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The characteristics of a series of organic blue light-emitting diodes comprising terfluorene were
investigated. The composition of the emitter layer was either a neat terfluorene compound,F(MB)3,
F(MB)3 doped withTRZ , triphenyltriazine, as an electron acceptor, or hybrid compounds,TRZ-3F-
(MB)3 andTRZ-1F(MB)3 , viz. TRZ functionalized withF(MB)3. The emitter layer was deposited by
spin-casting from a solution on top of aPEDOT:PSS hole-injecting layer. These acceptor-containing
emitters were responsible for a decreasing electroluminescence efficiency with an increasingTRZ content.
The loss of efficiency can be attributed to an enhanced electron transport through the emitter layer and
a consequent shift of the electron-hole recombination zone toward the exciton-quenchingPEDOT:PSS
interface. Compared toTRZ as the electron-accepting dopant inF(MB)3, TPBI caused a more substantial
decrease in emission efficiency and a more pronounced rise in drive voltage presumably because of the
protonation ofTPBI by PEDOT:PSS to a much greater extent.

Introduction

Organic electroluminescence has been intensely investi-
gated over the past two decades because of its promise for
a new generation of flat-panel displays beyond liquid crystal
displays and for efficient solid-state lighting.1 Both fluores-
cent and phosphorescent materials have been widely ex-
plored, including molecular materials that can be vacuum
deposited2,3 andπ-conjugated polymers4 that can be solution
processed. To fully exploit the potential of organic light-
emitting diodes, OLEDs, continuing efforts have been
devoted to significantly improving device efficiency and
lifetime.5,6 Relevant issues include chemical purity, mor-
phological stability, balanced fluxes of electrons and holes
through the emitter layer, and degradation of materials and
contacts. Blue-emitting OLEDs have remained the most
challenging of the three primary emissive colors in terms of
device stability.

Because of the cost advantage, organic materials that can
be solution processed into noncrystalline films are of
particular interest. Among these solution processable materi-
als, fluorene-based polymers and oligomers hold enormous
potential because of their high efficiency in blue fluores-
cence.7 In particular, oligofluorenes are highly desirable in
view of their well-defined and uniform molecular structures
as well as superior chemical purity acquired through recrys-
tallization and/or column chromatography,8 all associated
with the monodispersity and low molecular weights of
oligomers relative to polymers. These intrinsic merits are
crucial to gaining fundamental insight into structure-
property relationships and to improving OLED device
performance. As a potentially viable approach to improving
OLED device efficiency and lifetime, we have further
introduced a class of blue-emitting hybrid materials with
tunable charge injection and transport properties.9 Specifi-
cally, monodisperse oligofluorenes are attached via an alkyl
spacer to an electron- or hole-conducting core not only to
retain independent functions of the two structural elements
without electronic interference but also to achieve an elevated
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glass-transition temperature with improved stability against
crystallization over the stand-alone oligofluorenes reported
previously.8

This study was undertaken to understand the effect of the
emitter layer’s chemical composition on the OLED efficiency
through the modulation of the layer’s transport properties.
Oligofluorenes, specifically terfluorenes, were used as the
emitter, providing the emitting chromophore as well as the
bipolar transport component. The carrier transport properties
in the emitter layer were modified by either using an electron-
acceptor moiety chemically linked to the terfluorene structure
or by forming a homogeneous film of the terfluorene doped
with an electron-acceptor. The influence of the interfaces
bounding the emitter layer on the OLED efficiency was also
elucidated.

Experimental Section

Material Synthesis and Characterization. The synthesis and
properties ofF(MB)3, TRZ-3F(MB)3 , and intermediate2 have
been reported elsewhere.9 Intermediate1 was prepared following
previously reported procedures.10 TRZ-1F(MB)3 , 2-[p-3-(ter(9,9-
bis(2-methyl-butyl)fluoren-7-yl)propyl-phenyl]-4,6-diphenyl-triaz-
ine, was synthesized following Scheme 1; synthesis and purification
procedures are described in the Supporting Information. The
chemical purity and molecular structures were elucidated with
elemental analysis,1H NMR spectroscopy, and MALD/I-TOF
mass spectrometry.TRZ-1F(MB)3 , 1H NMR (400 MHz, CDCl3):
δ 8.80-8.83 (d, 4H), 8.73-8.75 (d, 2H), 7.76-7.84 (m, 5H), 7.59-
7.71 (m, 15H), 7.31-7.44 (m, 5H), 7.21-7.27 (m, 2H), 2.80-
2.84 (t, 4H), 2.11-2.25 (m, 8H), 1.93-1.98 (m, 6H), 0.60-1.01
(m, 36H), 0.30-0.45 (m, 18H). Molecular weight calcd. for
C237H285N3: 1264.9. MALD/I-TOF MS (DCTB) m/z ([M] +):
1264.0. Anal. Calcd. for C237H285N3: C, 88.31; H, 8.37; N, 3.32.
Found: C, 88.11; H, 8.34; N, 3.27. The chemical purities ofTRZ-
3F(MB)3, TRZ-1F(MB)3 , andF(MB)3 were further validated with
<20 ppm contents of Cl, Br, and I by neutron activation analysis.

Molecular Structures, Morphology, and Phase-Transition
Temperatures.1H NMR spectra were acquired in CDCl3 with an
Avance 400 spectrometer (400 MHz). Elemental analysis was
carried out by Quantitative Technologies, Inc. Molecular weights
were measured with a TofSpec2E MALD/I-TOF mass spectrom-
eter (Micromass, Inc., U.K.). Thermal-transition temperatures were
determined by differential scanning calorimetry (Perkin-Elmer DSC-
7) with a continuous N2 purge at 20 mL/min. Samples were
preheated to 260°C followed by cooling at-20 °C/min to
-30 °C before taking the reported second heating scans at 20°C/
min.

Preparation and Characterization of Neat Films. Optically
flat fused silica substrates (25.4 mm diameter× 3 mm thickness,
transparent to 200 nm, Esco Products) were cleaned prior to use.
Glassy isotropic films were prepared by spin-coating from 0.5 wt
% solutions in chloroform at 4000 rpm followed by drying in vacuo

overnight. Absorption spectra were gathered with an HP 8453E
UV-vis-NIR diode array spectrophotometer. Fluorescence spectra
were collected with a spectrofluorimeter (Quanta Master C-60SE,
Photon Technology International) at an excitation wavelength of
360 nm. Optical constants and thickness of thin films were
determined with reflection mode spectroscopic ellipsometry (V-
VASE, J. A. Woollam Co.). The film thicknesses of all four deep-
blue emitters prepared under the same conditions turned out to be
50 ( 1 nm. Refractive indices were used to evaluate the photolu-
minescencequantumyieldfollowingaprocedurereportedpreviously.8a

Electrochemical Characterization.An electrochemical analyzer
(model CHI660, CH Instruments, Inc., Austin, TX) was employed
to perform the cyclic voltammetric measurements. A glassy carbon
electrode was adopted as the working electrode to take advantage
of its wider electrical potential window relative to that of the Pt
electrode in this system. This electrode (A ) 0.071 cm2) was cleaned
and activated by electrochemical treatment prior to use. A platinum
wire served as the auxiliary electrode. A saturated calomel electrode
was used as a quasi-reference electrode to complete a standard
3-electrode electrochemical cell. The supporting electrolyte, tet-
rabutylammonium tetrafluoroborate (>98%, Fluka), was purified
by dissolution in a minimum amount of ethanol for treatment with
activated charcoal followed by filtration through Celite powder and
addition of water (twice the volume of the ethanol) for recrystal-
lization at 0°C. Recrystallization was repeated until the oxidation
and reduction scans attributable solely to the electrolyte were
observed. Energy levels were estimated relative to ferrocene’s
HOMO level of 4.8 eV.11

OLED Device Fabrication and Characterization. Glass sub-
strates (Polytronix) coated with patterned indium tin oxide (ITO)
were thoroughly cleaned and treated with oxygen plasma prior to
spin-casting a 400 Å thickPEDOT:PSS layer. The emitter layers
were then prepared on thePEDOT:PSSlayer by spin-coating from
1.8 wt % toluene solutions at 4000 rpm resulting, in a thickness of
530( 20 Å for thin films. An electron-transport layer was prepared
via thermal evaporation ofTPBI at a base pressure of 5× 10-6

Torr or lower at a deposition rate of 4 Å/s. Through co-dissolution
in toluene, TRZ and TPBI were mixed with F(MB)3 at a
concentration of up to 10 wt %, andDSB was coevaporated with
TPBI at a concentration of 1 wt % for the luminescence sensing
experiment. The magnesium:silver cathode (Mg:Ag) was deposited
by coevaporation at 10 and 1 Å/s, respectively. All devices were
not encapsulated for characterization with a source-measure unit
(Keithley 2400) and a spectroradiometer (PhotoResearch PR650).

Results and Discussion

The molecular structures and labels for the materials used
in this study are shown in Chart 1. TerfluoreneF(MB)3 was
the base material andTRZ-3F(MB)3 was a hybrid com-
pound consisting of 3:1F(MB)3:TRZ mole ratio. Both were
reported previously.9 TRZ-1F(MB)3 was a new hybrid
compound consisting of 1:1 ratio ofF(MB)3 to TRZ . TRZ

(10) Henneberger, H.; Wagner, M. U.S. Patent 5 438 138, 1995.
(11) Fink, R.; Heischkel, Y.; Thelakkat, M.; Schmidt, H. W.; Jonda, C.;
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Scheme 1. Synthesis of TRZ-1F(MB)3.
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is a known electron acceptor,12 and its incorporation in the
hybrid compounds was intended to produce a material with
an appropriate LUMO level and enhanced electron-transport
properties. The chemical purities ofF(MB)3 and the hybrid
compounds were validated with elemental analysis,1H NMR
spectroscopy, MALD/I-TOF mass spectrometry, and neu-
tron activation for the analysis of halogen impurities.TRZ
and TPBI were purified by vapor sublimation before use.

The glass-transition temperatureTg, photoluminescence
quantum yield,ΦPL, and the HOMO and LUMO energy
levels are tabulated as part of Chart 1. Note that the LUMO
levels of TRZ-3F(MB)3 (-2.57 eV) andTRZ-1F(MB)3
(-2.62 eV) are similar and significantly lower than that of
F(MB)3 (-2.07 eV), consistent with the expectation that
the LUMO levels for the hybrid molecules are associated
with theTRZ core.11 The presence of the low-lyingTRZ ’s
LUMO level is expected to facilitate electron injection. The
HOMO levels are practically identical for all three com-
pounds, indicating that they reside in theF(MB)3 pendants.

The device structure and energy levels for the series of
OLED devices are shown in Figure 1. Sandwiched between
the ITO/PEDOT:PSSanode and Mg:Ag cathode are (1) the
terfluorene-emitting layer (530 Å) prepared by spin-casting
on top of thePEDOT:PSSlayer (400 Å), and (2) theTPBI
electron-transport layer (300 Å) deposited on top of the
emitter layer by vapor deposition. The work function values
for ITO, PEDOT:PSS, and Mg:Ag were taken from litera-
ture;13 the HOMO and LUMO levels of the organic com-
pounds were derived from the redox potentials obtained from
cyclic voltammetry.11

Table 1 summarizes the electroluminescence (EL) data
obtained under a constant current density of 20 mA/cm2. It
can be seen that the color coordinates are nearly the same
regardless of the variation in the emitter-layer composition.
The blue EL emission has a spectral characteristic essentially
identical to the PL of a neatF(MB)3 film, indicating that
the F(MB)3 component is solely responsible for the EL
emission, independent of the chemical composition of the

(12) Kulkarni, A. P.; Tonzola, C. J.; Babel, A.; Jenekhe, S. A.Chem. Mater.
2004, 16, 4556.
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Chart 1. Molecular Structures of Organic Compounds Used in the Emitter Layer and the Electron-Transport Layer
(glass-transition temperature, PL quantum efficiency, and HOMO/LUMO energy levels are included in the inset).

a ΦPL accompanied by an experimental uncertainty of(4%.
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emitter layer, i.e., with or withoutTRZ or TPBI as electron
acceptor. It should be noted that the use ofTPBI as the
electron-transport layer is essential to obtaining efficient blue
EL emission fromF(MB)3, asTPBI effectively blocks both
hole and exciton transfer from theF(MB)3 emitter layer.
SubstitutingTPBI with tris-(8-hydroxyquinoline)aluminum,
Alq3, which has a smaller energy gap and a deeper LUMO
compared toF(MB)3, yielded only green emission from
Alq3. Similar results have been reported for other oligof-
luorene emitters.14

Comparing OLED efficiencies and drive voltages in Table
1, it is noted that the external quantum efficiency, EQE, for
cell A with a neatF(MB)3 film as the emitting layer is the
best in the series. It has a drive voltage of 6.2 V and an
EQE of 2.20%. ReplacingF(MB)3 with the hybrid com-
poundsTRZ-3F(MB)3 (cell B) or TRZ-1F(MB)3 (cell C)
appears to depress the EQE and raise the drive voltage, albeit
only modestly. The lower EQE may be related to a lower
photoluminescence yield,ΦPL, found in the hybrid com-
pounds (see Figure 1), but theΦPL and EQE trends between
the hybrid compounds are inconsistent with each other. A
more plausible explanation is that the efficiency loss is caused
by a shift of the electron-hole recombination zone toward

the PEDOT:PSS interface, which is known to quench
excitons efficiently.15 The observed trend in EQE:F(MB)3
> TRZ-3F(MB)3 > TRZ-1F(MB)3 is consistent with such
a shift being caused by an enhanced electron transport in
the emitter layers with an increasing electron acceptor
content. The proposed shift in the electron-hole recombina-
tion zone is supported by luminescence sensing as reported
in Figure 3 below.

TRZ-3F(MB)3 and TRZ-1F(MB)3 were originally in-
tended for use in an emitter layer, where the transport and
luminescence properties can be tailored with a single
molecular entity. As shown in cells A-C, the modulation
of the electron transport property is consistent with the
molecular design, but it turns out that the effect can also be
realized simply by using a physical mixture of two compo-
nents. cells D-F were constructed where the emitter layer
was a homogeneously mixed film ofF(MB)3 containing 1,
5, and 10 wt %TRZ, respectively. For comparison, the
equivalent concentrations ofTRZ in TRZ-3F(MB)3 and
TRZ-1F(MB)3 are 10 and 24 wt %, respectively, withTRZ-
1F(MB)3 reaching higher doping levels than possible for
the physically doped films. It can be seen in Table 1 that
although the difference in EQE between these cells is small,
the EQE decreases with increasing wt %TRZ in the film,
similar to what has been observed in the hybrid compounds.
A plot of EQE vs wt %TRZ for cells A-F (Figure 2) shows
a steady decrease in the EQE with increasingTRZ concen-
tration, suggesting that the effect ofTRZ on EQE is related
to its concentration regardless of the means by which it is
incorporated in the emitter layer. The higher drive voltage
(7.34 and 7.46V) found in cells D and E is attributed to a
low concentration ofTRZ in these films, which can give
rise to electron transport limited by trap-to-trap hopping.16

This voltage rise could also be explained by morphological
or packing differences in the physically doped films.
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Figure 1. OLED device structure and energy level diagram expressed in
electron volts.

Figure 2. Plot of EQE vsTRZ concentration for cells A-F.

Figure 3. Normalized electroluminescence spectra and device structure
comprisingTRZ-1F(MB)3 , TRZ-3F(MB)3 , andF(MB)3 with a probing
layer ofDSB-dopedTPBI at a current density of 20 mA/cm2; the numbers
in parentheses indicate layer thickness in angstroms.
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Although a further increase inTRZ concentration inF-
(MB3):TRZ mixed films could lower the drive voltage, it
was found that aTRZ content of 25 wt % resulted in failed
OLED devices because of phase separation in the emitter
layer, as evidenced by the presence of microcrystallineTRZ .

To further explore the mixed films, we replacedTRZ by
TPBI in the emitter layer in cells G and H. BecauseTPBI
was also used for the electron-transport layer in these cells,
one would expect near alignment of LUMO levels between
the emitter layer and the electron-transport layer, and
therefore efficient electron injection into the emitter layer.
BecauseTPBI has a higher LUMO level thanTRZ and a
substantially different molecular structure, electron transport
in the mixed films and its effect on OLED performance could
be quite different. A lower electron mobility inTPBI17 would
favor a recombination zone closer to the electron-transport
layer interface and therefore a higher EQE. To the contrary,
the EQE values of theTPBI -doped cells (G and H) were
found to be much lower than theTRZ doped cells (D and
E), 0.61 and 0.48% compared to 1.93 and 1.90%, respec-
tively. In addition, drive voltages were much higher. The
unexpectedly poor device performance can be understood
by examining thePEDOT:PSS interface usingF(MB)3
doped withTPBI . Note the much higher pKa value of 4.91
for TPBI than 1.18 ofTRZ ,18 indicating thatTPBI is much
more prone to protonation. It is possible that an acid-base
reaction occurred betweenPEDOT:PSS and the adjacent
F(MB)3:TPBI layer, resulting in a build up of positive space
charges at thePEDOT:PSSinterface due to the protonation
of TPBI . Hole injection into the emitter layer would therefore
be reduced or blocked, causing a large increase in drive volt-
age as well as a large decrease in efficiency as the recombina-
tion zone was shifted closer to thePEDOT:PSS interface.

Further evidence for a recombination zone shift toward
the PEDOT:PSS interface, where the hybrid compounds
were used as the emitter layer, can be found in the analysis
of the EL emission spectra obtained from OLED devices
with a layer structure shown as the inset in Figure 3. A thin
green-emitting layer (TPBI + DSB) between the blue-
emitting F(MB)3 emitter layer and theTPBI electron-
transport layer is used as a luminescence probe to sense the
relative recombination probability at the electron-transport
interface. The ratio of the intensity of green vs blue emission

is taken as a measure of the EL emission from theTPBI
interface relative to that from thePEDOT:PSSinterface. It
can be seen that the green to blue EL intensity ratio increases
in the orderF(MB)3 > TRZ-3F(MB)3 > TRZ-1F(MB)3 ,
i.e., with increasingTRZ content in the emitter layer. This
trend parallels that in efficiency loss and supports the
mechanism that the recombination zone is shifted toward
thePEDOT:PSSinterface as a result of an increasingTRZ
content in the emitter layer.

Conclusions

This study unravels how the emitter layer’s chemical
composition can affect OLED device performance through
the variation in molecular orbital energy levels, the electron-
hole recombination zone relative to interfaces, and the nature
of chemical interaction at interfaces. UsingF(MB)3 doped
with TRZ at various concentrations as well as hybrid
compoundsTRZ-3F(MB)3 andTRZ-1F(MB)3 as the emit-
ter layer, we found that the EL efficiency decreased with an
increasing electron-acceptingTRZ content. Moreover, within
the miscibility limit, the effects on EL efficiency is inde-
pendent of how the acceptor component was introduced in
the emitter layer: chemical modification or physical doping.
The loss of efficiency is attributed to an enhanced electron
transport in the emitter layer, causing a shift of the
recombination zone toward the hole-injectingPEDOT:PSS
interface where exciton quenching is prevalent. It is also
noted that through chemical modification, a highTRZ
content, e.g., 24 wt % inTRZ-1F(MB)3 , can be achieved
without encountering phase separation. In contrast, physical
doping ofTRZ in F(MB)3 at 25 wt % resulted in OLED
device failure because of phase separation. The shift in
electron-hole recombination was corroborated with lumi-
nescence sensing, which revealed an increasing blue emission
relative to the probe’s green emission with a deeper electron
transport into the emitter layer as a result of an increasing
TRZ content:F(MB)3 < TRZ-3F(MB)3 < TRZ-1F(MB)-
3. As an alternative electron-acceptor,TPBI was doped in
F(MB)3 instead ofTRZ up to 5 wt %, resulting in a more
pronounced decrease in EL efficiency presumably because
of the degradation of the hole-injection interface through the
protonation of TPBI by PEDOT:PSS. The suspected
degradation of thePEDOT:PSS interface was responsible
for a significant drive voltage increase accompanying the
efficiency drop withTPBI present in the emitter layer.
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