. Far-field output power distribution: (a) for lenses of different sizes and

(b) for 5 mm lenses of different heights. (Color version available online at http://
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changes significantly from the lensless case. The power inten-
sity increased much more in the direct viewing direction than at
large viewing angles. The distribution pattern for lensed devices
can be modified further by adjusting the height of the lens.
Lenses with the same spherical radius of 5 mm were modified
to vary the dome height from high (A = 8 mm), to medium
(h = 5 mm) and low (h = 3 mm). As shown in Fig. 8(b), the
far field power distribution changes dramatically with dome
height. The low dome still resembles the Lambertian power
distribution pattern, with a mostly even increase of the power
intensity in all directions over the lensless device. The medium
and high dome, however, increase the power output mostly in
the direct viewing direction. Using the high dome, the power
intensity in the surface normal direction increases more than
13 x over the lensless device. This indicates the great potential
of lensed OLEDs in the area of super bright output power
concentrated in the direct viewing direction.

C. Lensed Approach to High Color Conversion Efficiency

Introduction: Color down conversion is well known [3], [41]
to be a very convenient and flexible method to achieve various
colors. It is obtained by optically pumping an efficient color
down conversion material (CCM), usually a planar thin film, fre-
quently yielding an internal quantum efficiency (7);n+) of >90%.
The color conversion method though, has some potential prob-
lems to be overcome in both display application and lighting
application if one uses planar CCMs to modify the glass side of
the OLED device: 1) “color bleeding” due to the waveguiding
light pumping adjacent pixels in display pixel arrays [42]; 2)
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Fig. 9. High color conversion efficiency devices using lensed approach.
(a) Schematic structure of the color conversion approach in Alg, device.
(b) Waveguiding effect for devices with CCM disk conversion operating at 5 V.
(c) Emission from devices with partially CCM lens (pCL) operating at 5 V.
(Color version available online at http://ieeexplore.ieee.org.)

absorbed light being reemitted isotropically and then mostly
waveguided in the glass substrate and the CCM layers, causing
significant loss of useful output power; and 3) back-emitted light
being largely absorbed or waveguided and thus not available in
the viewing direction. Therefore, the useful color conversion ef-
ficiency from a planar CCM is in practice less than 50%.
Results and Discussion: Fig. 9(a) shows a schematic diagram
of an OLED 2 x 2 array with each device using a different out-
coupling elements: transparent lens, CCM disk, CCM lens and
partially CCM lens (pCL). Perylene-based lumophores are se-
lected as dopants: yellow, orange, and red. Lumophores of this
type have been reported [43] to have high quantum efficiency,
long lifetime and stability under environmental stress condi-
tions. The doping concentrations are 0.2 wt%, 0.1 wt%, and
0.05 wt% for yellow, orange, and red, respectively. Concentra-
tions are selected to minimize the self-quenching and reabsorp-
tion but yet maintain true color. Fig. 9(b) shows a dark ambient
photograph of the 2 x 2 OLED array in operation (at 5-V bias)
with one transparent disk and three CCM disks. Fig. 9(c) shows
the operation of the same array with three pCLs and one trans-
parent (undoped) lens under normal ambient light. Green light
originating from the Alq, emitter passes through the glass sub-
strate and is mostly absorbed by the CCM layers. Vivid yellow,
orange and red colors are observed from the different pCL de-
vices. In the case of the CCM disk array, the large difference
of refractive index between the CCM layer (n = 1.4) and air
(n = 1.0) will cause the isotropically reemitted luminescence
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Fig. 10. Absorption coefficient of CCM films and their corresponding photo-
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in the forward direction to experience total internal reflection
when the incident light angle exceeds the critical angle at the
CCM-air interface. This will result in a total of ~70% of the
reemitted light being totally reflected and waveguided in both
the glass substrate and the CCM layer. Bright edge emission re-
sulting from this waveguiding effect is clearly observed from
the disks and glass substrate. In the pCL case, because much
of the reemitted light in the forward direction is incident almost
perpendicular to the lens/air interface, most of the luminescence
reemitted in the viewing direction can now escape from the de-
vice. An exception to this is light originating at the edge of the
lens can still experience waveguiding.

Fig. 10 shows the absorption coefficients and photolumines-
cence (PL) for the yellow, orange, and red CCMs. The absorp-
tion coefficients are obtained from the selected concentrations
for the CCM films. To minimize reabsorption, the PL spectra are
obtained by pumping very thin films of extremely dilute CCM
solutions. Clearly, the absorption spectra of the various CCMs
overlap with their emission spectra to a great extent. This can re-
sult in strong self-absorption and lead to a decrease of the color
conversion efficiency. At the same time the emission spectra
will become red-shifted as a result of self-absorption.
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Fig. 12. OLED external quantum efficiency as a function of driving current for
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Fig. 11 contains the EL spectra of the transparent-lensed
green (G) device in addition to the yellow (Y), orange (O),
and red (R) pCL devices. The insert in Fig. 11 shows the
color coordinates of the four devices on the 1931 Commission
Internationale de 1’Eclairage (CIE) diagram. Clearly, the emis-
sion from the CCM-down-converted OLEDs shows saturated
yellow, orange, and red colors. The EL emission spectra for
the yellow, orange, and red devices exhibit red shifts from their
corresponding PL spectra in Fig. 10. For the yellow device, the
higher energy peak in its PL spectrum at 490 nm is not present
in the OLED emission spectrum where pumping occurs at a
longer wavelength. The lower energy peak of the yellow device
at 515 nm is shifted to 565 nm. Similarly for the orange device,
the first peak at 535 nm in the PL spectrum is not present in
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the EL spectrum, while the second peak has shifted from 553
to ~595 nm. Finally, the emission peak for the red device is
shifted from 605 to ~620 nm. Devices outfitted with the CCM
lenses experience a higher degree of spectrum red-shifting than
the pCL devices because of the increased volume of CCM in
the lens, resulting in decreased color conversion efficiency.

Fig. 12 shows the 1.yt of the Y, O, and R pCL devices. In
general, the 7.yt of the three devices has the same dependence
on driving current. The efficiency values increase rapidly at low
current levels, followed by a nearly constant efficiency over
a wide range of operating conditions (approximately from 5
to 200 mA/cm?), and finally experience a rapid decline at the
highest current levels. As a result of the enhancement in out-
coupling efficiency provided by the lensed approach and high
color conversion efficiency of the CCMs, the pCL devices have
a higher 7qy¢ than the original lensless device. The maximum
Next Ccan be as high as ~4% (compared to 3.2% for the orig-
inal lensless device) for yellow, orange and red pCL devices
and stays over 1% for almost entire driving current range from
0.1mA/cm? to> 200 mA /cm?.

IV. SUMMARY AND CONCLUSIONS

Bright, high power output hybrid Alq; OLEDs which in-
corporate index-matched hemispherical lenses for enhanced
output power efficiency have been reported. Polymer (CBL)
and small molecule (HBL) layers have been introduced to
control the location of the recombination process. This hybrid
polymer/small molecule structure provides more balanced
charge injection, resulting in high luminance and efficiency and
a more stable device over a large brightness range. Outcoupling
efficiency enhancement as high as 2.5x has been obtained by
using the lensed approach. The 7y, and 7.yt can be as high
as 7.5 Im/W and 8%, respectively, for the lensed device. These
are the highest efficiency values reported for undoped Alq,
devices. Using lensed color down conversion media, saturated
yellow, orange and red devices with high conversion efficiency
were demonstrated. An external quantum efficiency of ~4%
is achieved for all three devices. In conclusion, the lensed
approach is a very useful and flexible approach for improving
the performance of OLEDs.
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