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The molecular design strategies for the host materials suitable for highly efficient, blue
fluorescent organic light-emitting diodes (OLEDs) are demonstrated. The device character-
istics of blue fluorescent OLEDs are compared with different host materials. Some devices
exhibit a highly efficient blue electroluminescence with a high external quantum efficiency
of more than 7%. The correlation between OLED efficiency and triplet-triplet annihilation is
characterized by measuring the up-conversion of triplet excited states into singlet ones.
The host materials require an anthracene unit and a bulky molecular structure to prevent
the overlap of anthracene units between adjacent molecules in the film.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Much interest has been focused on organic light-emit-
ting diodes (OLEDs) because of their potential applications
in full-color large displays and lighting applications. Red,
green, and blue emissions in OLEDs that are highly efficient
and have long device lifetimes and high color purity are
important for device applications. There have been many
reports on high-performance red and green OLEDs [1-7].
However, the performance of blue OLEDs has been rela-
tively poor compared with those of the red and green ones,
and thus it is necessary to improve their performance. Blue
fluorescent OLEDs tend to have longer lifetimes and higher
color purities than blue phosphorescent OLEDs [7,8]. How-
ever, the internal quantum efficiency (#in:) of conventional
fluorescent OLEDs is limited to 25% since the singlet and
triplet excitons are generated at a ratio of about 1:3 under
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electrical excitation. The key to improving the efficiency of
fluorescent OLEDs is the use of triplet excitons.

Two possible mechanisms for the up-conversion of a
triplet excited state (T;) into a singlet excited state (S;)
have already been proposed. One possible up-conversion
mechanism is triplet-triplet annihilation (TTA, i.e., p-type
delayed fluorescence) [9] and the other is thermally acti-
vated delayed fluorescence (TADF, i.e., E-type delayed fluo-
rescence) [10]. In the TTA process, S; or T; arises from the
reaction between two T;. This additional singlet exciton
production can increase the efficiency by 15% to 37.5%
depending on the up-conversion mechanism [11-14].
Thus, the maximum #;,: can be increased by up to 40% or
62.5%. Although a maximum #;,, of 100% is favorable via
the TADF process, it remains difficult to develop an effi-
cient blue OLED owing to the lack of a suitable wide-gap
material [15-17]. There have been several reports on effi-
cient blue fluorescent OLEDs utilizing TTA, where anthra-
cene derivatives are used as host materials [13,14]. Thus,
it is assumed that anthracene is the key unit to realizing
highly efficient blue fluorescent OLEDs. Anthracene deriva-
tives exhibit relatively high photoluminescence (PL) [18],
electroluminescence (EL), and electrochemical properties.
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The main problem in their use is their thermal stability due
to the high crystallinity of the anthracene unit. Several
anthracene derivatives with a high glass transition temper-
ature (T,) have been synthesized and used to develop effi-
cient blue OLEDs [19,20]. However, the origin of the high
efficiency in such blue OLEDs was proposed to be only
the efficient energy transfer from the anthracene deriva-
tive host to the fluorescent guest [20]. The relationship
between the molecular structure of the anthracene deriva-
tives and the TTA process in the efficient blue OLEDs has
never been clarified.

In this work, we report the molecular design strategies
for an anthracene derivative for developing highly efficient
blue OLEDs utilizing TTA. The device characteristics of four
types of blue fluorescent OLEDs, the emitting layers of
which consist of different hosts and a blue fluorescent dop-
ant 4,4’-bis[4-(diphenylamino)styryl]biphenyl (BDAVBI),
are compared. Two of the anthracene derivatives we used
as hosts are 2,2’-bis(anthracen-9-yl)-9,9’-spirobifluorene
(Spiro-FA) and 2,2’-bis(10-phenylanthracen-9-yl)-9,9'-spi-
robifluorene (Spiro-FPA) [21]. They slightly differ in molec-
ular structure, as shown in Fig. 1. The third anthracene
derivative we used as a host is a pure blue-emitting
material, 2-methyl-9,10-bis(naphthalen-2-yl)anthracene
(MADN) [8,19]. The last host material is not an anthra-
cene derivative, 4,4'-bis(2,2’-diphenyl-vinyl)-1,1’-biphenyl

Spiro-FPA

(DPVBIi), which is well-known as a highly efficient blue-
emitting material. The OLEDs using Spiro-FPA and MADN
have a maximum external quantum efficiency (#7ex:) of
more than 7%, whereas the other two OLEDs have a maxi-
mum 7. of about 5%. The anthracene unit is found to be
significantly important for realizing efficient blue OLEDs
utilizing TTA by measuring the transient decay of the elec-
troluminescence of OLEDs. In addition, by examining the
differences in the device characteristics of the OLED using
Spiro-FPA and the OLED using Spiro-FA, we have clarified
the requirements for the host material for developing
highly efficient blue OLEDs.

2. Experimental

The OLEDs were developed on a glass substrate coated
with a 150-nm-thick indium-tin-oxide (ITO) layer. Prior
to the fabrication of the organic layers, the substrate was
cleaned with ultra purified water and organic solvents,
and treated with a UV-ozone ambient. The organic layers
were sequentially deposited onto the substrate without
breaking the vacuum at a pressure of about 107> Pa. We
fabricated blue OLEDs with a structure ITO(150 nm)/m-
MTDATA (15 nm)/a-NPD (55 nm)/host:BDAVBi (3 wt%
doped, 30 nm)/Alqs (40 nm)/lithium fluoride (1.0 nm)/alu-
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Fig. 1. Optical absorption spectrum of BDAVBI in dilute toluene solution and PL spectra of DPVBi, Spiro-FA, Spiro-FPA, and MADN thin films. The optical
geometries at the B3LYP/6-31G (d, p) level and the examples of the molecular packing structure of two adjacent molecules of Spiro-FA and Spiro-FPA are

also shown.
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Fig. 2. Calculated HOMO (top) and LUMO (down) density maps of Spiro-FA and Spiro-FPA at B3LYP/6-31G (d, p) level.

minum (100 nm) (where ITO is indium tin oxide, m-MTDA-
TA is 4,4',4"-tris-(3-methyl-phenylphenylamino)triphenyl-
amine, o-NPD is N,N'-di(naphthalen-1-yl)-N,N'-diphenyl-
benzidine, and Alqs is tris(8-quinolinolato)-aluminum).
The devices were encapsulated using UV-epoxy resin and
a glass cover within a nitrogen atmosphere after cathode
formation. A spectroradiometer (Minolta CS-1000) was
used to measure the EL spectra and luminance. A digital
source meter (Keithley 2400) and a desktop computer
were used to operate the devices. We assumed that the
emission from the OLED was isotropic, such that the lumi-
nance was Lambertian, and calculated the external quan-
tum efficiency from the luminance, current density, and
EL spectra.

The optical band gap (E;) and HOMO position were esti-
mated from the cutoff wavelength of the absorption peak
and the spectroscopic measurements of the photoemission
in air (AC-3, Rikenkeiki), respectively. We estimated the
LUMO position by subtracting E; from the HOMO position.
An absolute PL quantum yield measurement system
(€9920, Hamamatsu) and a streak camera (C4334, Ham-
amatsu) were used to measure the photoluminescence
efficiencies (¢p.) and transient behaviors of the OLEDs,
respectively.

3. Results and discussion

Fig. 1 shows the chemical structures of BDAVBi, DPVBi,
Spiro-FA, Spiro-FPA, and MADN, together with the absorp-
tion spectrum of BDAVBI in a dilute toluene solution, and
the photoluminescence (PL) spectra of thin films of DPVBi,
Spiro-FA, Spiro-FPA and MADN. Spiro-FA and Spiro-FPA
have excellent thermal properties with T, values of 110
and 155 °C, respectively. We performed density functional
theory (DFT) calculations to characterize the frontier

molecular orbital energy levels and three-dimensional
geometries of Spiro-FA and Spiro-FPA at the B3LYP/6-31G
(d, p) level by using the Gaussian 03 program. The calcu-
lated results show that the electron densities of the highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) are mostly localized on
the anthracene unit in both materials, as shown in Fig. 2.
The emission processes can only be attributed to the
m-7* transition centered on the anthracene unit. However,
the PL spectrum of the Spiro-FA thin film has a significantly
red-shifted, broad emission band, compared with that of
the Spiro-FPA thin film. This red shift may be caused by
the excimer formation due to the overlap of the anthracene
units of adjacent molecules [22,23]. Examples of the
molecular packing structure of two adjacent molecules
for each host are also shown in Fig. 1, where a part of the
anthracene moiety is indicated by a red dashed circle. In
a Spiro-FA film, it is possible that several energy states
are mixed owing to the overlap of anthracene units be-
tween adjacent molecules, which depends on the molecu-
lar packing structure [22,23]. On the other hand, the
phenyl units in Spiro-FPA, which bind to the anthracene
in a direction perpendicular to the anthracene plane, main-
tain a certain distance between the anthracene units of
adjacent molecules. As a result, the excimer formation is
suppressed. MADN also has the ideal molecular structure
that suppresses the excimer formation [8,19]. We will dis-
cuss the effects of the excimer formation of anthracene
derivative hosts on the OLED efficiency and the up-conver-
sion of T; into S; via the TTA process.

The energy diagram of the OLED is shown in Fig. 3. The
HOMO/LUMO energies of the four hosts used are deter-
mined to be similar. Although the HOMO energy of the
guest is smaller than those of the hosts, most of the exci-
tons in OLEDs are formed on the hosts as opposed the to
direct trap formation on the guest since the guest concen-
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Fig. 3. Schematic energy diagram of devices.
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Fig. 4. Electroluminescence spectra of blue OLEDs driven at 1000 cd/m?.
Device configuration is ITO/m-MTDATA/o-NPD/host:BDAVBi (3 wt%)/
Alqs/LiF/AlL Inset: the PL spectra of each emitting layer film. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

tration is relatively low (3 wt%) [24]. Actually, the current
density-voltage-luminance (J-V-L) curves of the OLED,
the emitting layer of which is 1 wt% BDAVBi doped MADN,
is almost same as that of the OLED using 3 wt% BDAVBi
doped MADN as emitting layer (not shown). The EL spectra
of the blue OLEDs are shown in Fig. 4. The PL spectra of
each emitting layer film are also shown in the inset. We
can see from Fig. 4 that there is clearly a difference in onset
position between the EL spectrum of the OLEDs and the PL
spectrum of each host (Fig. 1). Thus, the observed EL spec-
tra are mainly dominated by the BDAVBi emission caused
by the resonant Forster energy transfer of singlet excitons
from the host to BDAVBI.

The J-V-L curves of the blue OLEDs with different hosts
are shown in Fig. 5-(a). We can see from Fig. 5-(a) that the
J-V characteristics of OLEDs using anthracene derivatives
are similar. Thus, the EL spectra and efficiencies of OLEDs
using anthracene derivatives are precisely comparable.
The device structure of the OLED using DPVBIi is optimized
to obtain a high 7ex:; however, the driving voltage of this
OLED is higher than those of the other OLEDs. By consider-
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Fig. 5. Current density-voltage-luminance curves (a) and external
quantum efficiency-current density curves (b) of BDAVBi-doped blue
fluorescent OLEDs. Device configuration is ITO/m-MTDATA/o-NPD/hos-
t:BDAVBI (3 wt%)/Alqs/LiF/Al. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

ing the energy diagram shown in Fig. 3, it is reasonable to
suppose that the origin of the difference in driving voltage
is the difference in hole/electron mobility between anthra-
cene derivatives and DPVBi. The external quantum effi-
ciency-current density curves of the blue OLEDs are
presented in Fig. 5-(b). As shown in Fig. 5-(b), the maxi-
mum #ex of the OLED using Spiro-FPA or MADN is higher
than that of the OLED using DPVBi. The maximum #ey val-
ues of the OLEDs using Spiro-FPA and MADN are more than
7%. When we take the previous reports on blue OLEDs into
account [8,13,14,19,20,25], the anthracene derivatives are
expected to be useful in developing highly efficient blue
OLEDs. On the other hand, the 7.4 of the OLED using
Spiro-FA, which is also an anthracene derivative, has a
maximum 7., Of about 5%. Despite Spiro-FA and Spiro-
FPA having similarity in their molecular structure, there
is a significant difference in #eyx between the OLED using
Spiro-FA and the OLED using Spiro-FPA. In addition, the
color purity of the EL spectrum of the OLED using
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Spiro-FA is lower than that of the EL spectrum of the OLED
using Spiro-FPA, as shown in Fig. 4. Thus, we speculate that
not all anthracene derivatives are good hosts for highly
efficient blue OLEDs.

Here, we verify the obtained 5.y by comparing several
architectures as summarized in Table 1. The Commission
Internationale de L’Eclairage (CIE) coordinates of the EL
spectra of the OLED using each host are also summarized
in the Table. The observed difference in the EL spectrum
between the OLED using Spiro-FA and the OLED using
Spiro-FPA will be discussed later. The 7y is generally rep-
resented as:

Next = NincMour = VM PpLMoue 1)

where 7; is the internal quantum efficiency, #oy is the
light-out coupling efficiency, #; is the fraction of the total
excitons formed that result in radiative transitions (#;
~0.25 for conventional fluorescent molecular dyes), y is
the electron-hole charge-balance factor (assumed to be
1.0), and ¢py is the PL quantum efficiency [1]. We measured
the ¢p. values of the undoped and BDAVBi-doped films,
and found that ¢p; is markedly improved by BDAVBi dop-
ing in anthracene derivative hosts, as found in Table 1. Evi-
dence of the efficient energy transfer from the anthracene
derivatives to BDAVBI can be seen in the spectral overlap
between the absorption band of BDAVBi and the emission
band of the anthracene derivatives (Fig. 1). The reason why
the ¢p. of the BDAVBi-doped film in DPVBIi is higher than

Table 1

1201

that of the other three films is expected to be because of
the higher ¢p_ of the host. We can see from Table 1 that
the experimental #ey values of the OLEDs using Spiro-
FPA and MADN are higher than the calculated #ey from
Eq. (1), where #; and 7o, are assumed to be 0.25 and
0.2-0.3, respectively. Moreover, the #; of these OLEDs, esti-
mated from the experimental #ext, ¢pr, and 7oy, is higher
than the maximum value of 0.25 in conventional fluores-
cent OLEDs, which implies that TTA contributes to the high
efficiency of the OLED using Spiro-FPA or MADN.

To observe the TTA related phenomenon, we examined
the transient decay of the electroluminescence by applying
an electrical pulse with a width of 100 ns to the OLEDs. It is
usually difficult to operate OLEDs by applying an input
voltage for a duration of 100 ns [26]. However, we pre-
pared a specialized pulse generator that can apply a volt-
age of about 35V with a pulse width of 100 ns [27]. The
microsecond range transient phenomena and EL spectrum
can be observed by synchronizing the pulse generator with
a streak camera in a 500-ps cycle. The transient behaviors
of the OLED are shown in Fig. 6-(a). The transient behavior
of the OLED using DPVBi shows only a single exponential
transient decay, the electroluminescence lifetime (t) of
which is about 100 ns, as indicated by the black arrow. It
is likely that the observed t reflects the pulse width of
the pulse generator since the PL lifetime of BDAVBI is about
1 ns. On the other hand, the transient behaviors of the
other OLEDs show a second-order transient decay. The

PL quantum efficiency (¢p.) of each film and performance characteristics of OLEDS. 5.« (calc.) represents the upper limit of the external quantum efficiency of
the conventional fluorescent OLED based on the classical estimation using four factors. 7, is the fraction of the total excitons formed that result in radiative
transitions. The CIE of the EL spectra of the OLED using each host are also shown.

Host ¢p. of host film ¢pL of BDAVBI doped film (3 wt%) Next (calc.) Maximum Maximum 7, (exp.)  CIE (x,y)
(7:=0.25, Hour =0.2-0.3)  7ext (€XP.)  (Mext (€XP.)/NourdrpL)
DPVBi 0.85 0.86 4.3-6.4% 5.4% 0.20-0.31 (0.15, 0.22)
Spiro-FA 0.33 0.73 3.6-5.5% 5% 0.22-0.34 (0.17, 0.29)
Spiro-FPA 0.35 0.74 3.7-5.6% 7.2% 0.32-0.48 (0.16, 0.23)
MADN 0.37 0.76 3.8-5.7% 7.4% 0.32-0.49 (0.15, 0.22)
(a) (b)
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Fig. 6. Transient electroluminescent decay of blue fluorescent OLEDs (a). Streak image and EL spectra of OLED using Spiro-FPA showing prompt component
(black) and the delayed component (TTA, red) (b). The spots correspond to the EL intensities of the OLED using spiro-FPA. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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long-lifetime component indicated by the broken line ar-
row is attributed to the delayed fluorescence caused by
the TTA process [13,14]. The contribution of TTA differs
depending on the host material. The intensities of the de-
layed components in the OLEDs using Spiro-FPA and
MADN are higher than that in the OLED using Spiro-FA. It
is obvious that the observed difference in #.x between
the OLEDs using the anthracene derivative hosts is pre-
dominantly due to the difference in TTA contribution since
¢p is independent of the host materials, as shown in Table
1. Thus, we can conclude that some anthracene derivatives,
such as Spiro-FPA and MADN, are suitable hosts for devel-
oping highly efficient blue OLEDs utilizing TTA. It is diffi-
cult to estimate the contribution of TTA to 7.x from the
results of the transient behavior in a manner similar to that
demonstrated by Kondakov because the pulse width omit
differs between this measurement and the reported mea-
surement (~100 ps) [11-14]. In our study, the very short
electrical pulse was used to observe both the EL spectra
and transient decay in a microsecond range. Fig. 6-(b) pre-
sents the streak image of the OLED using Spiro-FPA that
corresponds to that in Fig. 6-(a), showing the prompt and
delayed EL spectra obtained at 295 K. Because both spectra
are nearly coincident, we confirmed that both the prompt
and delayed (TTA) components are attributed to the emis-
sion of BDAVBI. Some researchers have estimated the con-
tribution of TTA by analyzing delayed fluorescence, on the
other hand, this is the first observation of the EL spectra
both prompt and delayed fluorescence via TTA [11-14,28].

The principles of the device operations of (a) the OLEDs
using Spiro-FPA and MADN and (b) the OLED using Spiro-
FA are illustrated in Fig. 7. The principle of device operation
of OLED using DPVBI is not shown since it is unrelated to
the TTA process and excimer formation. First, we summa-
rize the emission mechanisms of the OLEDs using Spiro-
FPA and MADN. The singlet excitons are transferred fol-
lowing a resonant Forster process onto the doped BDAVBi
(prompt). In addition, the host triplet excitons up-convert
into S; via the TTA process, and then the singlet excitons
are transferred onto BDAVBI (delayed). We would like to
emphasize that the emitting layer should consist of an

(@) (b)

energy transfer Si

Y S,

anthracene derivative host and an efficient dopant for
developing efficient blue OLEDs. The anthracene deriva-
tives are effective for the TTA process and the dopants in-
crease ¢p.. Although the anthracene derivatives show
relatively high ¢p; values, the doping of the guest may be
necessary for developing the blue fluorescent OLEDs with
Next Values of more than 5%, except in some cases [28-
30]. As reported by Yokoyama et al., we suppose that the
TTA is independent to host-guest interaction [28]. Next,
we discuss the effect of the excimer formation on the effi-
ciency and color purity by summarizing the emission
mechanisms of the OLED using Spiro-FA. In the emitting-
layer film, several energy states of the host, which depend
on the molecular packing structure, are mixed, as shown in
Fig. 1. The energy diagrams shown in Fig. 7 are two exam-
ples of these energy states. The singlet excitons of the
small overlap phase are transferred onto the doped BDAV-
Bi. On the other hand, the singlet energy of the excimer-
type phase can be smaller than that of BDAVBI; that is,
the singlet excitons are not transferred to the doped BDAV-
Bi [22]. The singlet excitons of the excimer-type phase
emit a greenish-blue light, reducing the color purity of
the EL spectrum, as shown in Fig. 4 and Table 1. This insuf-
ficient energy transfer from Spiro-FA to BDAVBI can also be
confirmed from the PL spectra of emitting layer as shown
in inset in Fig. 4. It is likely that the triplet excitons of
the excimer-type phase cannot up-convert into S; since
the delayed component in the transient decay is small in
the OLED using Spiro-FA, as shown in Fig. 6. Thus, the effi-
ciency of the OLED using Spiro-FA is lower than those of
the OLEDs using Spiro-FPA and MADN. The excimer forma-
tion should be excluded both to realize a high efficiency
and to obtain a pure blue emission. The host material for
developing highly efficient blue OLEDs should have an
anthracene unit and a bulky molecular structure not only
to increase Ty but also to create a steric hindrance that pre-
vents the overlap of anthracene units between adjacent
molecules in a film. The reason why the triplet excitons
in the excimer-type phase cannot up-convert is supposed
to be the difference in the energy arrangement of T; and
S1. Although the detailed mechanism of the up-conversion

cannot energy transfer

Bl i "kcannot
: “Nup-convert
§T1 i consnnnebennnnnns, g
Prompt Delayed up-Convert Prompt | [Delayed e T1— ..............

into singlet

So So So 'S So

BDAVBi  Spiro-FPA, BDAVBI Spiro-FA Spiro-FA
MADN (small overlap) (excimer-type)

Several energy states are mixed

(depending on the molecular packing structure)

Fig. 7. Schematic representations of emission and/or energy transfer mechanisms in OLEDs using Spiro-FPA and MADN (a) in and OLED using Spiro-FA (b).
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is unclear, it is possible that the low triplet energy of
anthracene (~1.8 eV) is strongly involved [13,31]. From
this point, we are planning an even more detailed exami-
nation of the mechanism of the up-conversion of triplet
excitons into S; via the TTA process.

4. Conclusion

We have presented a detailed comparison of four types
of blue OLEDs with respect to the relationship between their
host material and their efficiency. The highly efficient blue
OLED utilizing triplet-triplet annihilation is developed
using a host material with an anthracene unit and a bulky
molecular structure. We also found that a bulky molecular
structure that prevents the overlap of anthracene units be-
tween adjacent molecules in the emitting layer is important
for enhancing the up-conversion of triplet excited states
into singlet ones. Our results suggest that new molecular
design strategies for creating a host material could contrib-
ute to realizing more highly efficient blue OLEDs.
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