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This short review surveys the development of red fluorescent materials for the application
of organic light-emitting diodes (OLEDs) that generate red electroluminescence (EL). The
merit and problems of current dopant-based, either fluorescent or phosphorescent, red OLEDs
will be addressed first. Materials that offer unique EL characteristics, such as narrow and
saturated red EL as well as current density or voltage-independent EL efficiency, are
discussed. In addition to dopant-based and assist dopant-based red OLEDs for comparison
purposes, the survey emphasizes nondoped red OLEDs that are fabricated with the newly
emerging red fluorophores as the host-emitter. The advantage of host-emitting nondoped
OLEDs compared with traditional dopant-based red OLEDs is described in view of the
chemical and device structures of these materials.

Introduction

Light-emitting materials are the primary substance
for organic light-emitting diodes (OLEDs) that generate
electroluminescence (EL) in flat panel display applica-
tions. Fundamentally, EL originates from electron and
hole recombination on fluorescent materials in the thin
film layer structure of OLEDs. The light-emitting
materials can be in two possible forms, either as the
emitter itself (host-emitter) or as the dopant incorpo-
rated into an appropiate host. The latter efficiently
utilizes the Forster resonance energy transfer from the
host. The most frequently used material is the green
fluorescent material tris(8-hydroxyquinoline)aluminum
(Algs). Numerous fluorescent materials, either as host-
emitters or dopants, have been known and developed
since reports from Kodak on green OLED in 1987 and
the dopant-based green and red OLEDs in 1989.12
Whereas short wavelength light-emitting blue or green
fluorescent materials are commonly used as either host-
emitter or dopant, red fluorescent materials are less
flexible and mostly limited to the dopant usage in the
fabrication of red OLEDs. This is due to the nature of
red fluorescent materials. Fluorophores emitting long
enough wavelength (emission maximum wavelength
Amax > 610 nm) are usually polar, such as electron-
donor-substituted pyran-containing compounds, or non-
polar but extensively z-conjugated, such as polycyclic
aromatic hydrocarbon (PAH) or porphyrin-type macro-
cyclic compounds. Red emitters used in OLEDs include
materials that are highly emissive in solution, such as
Nile Red, DCM (4-(dicyanomethylene)-2-methyl-6-[4-
(dimethylaminostyryl)-4H-pyran]), and those more
weakly emissive, such as TPP (5,10,15,20-teraphe-
nylporphyrin) (Figure 1). However, all these red fluo-
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Figure 1. Fluorescence image of Nile red (left), DCM (center),
and TPP (right) in solution (CH3Cls) and in solid state. Please
note that the fluorescence of the solid samples of Nile red and
TPP is virtually invisible.

rophores are prone to aggregation in solid state, due to
either attractive dipole—dipole interactions or effective
intermolecular sz-stacking. Therefore, they are highly
susceptible to concentration quenching and become
either weakly emissive or even not emissive at all in
solid state (Figure 1).

Consequently, the guest—host doped emitter system
becomes a universal method for solving the problem of
these red emissive materials when applied for OLEDs.
Dopant molecules are dispersed and isolated in the host
materials and thus concentration quenching can be
avoided. However, the optimum dopant concentration
is usually low, commonly no greater than 2%, and the
effective doping range is extremely narrow and com-
monly no greater than +0.5% of the optimum concen-
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tration.? Realistically, OLEDs based on dopant are more
difficult to adapt for mass production processes than
those based on a nondoped host emitter, considering
that reproducibility of the optimum doping level re-
quires careful manufacturing control. From a practical
standpoint, a solution to the red-light-emitting OLEDs,
either in materials or devices perspective, is highly
needed.

This short review will comprehensively survey re-
cently emerging red-light-emitting materials that are
used as nondoped host emitters in red OLEDs, which
are rare. These materials have attracted growing at-
tention as a possible solution to the problem of red
OLEDs.? The review is organized first to summarize the
current development of red dopant OLEDs, mainly
focusing on pyran-containing red dopants, namely DCM,
DCM2, DCJTB, DCJMTB, and congeners (Scheme 1).
A few red dopants other than the DCM-type dyes will
be mentioned also for their unique EL characteristics,
such as stable EL efficiency and narrow emission
spectra. To have a fair comparison, we will exclude
OLEDs showing red EL with CIE (Commission Inter-
nationale de ’Eclairage) 1931 color chromaticity coor-
dinates x < 0.62 and y = 3.7 to be accordant or
comparable with (0.64, 0.34) and (0.64, 0.33) of the
standard red CRT Phosphors of the Society of Motion
Picture and Television Engineers (SMPTE-C) and the
European Broadcasting Union (EBU), respectively.*
Except for a handful of examples, reported red OLEDs
that do not show the data of color chromaticity coordi-
nates will not be discussed here. Those red OLEDs
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reported with only an emission maximum of EL (4y4")
are hard to judge for their color purity of red EL, even
though sometimes EL spectra are provided. This review
does not cover europium metal complexes, which are
known for saturated red emission with extremely nar-
row full width at half-maximum (fwhm) of only 3 nm.?
Red OLEDs fabricated with such rare-earth emitters
usually fall short of the efficiency and chemical stability
required by commercial application, although external
quantum efficiency and current efficiency as high as
4.3% and 4.7 cd/A, respectively, have been reported
recently.® The review also will not cover the very bright
and efficient triplet-state red emitters such as iridium
complexes or platinum porphyrin complexes.” The very
good performance of these triplet-state emitters is
observed only for the devices operated at relatively low
current densities of 0.01—10 mA/cm?. Emission quench-
ing due to the long lifetime of the triplet state causing
severe triplet—triplet annihilation is significant even at
medium current density of greater than 50 mA/cm? for
most cases. Doping is so far compulsorily required for
europium metal complexes or triplet-state emitters in
practical red OLED application.

Red OLEDs Based on Red Dopant

Although quite a number of red fluorescence dyes
have been synthesized and studied, DCM-type dyes,
particularly DCJTB, are still the most efficient materi-
als among them. Both DCM and DCM2 were adopted
by Tang et al of Kodak in the classical report demon-
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Table 1. EL Performances of Pyran-, Chromene-, or Isophorene-Containing Dopant-Based Red OLEDs

luminance max,

maximum efficiency 75XT(%),

Amax®! at 100 mA/cm?, nCR (cd/A),
red dopant (nm) CIE (x,y) at 20 mA/cm? (cd/m2) 7PV (Ilm/W) reference
1 DCM2¢ 650 0.64, 0.36 1400, —, — -, —,0.011 8
2 DCM2? 644 0.64, 0.36 7780, —, — - =, = 10
3 DCJTBe 630 0.64, 0.35 — - —3.24,1.19 11
4 DCJTB 630 0.65, 0.35 — — 966 — 4.44, 2.09 12
5 DCJMTB¢ 624 0.63, 0.36 14686, 2500™, 400™ —,2.64,0.72 17
6 AAAP/ 630™ 0.63, 0.36 5600, 1200™, 300™ - =, = 18
7 CHRO1¢ 650™ 0.63, 0.35 1010, 350™, 60™ — —0.071 19
8 CHRO2" 660™ 0.66, 0.33 250, 150™, 25™m -, —, 0.042 19
9 DADB: 649 0.64, 0.35 - =, = —,0.12, — 20
653 0.66, 0.34 >250m, 60, 15 ~.0.09,
10 DCMTHBP/ 660 0.67, 0.32 414, 390™, 100™ -, 0.29, — 21
11 ISPH1* 680™ 0.64,0.33 595, —, — —,0.24, 0.08 22a
12 ISPH2' 670™ 0.64,0.34 523, —, — —,0.16, 0.05 22a

@ ITTO/NPB/Alqs:DCM2(10%)/Mg:Ag. ® ITO/CuPc/NPB/Algs:rubrene(5%):DCM2(2%)/Mg:In. ¢ ITO/CF,/NPB/Algs:rubrene(5%):DCJTB(2%)/
Alqs/LiF/Al. ¢ ITO/CF,/NPB/Alqs:rubrene(60%):DCJTB(2%)/Alqs/LiF/Al. ¢ ITO/TPD/Gaqs:DCMJB(1%)/Gaqs/Mg:Ag. / ITTO/TPD/
Alqs3:AAAP(1.5%)/bOXDF/Alqs/Mg:Ag. ¢ ITO/TPD/Alqs:CHRO1(1%)/Alqs/Mg:Ag. " ITO/TPD/Alqs:CHRO2(1%)/Alqs/Mg:Ag. ¢ ITO/TPD/

Alq3:DADB(4.6%)/Alqs/Al  and

ITO/TPD/Alqs:DADB(5.2%)/Alqs/Al. 7 ITO/CuPc/NPD/Alqs: DCMTHBP(2%)/Alqs/Mg:Ag. * ITO/NPB/

Alqs: ISPH1(1%)/Alqs/Mg:Ag. | ITO/NPB/Alqs:ISPH2(1%)/Alqs/Mg:Ag. ™ Estimated from the figures in reference.

Table 2. Red OLEDs, Doped or Non-Doped, Fall Short on the CIE Chromaticity of Standard Red Color

luminance max,

maximum efficiency 75%XT(%),

Amax® at 100mA/cm?, nCR (cd/A),
red emitter (nm) CIE (x,y) at 20 mA/cm? (cd/m?) 7PV (Im/W) reference

1 DCM¢ 650 0.62, 0.37 150, —, — , = 9

2 DCJTB? 620 0.63, 0.37 —, = 378 —.1.89, 0.65 13
3 DCJTB¢ 620 0.63, 0.37 -, —, 60 -, 5.66, — 16
4 DCJTB¢ 628 0.62, 0.38 15000, 6000, 1200 -, 3.0, — 15
5 BSNe¢ 630 0.63, 0.37 -, 2.8, — 3a
6 D-CN/ 597 -, = 5080, 1440, 600! 1, -, - 36
7 D-CNe# 598 - = 3500¢, 3290, 700! 1.1, -, — 36
8 CHRO3" 670! 0.63, 0.37 850, 350!, 50 -, —, 0.059 19
9 DCDDC! 630 — = 5600, 10007, 200! — - 16 22b
10 DADB/ 644 0.63, 0.37 >550, 250, 60! —,0.29, — 20
11 BAM* 620 , — 6230, 1200, 250! - —, 1.2 40

o ITO/TPB/Alqs:DCM(10%)/Mg:Ag. ® ITO/CF,/NPB/Alq;: DCJITB(1%)/Alqs/Mg:Ag. ¢ ITO/NPB/Alqs:DCJITB(0.5%)/BCP/Mg:Ag. ¢ ITO/
NPB/Alq3:QAD(0.5%):DCJITB(1%)/Alqs/LiF/Al. ¢ ITO/2-TNATA/NPB/BSN/Alq3/Li;O/Al f ITO/D-CN/Mg:Ag. & ITO/D-CN/OXD/Mg:Ag.
» ITO/TPD/Alqs:CHRO3(3%)/Mg:Ag. | ITO/PVK:TPD/Alqs:DCDDC(1%)/Mg:Ag. / ITO/TPD/Alqs:DADB(3.4%)/Alqg/Al. * ITO/PVK:TPD/

Alg3:BAM(1.0%)/Mg. ! Estimated from the figures in reference.

strating the dopant approach in enhancing the perfor-
mance of OLEDs.2 However, the devices they fabricated
were not truly red but orange at the optimum doping
concentration, which is about 0.1-0.5% for DCM,
although both provide respectable external quantum
efficiency (#5XT) as high as 2.3%. The Anax™- of DCM or
DCM2 containing OLEDs is highly concentration-
dependent in the ranges of 570—620 and 610—650 nm,
respectively (see Figure 2 for DCM).

The real red or near-red OLEDs based on DCM and
DCM2 were realized later with high doping concen-
tration of 10% (see entry 1 of Table 1 and Table 2).59
However, such red devices showed low brightness
and efficiency and thus are unsuitable for practical
usage.

To solve the problem of concentration quenching,
Hamada et al of Sanyo reported an innovative solu-
tion, the so-called “assist dopant” method.l Rubrene
(5,6,11,12-tetraphenylnaphthacene) was added as
codopant with DCM-type red emitter in the fabrication
of red OLEDs. This is to take advantage of the well-
aligned energy level of Alqs-rubrene-DCM fluorophore
that facilitates the Forster resonance energy transfer.
Rubrene filled in the gap of energy transfer between
Alqgs host and DCM-type red dopant, which becomes a
problem when the doping concentration is being pushed
higher for acceptable color purity of red EL. The assist

Fluorescence intensity (A.U.)

!
400 450 500 550 600 650 700
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Figure 2. Fluorescence spectra of Alqs doped with DCM as
a function of DCM concentration. (Reprinted with permission
from ref 2, Copyright 1989, American Institute of Physics).

dopant approach is quite successful and clearly shows
in the DCJTB-based red OLEDs when compared to
entries 2—4 of Table 119712 with that of non-assist
dopant (entry 2 of Table 2).12 In fact, the assist dopant
entry 4 of Table 1 is the red OLED showing the highest
EL efficiency (current efficiency n°EN of 4.44 cd/A)
among all those listed. Although the information about
the maximum EL intensity of the device was lacking,
the impressive brightness of 966 cd/m? at 20 mA/cm?
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Figure 3. Top: Current efficiency—voltage characteristics
(symbols marked with DH) of the device ITO/NPB/
Alqs:DCJTB(0.5%)/BCP/Mg:Ag (entry 3 of Table 2). Center:
Current efficiency—voltage characteristics (square symbol line)
of the device ITO/NPB/Alqs:QAD(0.5%):DCJTB(1%)/Alqs/LiF/
Al (entry 4 of Table 2). Bottom: Current efficiency (luminance
yield)—voltage characteristics (solid triangle symbol line) of
the device ITO/CF,/NPB/Alqs:rubrene(60%):DCJTB(2%)/Alqs/
LiF/Al (entry 4 of Table 1). (Reprinted with permission from
refs 16, 15, and 12, respectively, Copyright 2001 and 2003,
American Institute of Physics).
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was mentioned briefly.!2 With the DCJTB concentra-
tion fixed at 2%, the red OLED showed the best current
efficiency (y°BN = 4.44 cd/A) with the concentration of
rubrene at 60% and was virtually unaffected by drive
current density in the range of 20—100 mA/cm?.12 It was
suggested that the presence of a large amount of
rubrene in the DCJTB-doped device can remove excess
holes that are injected at high current density and thus
reduce the propensity for the formation of cation radical
of Algs, which was proven for the quenching species can
also lead to device instability.!* The assist dopant
quinacridone (QAD) worked similarly to rubrene for
red OLED with Alqgs as the host matrix (entry 4 of
Table 2).1% Lee et al.18 also enhanced the efficiency of
DCJTB-doped red OLED to 5.66 cd/A (entry 3 of
Table 2) by the addition of a hole-blocking layer of

Reviews
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Figure 4. Luminance (L)/initial luminance (L) vs time (plot
A) of the device ITO/CF,/NPB/Algs:rubrene(60%):DCJTB(2%)/
Alqs/LiF/Al (entry 4 of Table 1) driven at 20 mA/cm?. (Re-
printed with permission from ref 12, Copyright 2003, American
Institute of Physics).

BCP (bathocuproine or 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) in the device. The introduction of a
BCP layer can confine both charge carriers and
excitons in the narrow Alqs/red dopant recombina-
tion zone (only 7 nm). The BCP hole-blocking layer
is also important in enhancing the device perfor-
mance of the nondoped host emitting red OLED (vide
infra).

There are a limited number of papers that provide
lifetime information of the device, even though it is the
major concern for practical application. In most of the
OLED studies, the current density or voltage depen-
dency of EL efficiency are shown as an alternative and
quick demonstration, although such demonstration does
not directly relate to the performance of operation
lifetime. Figure 3 illustrates three examples based on
the highly efficient DCJTB-doped red OLEDs.1215.16
The device containing DCJTB with rubrene assist
dopant exhibited the most stable EL efficiency among
the three. Only one of three cases shown in Figure 3
has been tested for the time-dependent performance of
the device EL brightness (Figure 4).12 It was claimed
that, assuming the scalable Coulombic degradation, for
driving at Lg of 100 cd/m?2, the half-life (¢12) of this device
was projected to be near 3.5 years (>30 000 h).

From a chemical structure standpoint, DCM2 can be
considered an improved version of DCM. DCM2 has a
ring-locked alkylamino donor group that increases the
molecular rigidity and red-shifts the emission wave-
length (about 20—30 nm) which helps in achieving the
red EL of the device at lower doping concentration and
thus gives better performance (brightness and effi-
ciency) of the device. Red dopant DCJTB can be
considered as a further improvement of DCM2. The
molecules of DCJTB are built with sterical hindered
structural moieties, tetramethyl and tert-butyl substit-
uents. Both structural features prevent the DCJTB
molecules from the close contact that is the origin of
concentration quenching. This improvement was clearly
shown in the optimum doping concentration of DCM/
DCM2 and DCJTB, ~0.5% and 2%, respectively. In
addition, the tert-butyl substituents of DCJTB elimi-
nate the reactive methyl group on the pyran ring of
DCM and DCMZ2, which greatly improves the thermal
stability of DCM-type red fluorophores and is beneficial
for the OLED fabrication.!® There are many red fluo-
rophores derived from DCM-type molecules, such as
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Table 3. EL Performances of Dopant Red OLEDs with Either Saturated Red Emission (1-7) or Stable Efficiency over a
Wide Range of Current Densities (8 and 9)

luminance max,

maximum efficiency 7*XT(%),

Amax® fwhm at 100 mA/cm?, nCR (cd/A),
red host-emitter (nm) (nm) CIE (x,y) at 20 mA/cm? (cd/m?) 7PV (Im/W) reference
1 TPP* 655 25/ 0.70, 0.28 42, 30/, 10/ 0.07, - = 23
2 TPC? 660 20 0.67, 0.29 100, —, — -, —, 0.061 24
3 TPDPP¢ 635 25/ 0.69, 0.29 150, —, — -, 0 035 25
4 ACY? 68 0.68, 0.32 6400, —, — 0. 8, - 1.3 26
5 CcQY* 60 0.70, 0.30 1000, —, — 0.12, —,0.28 26
6 BDPMB/ 640/ 65 0.67, 0.33 2880, —, 285 -, 1. 34, - 27
7 BDPMBZn? 640/ 75 0.66, 0.33 2260, — 125 —10.46, — 27
8 DPP" 625 0.63, 0.34 1500/, 150/, 20/ - 1.2,0.33 31
9 PAAA! 616 0.63, 0.36 - = ,0.6, — 32

@ ITO/TPD/Alqs:TPP(3%)/Mg:Ag. ® ITO/TPD/Alqs:TPC(1.5%)/Mg:Ag. ¢ ITO/NPB/DNA:TPDPP(5%)/Alqs/Mg:Ag. ¢ ITO/m-MTDATA/

Alg3:ACY(1%)/Mg:Ag. ¢ ITO/m-MTDATA/Alqs:CQY(2.2%)/Mg:Ag. f ITO/TPD/TPD:BDPMB(1%)/Alqs:

BDPMB(1%)/Alqs/ Mg:Ag. ¢ ITO/

TPD/TPD:BDPMBZn(1%)/Alqs:BDPMBZn(1%)/Alqs/Mg:Ag. * ITP/TPD/Alqs:DPP(0.55%)/Alqy/Mg:Ag. | ITO/NPB/Alqs:pAAA(2%)/Alqgs/

Mg:Ag. / Estimated from the figures in reference.

Scheme 2
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DCJMTB,!” AAAP,'8 CHRO1,°* CHROZ2,'* DADB,?°
DCMTHBP,?! ISPH1,?%2 ISPH2%%2 (entries 6—12 of
Table 1), or even CHROS3,!° DCDDC,22* and DADB20
(entries 8—10 of Table 2) which are not so red to the
standard of CIE chromaticity. However, all these fluo-
rophores showed performance inferior to that of DCJTB
when applied for red OLEDs.

Dopant-Based Red OLEDs with Unusual EL
Characteristics

One type of unusual red OLED is the EL spectra
showing relatively narrow FWFM, usually less than 70

M 2H BDPMB
M=zn BDPMBZn

pAAA

nm. Entries 1-6 of Table 3 are devices of this type
containing red dopants TPP,? TPC,2* TRDPP,% ACY,2
CQY,26 BDPMB,?” and BDPMBZn,?" respectively
(Scheme 2). Among them, macrocyclic compounds, such
as TPP, TPC, and TPDPP, show extreme fwhm of EL
as narrow as 20 nm (Figure 5). In addition to the narrow
fwhm, these macrocyclic compounds also exhibit rela-
tively long wavelength of Ap.® in the range of 635—
660 nm. Therefore, the red EL of this kind always has
saturated red color chromaticity and they are “redder”
than the high standard red of NTSC.** They usually
appear at the edge of CIE chromaticity diagram and
very close to the corner position of standard red.
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Table 4. EL Performances of Non-Doped (Host-Emitting) Red OLEDs
luminance max, maximum efficiency 75X7(%),
Amax®! at 100 mA/cm?, nCR (cd/A),

(nm) CIE (x,y) at 20 mA/cm?2 (cd/m?) 7PV (Ilm/W) reference
1 (PPA)(PSA)Pe? 579 0.64, 0.35 4800, —, — - 1.1, - 33
2 DCDDC? 650 — - 30, 37, 0.5 - 22
3 DCJMTBe¢ 648 0.67, 0.33 1662, 3807, 130” —,0.41,0.12 17
4 BDCM¢ 640 0.63, 0.36 582, 100», 207 -, —, 0.059 47
5 TPZ: 0.65,0.33 1766, 324, 69 0.5, 0.34, 0.17 41
6 NPAMLMe 650 0.66, 0.32 8000, 1260, 300 24,1.5,09 42
7 NPAFN¢ 636 0.64, 0.33 9359, 1800, 455 24,25, 1.7 37
8 NPAFN" 634 0.64, 0.33 10034,1700, 392 1.8,2.0,0.9 37
9 INDMLMe' 650 0.63. 0.36 1750, —, — 0.450, —, — 43
10 ACENV 624 0.64, 0.34 5436, 492, — 0.46,0.50, 0.26 34

624 0.63, 0.34 4451, 503, — 0.48,0.53, 0.33

626 0.65, 0.35 4514, 516, — 0.49,0.52, 0.23
11 ACEN2* 624 0.64, 0.34 4416, 360, — 0.39, 0.42, 018 34

622 0.64, 0.34 5225, 561, — 0.51, 0.57, 0.38

624 0.65, 0.35 4643, 604, — 0.68, 0.77, 0.60
12 ACENS! 630 0.65, 0.34 2705, 299, — 0.33, 0.31, 0.27 34
13 ACEN4" 630 0.64, 0.32 1528, 283, — 0.40, 0.28, 0.12 34

628 0.64, 0.33 1534, 309, — 0.36. 0.33, 0.30

626 0.66, 0.34 1764, 350, — 0.37,0.36, 0.17
14 BZTA1" 640 0.63, 0.35 8087, 869, — 0.99, 0.91, 0.58 38

640 0.65, 0.35 5083, 378, — 0.52, 0.48, 0.30
15 BZTA2° 626 0.63, 0.35 9138, 1415, — 1.7,2.0, 1.6 38

626 0.64, 0.36 7952, 597, — 0.51, 0.60, 0.44

@ ITO/starburst amine/PPAPSAPe/quinoline metal complex/Mg:Ag. ¢ ITO/PVK:TPD/DCDDC/Mg:Ag. ¢ ITO/TPD/DCIJMTB/Alqs/
Mg:Ag. ¢ TTO/CuPc/DPPhP/BDCM/Mg:Mg. ¢ ITO/TPZ/TPBI/Mg:Ag. f ITO/NPAMLMe/BCP/TPBI/Mg:Ag. ¢ ITO/NPAFN/BCP/TPBI. » ITO/
NPB/NPAFN/BCP/TPBI/Mg:Ag. ¢ ITO/NPB/INDMLMe/TPBI/Mg:Ag. / ITO/ACEN1/TPBI/Mg:Ag, ITO/NPB/ACEN1/TPBI/Mg:Ag, and ITO/
NPB/ACEN1/BCP/Alqs/Mg:Ag. * ITO/ACEN2/TPBI/Mg:Ag, ITO/NPB/ACEN2/TPBI/Mg:Ag, ITO/NPB/ACEN2/BCP/Alqs/Mg:Ag. ! ITO/NPB/
ACEN3/BCP/Alqs/Mg:Ag. ™ ITO/ACEN4/TPBI/Mg:Ag, ITO/NPB/ACEN4/TPBI/Mg:Ag, and ITO/NPB/ACEN4/BCP/Alqs/Mg:Ag. " ITO/
BTZA1/TPBIU/Mg:Ag and ITO/BTZA1/Mg:Ag. ° ITO/BTZA2/TPBI/Mg:Ag and ITO/BTZA2/Mg:Ag. P Estimated from the figures in reference.
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Figure 5. EL spectra of the device ITO/TPD/Alqs:TPC(x%)/
Mg:Ag, x = 0.5% (A), x = 1.7% (B), and x =3.7% (C). (Reprinted
with permission from ref 24, Copyright 1999, American
Institute of Physics).

Although their red OLEDs have not been satisfactory
in brightness and efficiency, porphyrin-type macrocyclic
red dopants having such long emissive wavelength and
narrow EL are quite special and few other materials
show comparable properties. Squarylium dyes probably
are the few exceptional cases. Squarylium compounds
are also well recognized for their long emission wave-
lengths (usually 640—700 nm) and narrow emission
spectra (fwhm 20—50 nm) in solution, although concen-
tration quenching is as severe as that with porphyrin-
type macrocyclic compounds. However, one adverse
property of squarylium dyes is their very small Stokes
shifts of only about 10—20 nm. This hampers them from
being used for red OLEDs even in dopant form. Most of
the red fluorescent squarylium dyes absorbed in rela-
tively long wavelength (620—670 nm), which makes
them very inefficient in the Forster resonance energy
transfer from the green emissive host such as Alqs that
emits light around 530 nm. There was always nominal,
but not negligible, green emission in the red OLEDs

doped with squarylium dye. Therefore, red OLEDs with
squarylium dopant have never provided pure red EL so
far.26-30 Because of the very close absorption and
emission energies, self-absorption of EL from squaryl-
ium red dopant is significant and thus greatly reduces
the intensity and efficiency of the device.

In most cases, the EL efficiency of red OLEDs starts
to decay at elevated current densities or driving volt-
ages, regardless of whether EL originates from fluores-
cence or phosphorescence. This is almost a universal
phenomenon, found in both dopant-based red OLEDs
and nondoped red OLEDs. A couple of cases, DPP and
PAAA (entries 8 and 9 of Table 3, respectively), are
exceptional.?132 Red OLEDs based on these two red
dopants show unchanged EL efficiency over a wide
range of current densities—as high as several hundred
mA/cm? (see Figure 6 for example). As far as chemical
structure, unlike most other red fluorophores containing
heteroatoms, often nitrogen and oxygen, these two
fluorophores are classical PAH-type compounds that
have only carbon and hydrogen as the composing
elements. Unfortunately, even though they have im-
pressive efficiency stability, red OLEDs containing
PAH-type red dopant do not meet the requirement of
EL intensity (either maximum or at low current density)
and efficiency (entries 8 and 9 of Table 3).

Host-Emitting Nondoped Red OLEDs

The first reported host-emitting nondoped red OLED
was by Toguchi et al of NEC (entry 1 of Table 4).3% The
red host emitter is (PPA)(PSA)Pe, which is a styryl-
appended diarylamine derivative of a perylene com-
pound, also a PAH moiety (Scheme 3). (PPA)(PSA)Pe
has a rather short emission Ap.x of 579 nm. Normally,
such a short emission wavelength will not provide
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Scheme 3

g O O
§ ) A
(PPA)(PSA)PQ

sufficient red EL for OLEDs. The device still showed
satisfactory red color chromaticity (CIE coordinates x
= 0.64, y = 0.35) because of the shoulder band at longer
wavelength of 620 nm of the EL spectra that was
attributed to the eximer emission. Excimer formation
is usually an indication of the tendency of the materials
to aggregate or crystallize.

More recently, Lin et al.?* also have reported a series
of diarylamine-encapsulated benzola]aceanthrylene com-
pounds ACENSs, also a PAH-type species for nondoped
red OLEDs (entries 10—13 of Table 4). These ACEN
compounds provided long enough emission wavelengths
and thus most OLEDs fabricated with ACEN were
sufficiently red. Furthermore, ACEN3 and ACEN4
were reported to be amorphous materials based on the
lack of detectable melting temperature in the dif-
ferential scanning calorimetry (DSC) measurements.
Nevertheless, nondoped red OLEDs made from these
arylamine-substituted PAH compounds were neither
bright nor efficient. This can be partially attributed to
the low solution fluorescence quantum yield (¢ /) of the
ACEN compounds (¢ / 5—12%).3* Molecules of ACENs
(as well as (PPA)(PSA)Pe) were built with triaryl-
amine moieties, which have been demonstrated to
enhance the amorphous property and thus solid-state
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Figure 6. Luminance efficiency of a device with the config-
uration ITO/NPB/Alqs:pAAA(2%)/Alqs/Mg:Ag. (Reprinted with
permission from ref 32, Copyright 2002, Royal Society of
Chemistry).
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fluorescence intensity.3® However, the hole-transporting
nature of theses red ACEN compounds (basically they
are hole-transporting triarylamine species) renders the
OLEDs loss balance on the charge carriers of hole and
electron. A wide band-gap electron-transporting mate-
rial TPBI (2,2',2"-(1,3,5-phenylene)-tris-(1-phenyl-1H-
benzimidazole) or a hole-blocking material BCP was
required for an OLED to generate pure red EL at a
minimally acceptable efficiency.

The second type of nondoping red material for OLED
can be classified as donor—acceptor-substituted fluoro-
phores. Normally, this type of fluorophore is highly polar
and thus vulnerable to aggregation in solid state. How-
ever, molecules such as BSN,32 D-CN,3¢ NPAFN,37 and
BZTA2% (Scheme 4) possess a pair of antiparallel
dipoles, thus fluorescence concentration quenching in
solid state due to dipole—dipole interaction can be
substantially suppressed. In this regard, BAM*%(entry
11 of Table 2) also belongs to the class of material that
has not yet been examined for nondoped red OLED.
Dipolar red fluorophores seem to offer much better
performance than those of arylamine substituted PAHs.
First, the existence of both electron donor and acceptor
can intensify charge-transfer absorption and the corre-
sponding emission intensity. Second, the hole and
electron carriers of the materials can be nearly balanced
due to the electron acceptor in addition to the arylamino
donor. Devices based on NPAFN (entries 7 and 8 of
Table 4) and BZTAZ2 (entry 15 of Table 4) exhibited two
of the brightest nondoped red OLEDs with maximum
EL intensities of 10 034 and 9134 cd/m2, respectively.
Here we exclude BSN (entry 5 of Table 2) and D-CN
(entries 6 and 7 of Table 2), because of the lack of the
information on EL intensity and color chromaticity,
respectively. Pratically, at low current density of 20 mA/
cm2, NPAFN showed remarkable EL intensity of 455
cd/m? (Figure 7), which was sufficiently bright for flat
panel display application. BZTA2 was weaker, with EL
intensity of 1413 c¢d/m? at 100 mA/cm? but no data of
EL intensity were available at 20 mA/cm?2. Although all
decayed at high current densities, in the medium range
of current densities of 20—100 mA/cm? (or driving vol-
tage of 5—9 V), the EL efficiency of red OLED containing
NPAFN was about as stable as those of red OLEDs
containing DCJTB dopant, but inferior to those with
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DCJTB dopant and rubrene assist dopant (Figure 3).

The unusual fluorescence of NPAFN has also drawn
attention.?® It is unusual because its fluorescence in
solid state is much brighter than that in solution (see
Figure 8). This is in sharp contrast to other red
fluorophores such as Nile Red, DCM, or TPP, which
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Figure 7. EL intensity and external quantum efficiency of
OLED, ITO/NPB(40 nm)/NPAFN(30 nm)/BCP(10 nm)/
TPBI(30 nm)/Mg:Ag (solid lines) and ITO/NPAFN(50 nm)/
BCP(10 nm)/TPBI (30 nm)/Mg:Ag (dotted lines). (Reprinted
with permission from ref 37, Copyright 2003, Royal Society of
Chemistry).

are susceptible to fluorescence quenching (see Figure
1). Once again, the bulky and nonplanar arylamino
substituents were believed to play an important role in
preventing the fluorescence of NPAFN from quenching
in solid state. NPAFN was reported to behave as a
semi-amorphous material when examined by repeated
scans of DSC. It is also worthy of mention that the
synthesis of NPAFN is quite simple, as it can be

Figure 8. Fluorescence image of NPAFN (left) and NPAM-
LMe (right) in solution (CH3Cly) and in solid state. Note that
the fluorescence of NPAFN in solution can be barely seen.
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Figure 9. DSC thermograms of NPAMLMe with sequential

heating and cooling. (Reprinted with permission from ref 42,
Copyright 2002, VCH Verlag).

Endothermic

prepared in only two reaction steps with high yields and
without involving column chromatography in purifica-
tion (Scheme 5),37 compared with that of DCJTB which
has to be synthesized in multiple reaction steps.!3:39
This makes NPAFN quite attractive as a practical
material for host-emitting nondoped red OLEDs.

The third type of nondoping red fluorescent material
is similar to the second one but differs in the alignment
of the intramolecular dipoles. Two reports relevant to
the same type of material appeared in the literature
within a short period of time by Lin et al.*! and Chen
et al.#2 They reported TPZ and NPAMLMe indepen-
dently for the usage of nondoped red OLEDs. Both TPZ
and NPAMLMe adopt a pair of vicinal triarylamine
substituents as the electron-donor of the red fluoro-
phore Scheme 6). Two red fluorophores used hetero-
cyclic moiety, thienopyrazine of TPZ and maleimide
of NPAMLMe, as the electron-acceptor. Moderate to
strong positive solvatochromism was observed for both
TPZ and NPAMLMe, indicating the dipolar nature of
the molecule. Interestingly, whereas both melting and

2-Theta - Scale
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crystallization were detected for TPZ, NPAMLMe was
reported to be a truly amorphous molecular material
by showing no detectable melting or crystallization
signal but only glass transition temperature signals in
all repeating scans of DSC (Figure 9). The amorphous
nature of NPAMLMe was further confirmed by the
broad diffraction signal of power X-ray diffraction
spectrum (Figure 10).

Recently, single-crystal structure was obtained for
a couple of bisindole-substituted maleimide deriva-
tives, including INDMLMe (entry 9 of Table 4).43
The nonplanar conformation of these maleimide mol-
ecules was identified. Furthermore, the implication of
polymorphism and hence the possible amorphous
tendency of these compounds was obtained by DSC
and reflected by the different geometry of the two
indole rings that were believed to be easily convert-
ible. Similar to that of NPAFN, NPAMLMe ex-
hibits very strong red fluorescence in solid state but
not in solution (Figure 8). Regarding device perfor-
mance (entry 5 of Table 4 for TPZ and entry 6 of Table
4 for NPAMLMe), the OLED containing NPAMLMe
was much better than that containing TPZ in all
aspects. On the other hand, although NPAMLMe is
better with regard to amorphous property, NPAFN is
clearly a stronger emitter in solid state (Figure 8).
Recent measurement of the fluorescence quantum
yield of NPAMLMe and NPAFN in solid state has
revealed that NPAFN is about twice as bright as
NPAMLMe.

In fact, before TPZ and NPAMLMe, in addition to
the precedent (PPA)(PSA)Pe, BSN, and D-CN, there
were related materials known in the literature, although
they were not intentionally designed to be suitable for
host-emitting nondoped red OLEDs. They are PERYN,
DDCD (entry 4 of Table 4), DCMJTB, d-DCM, and
TACN (Scheme 7). Except for DCMJTB (entry 5 of
Table 4), their performances as red OLEDs were
either far from satisfactory (DDCD) or there was a lack
of complete characterization data for evaluation, such
as PERYN (Ana® ~615 nm with fwhm of 77 nm,

143 .00

Counts

T T T T T T

5 10 15 20 2 30
Figure 10. Powder X-ray diffraction spectrum of NPAMLMe.
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maximum electroluminance 45 cd/m2 at 28 V)*
d-DCM (1pax® ~610 nm with fwhm of 71 nm with
CIE coordinates of (0.65, 0.31)),4 and TACN (Amax®
~656 nm).46

One more report by Zhang et al.*” on BDCM appeared
just about the same time as the reports on TPZ and
NPAMLMe. BDCM is in fact a dimer version of DCM.
The amorphous property or solid-state fluorescence have
not been known for BDCM but the host-emitting
nondoped red OLED was fabricated with BDCM, al-
though the performance was not good enough to be of
interest (entry 4 of Table 4). Nevertheless, one thing
valuable disclosed by Zhang et al was that the CIE
coordinates of the device are nearly unchanged with
increasing current density (Figure 11).

Therefore, this is another advantage for host-emitting
nondoped red OLEDs offering better device operation
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Figure 11. EL spectra of BDCM at different current densi-
ties. (Reprinted with permission from ref 47, Copyright 2002,
The Royal Society of Chemistry).
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compared to red OLEDs with dopants for which the
color changes with increasing driving voltages.*® Similar
voltage or current density dependence of EL color was
also observed in the emitting assist dopant-based red
OLEDs.10

More recently, Chen et al. have reported a detailed
study on a series of red OLEDs, either with NPAMLMe
as red dopant or as nondoped host emitter.*® Their
report also showed that the EL of the device is stable
with respect to driving voltage. The profile of EL spectra
(so the color chromaticity of EL) of the device was
virtually unchanged in the range of 8—16 V (Figure 12).

Chen et al. also clearly demonstrated that the thick-
ness of hole-blocking layer of BCP for the nondoped
host-emitting red OLEDs was critical. BCP is crucial

osv

EL Intensity (a.u.)

300 400 600 700 800 900

500
Wavelength (nm)
Figure 12. EL spectra (normalized) of device ITO/NPB(5 nm)/
NPAMLMe(30 nm)/BCP(20 nm)/Alqs(40 nm)/Mg:Ag at differ-
ent driving voltages, (Reprinted with permission from ref 49,
Copyright 2004, The Royal Society of Chemistry).
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Figure 13. Relative energy diagram of the materials ITO,
NPB, NPAMLMe, BCP, Algs, and Mg:Ag. (Reprinted with
permission from ref 49, Copyright 2004, The Royal Society of
Chemistry).

for confining the charge-recombination in the emitting
layer of NPAMLMe and preventing undesired green
emission from Algs.’® This is due to the large gap
between the HOMO of NPAMLMe and BCP as well as
between the LUMO of NPAMLMe and NPB (bis(4-(V-
(1-naphthyl)-N-phenylamino)phenyl)biphenyl), the hole-
transporting material of the device (Figure 13).

Similar function of BCP has been widely utilized in
phosphorescence-based OLEDs.”?! The performance of
the device, turn-on voltage, operating current density,
brightness, color purity, efficiency, and even the stabil-
ity, are highly dependent on BCP.4%:52

Conclusions

The development of materials for red OLEDs has gone
through several important evolutional stages. The red
emitters first entered the evolution process as the
ingenious dopant and DCJTB has been the best mate-
rial so far. However, very soon people realized the
dilemma faced with dopant-based red OLEDs. Basically,
efficient and bright dopants are not red enough, and red
enough dopants are not efficient and bright. Then there
was the invention of the assist dopant approach which
resolved the problem associated with concentration
quenching red dopant and further enhanced the per-
formance of DCJTB-based red OLEDs. Highly efficient
and bright phosphorescence-based red OLEDs emerged
quickly after, although concentration quenching was
more severe than ever and doping was a compulsory
approach as a remedy method. More recently, the hard-
to-control doping process has been a serious concerned
beyond laboratory manipulations, in the practical pro-
cess of mass production. The latest evolution is the host-
emitting nondoped red OLED which avoids the doping
process. The success of the evolution hinges on the red
fluorophores that are judiciously designed for showing
amorphous or semi-amorphous properties and thus
diminished concentration quenching. NPAMLMe,
NPAFN, and BZTAZ2 are currently the most satisfac-
tory materials to meet this purpose. Among them,
NPAFN has the advantage of easy synthesis and
purification. The current performance of host-emitting
nondoped red OLEDs still falls below that of dopant-
based red OLEDs, but the lagging distance is closing
up as their evolution progresses.
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