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a b s t r a c t

A novel blue emitter, In2Bt, featured with a rigid and coplanar distyryl-p-phenylene back-
bone flattened by two different bridging atoms (i.e. carbon and sulfur) exhibits high ther-
mal and morphological stability (Tg � 192 �C) and ambipolar charge carrier mobilities in
the range of 10�4 � 10�5 cm2 V�1 s�1. OLED device: ITO/PEDOT:PSS (300 Å)/a-NPD
(200 Å)/TCTA (100 Å)/In2Bt (200 Å)/TPBI (500 Å)/LiF (5 Å)/Al (1500 Å) utilized In2Bt as
an emitter gave a maximum brightness as high as 8000 cd m�2 (12 V) and saturated-blue
emission with CIE chromaticity coordinates of (0.16, 0.08), which is very close to the
National Television Standards Committee (NTSC) standard blue gives an enlarged palette
of colors for color displays.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the development of deep blue emitters
for OLED, which can match the National Television System
Committee (NTSC) standard blue CIE (x,y) coordinates of
(0.14, 0.08) has drawn considerable attentions [1–5]. Such
a device not only can effectively reduce the power con-
sumption of a full-color OLED but also can be utilized to
generate emission of other colors through energy transfer.
However, the molecular design for a deep blue emitter is
. All rights reserved.
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quite challenging in terms of molecular structures. Mole-
cules that can emit deep blue light normally have a re-
stricted p-conjugated length, which consequently limits
the spaces for tailoring the desired chromophore with suf-
ficient thermal and thin film morphological stability. Thus,
only few materials can meet these requirements so far [1–
5]. Recently, the ladder-type oligomers and polymers [6–
14], due to their rigid and coplanar structures which can
enhance the p-conjugation, charge mobility, and lumines-
cence intensity have emerged as potential materials for
optoelectronic applications. In this regard, the physical
properties and possible applications of ladder-type oligo-
or poly(p-phenylene)s with various heteroatom bridges
have been extensively studied [15–18]. More importantly,
the physical properties of ladder-type materials can be
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tailored by modulating the degree of conformational flexi-
bility between consecutive backbone units or, more effec-
tively, manipulating the electronic properties by
flattening the p-conjugated molecular framework with
heteroatoms. In this paper, we report a new blue light-
emitting material based on a coplanar molecular structure,
in which benzothiophene was fused to neighboring pheny-
lene ring through intramolecular annulation via sp3-
hybridized carbon atoms bearing two p-tolyl groups as
peripheral substituents [19]. The non-doped OLED device
shows an external quantum efficiency of 1.3% and satu-
rated-blue emission with CIE chromaticity coordinates
(0.16, 0.08), which is almost the National Television Stan-
dards Committee (NTSC) standard blue.
Wavelength (nm)

Fig. 2. The optical absorption, photoluminescence (PL) spectra of In2Bt in
solution and thin film, and the electroluminescence (EL) spectra of device
using In2Bt as an emitter.
2. Results and discussion

Fig. 1 depicts the molecular structure of blue emitter:
7,14-dihydro-7,7,14,14-tetrakis(4-methylphenyl)-s-indac-
eno[1,2-b:5,6-b0]bis[1]benzothiophene (In2Bt) featured
with a rigid and coplanar distyryl-p-phenylene backbone
flattened by two different bridging atoms (i.e. carbon and
sulfur). The synthesis and X-ray structural analysis of
In2Bt have been reported by our group previously [19].
The peripheral p-tolyl substituents occupy the top and
bottom faces of the main conjugated backbone prevent
undesirable aggregation and improve thermal and mor-
phological stability efficiently. We characterized the mor-
phological and thermal properties of In2Bt using
differential scanning calorimetry (DSC) and thermogravi-
metric analyses (TGA), respectively. In2Bt exhibits a dis-
tinct glass transition temperature (Tg � 192 �C), which
allows to form homogeneous and stable amorphous films
upon thermal evaporation, a critical issue for OLED appli-
cation. We ascribed the amorphous behavior and high
values of Tg to the rigidity of the conjugated backbone
and the presence of the p-tolyl substituents, which can
effectively suppress intermolecular interactions and crys-
tallization. The aryl substituents impart the oligomers
with a high tolerance to heat, as indicated by their high
decomposition temperatures (Td � 408 �C, corresponding
to a 5% weight loss).
S

S

Fig. 1. Chemical structure of In2Bt.
Fig. 2 summarizes the electronic absorption (Abs) and
photoluminescence (PL) spectra of In2Bt in chloroform
solution and as solid films. Due to the coplanar conforma-
tion of the main chromophore, the absorption spectra of
In2Bt in dilute solution and in thin film are almost super-
imposable with slightly red-shifted maxima in solid state
(Abs kmax in solution, 375, 397 nm, and in film, 385,
402 nm). The thin film emission spectra of In2Bt exhibit
slightly red-shifted maxima (PL kmax in solution 408,
430 nm, and in film 416, 439 nm). In addition, the small
Stokes shifts (Dk � 11 nm in solution) and the mirror
images of the absorption and emission spectra are consis-
tent with the molecular rigidity observed in the solid state
structures [19,20]. We estimated the p�p* band gap
(DEg � 3 V) from the lowest energy absorption edges (ca.
413 nm) in the UV–Vis absorption spectra. The thin film
photoluminescence quantum yield (PLQY) of In2Bt mea-
sured by a calibrated integral sphere (HAMAMATSU
C9920) is ca. 14%. In order to gain more insight into the
low PLQY of In2Bt in thin film, we have employed time-
correlated single photon counting measurement with a
time resolution of �30 ps. Upon excitation at 390 nm and
monitoring the emission at e.g. 450 nm, the observed life-
time (sobs) for In2Bt in thin film was determined to be
268 ps. From the PLQY and observed lifetime, the radiative
(kr) and non-radiative (knr) decay rate constants, deduced
by Eq. (1), were 5.2� 108 s�1 and 3.2� 109 s�1, respectively,

PLQYðUÞ ¼ sobs

sr
¼ kr

kobs
¼ kr

kr þ knr
: ð1Þ

Normally, a skeleton possessing a rigid distyryl-p-phe-
nylene backbone is expected to provide a reasonably high
PLQY. The large knr (c.f. kr) value and hence low PLQY for
In2Bt in thin film is of fundamental interest and, to our
viewpoint, can be tentatively attributed to two factors
associated with the sulfur atom and/or the molecular
framework. On one hand, sulfur atoms embedded inside
the chromophore backbone may facilitate the non-radia-
tive processes due to the heavy atom effect, a common
phenomenon occasionally reported in sulfur-containing
oligoaryls [21]. On the other hand, the soft sulfur atom pos-
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Fig. 3. The cyclic voltammogram of In2Bt.
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Fig. 4. TOF transients for In2Bt (2.1 lm thick): (a) electron,
E = 4.8 � 105 V cm�1; (b) hole, E = 4.3 � 105 V cm�1. Insets are the double-
logarithmic plots of (a) and (b). (c) Electron and hole mobilities vs. E1/2.
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sesses a lower lying non-bonding orbital that may facilitate
the non-radiative process via certain vibronic coupling
modes. Such modes may be associated with the slightly
twisted molecular plane of In2Bt in thin film [12]. At room
temperature or upon cooling to 77 K, phosphorescence of
the In2Bt thin film was obscure. Therefore, the former case
of heavy atom enhanced spin-orbit coupling and hence the
intersystem crossing is less likely. Nevertheless, at this
stage, the actual deactivation mechanism is still pending
for resolution. Note we also cannot eliminate the possibil-
ity that relatively low PLQY, in part, is attributed to the re-
absorption problem occurring in solid states.

Fig. 3 depicts the electrochemical properties of In2Bt
studied by cyclic voltammetry (CV). We detected one
reversible oxidation potential occurred at 1.13 V (V vs.
Ag/AgCl, in CH2Cl2 using a glassy carbon electrode with
0.1 M of nBu4NPF6 as electrolyte) and one reversible
reduction potential at �1.87 V together with one quasi-
reversible reduction at �2.25 V (V vs. Ag/AgCl in dimethyl-
foramide using a glassy carbon electrode with 0.1 M of
nBu4ClO4 as electrolyte). Thus, In2Bt exhibits bipolar char-
acter with excellent electrochemical stability. The HOMO
energy level of In2Bt (ca. �5.7 eV) was calculated using a
linear correlation with a-NPB (HOMO = ca. �5.3 eV),
which exhibits an EOX

1=2 at 0.74 V measured under the same
conditions [22]. And the corresponding LUMO (ca.
�2.7 eV) of In2Bt was then derived by subtracting the cor-
responding optical band gap from the HOMO energy.

We used time-of-flight (TOF) techniques with a device
structure of glass/Ag (30 nm)/In2Bt (2.1 lm)/Ag (200 nm)
to measure the charge carrier mobilities of In2Bt [23].
Fig. 4a and b shows representative TOF transients for elec-
trons and holes of under an applied field, respectively. The
TOF transients reveal that In2Bt exhibits slightly disper-
sive carrier-transport characteristics. In the double-loga-
rithmic representation (inset of Fig. 4a and b), the
carrier-transit time, tT, needed for determining carrier
mobilities can be clearly extracted from the intersection
point of two asymptotes. The field dependence of hole
mobility l thus determined (Fig. 4c) from the transit time
tT according to the relation l = d2/VtT, where d is the sam-
ple thickness and V is the applied voltage. Apparently,
In2Bt exhibits bipolar charge-transport properties, which
has similar electron and hole mobilities in the range of
10�4 � 10�5 cm2 V�1 s�1 (E = 3 � 105 � 5 � 105 V cm�1) at
room temperature.

To assess the feasibility of using In2Bt as an emitting
material, multilayer device with the configuration of ITO/
PEDOT:PSS (300 Å)/a-NPD (200 Å)/TCTA (100 Å)/In2Bt
(200 Å)/TPBI (500 Å)/LiF (5 Å)/Al (1500 Å) was fabricated.
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Here, the conducting polymer, poly(ethylene dioxythioph-
ene)/poly(styrene sulfonate) (PEDOT:PSS) is used as
the hole-injection layer [24], 4,40-bis(N-(1-naphthyl)-N-
phenyl)biphenyldiamine (a-NPD) [25] and 4,40,40-tri(N-
carbazolyl) triphenylamine (TCTA) as hole-transport layers
[26], In2Bt as an emitting layer, 1,3,5-tris(N-phenylbenzi-
midizol-2-yl)benzene (TPBI) [27] as an electron-transport
and hole-blocking layer, LiF as an electron-injection layer
and Al as a cathode, respectively. The energy levels align-
ment diagram of this blue OLED is shown in Fig. 5. The
holes transport through the HTLs of a-NPD and TCTA with
a stepwise increase in HOMOs into the emitting layer, and
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Fig. 6. (a) Brightness and current density vs. voltage. (b) External
quantum efficiency and power efficiency vs. current density.
subsequently are blocked by the higher energy barrier at
the interface of In2Bt and TPBI. In the meantime, the elec-
trons are injected into In2Bt layer from TPBI and blocked
by the higher energy barrier at the interface of TCTA and
In2Bt. Therefore, it is reasonable to anticipate that the
recombination region is restricted only within the In2Bt
layer. Consequently, a pure deep blue EL spectrum from
In2Bt was obtained, which is corresponding well to the
thin film PL spectrum (Fig. 2).

Fig. 6a shows the current density and the luminance vs.
voltage for the device. The device exhibits a rather low
turn-on voltage of 3 V and low operation voltage
(100 cd m�2 at 6 V, 1000 cd m�2 at 8.5 V). The device
exhibits unusual high currents �3860 mA cm�2 for 12 V,
giving a maximal brightness of 8000 cd m�2. Such high
current density is ascribed to the well-matched energy lev-
els of various functional layers used, rendering the device
with a balanced holes and electrons recombination ratio.
However, this device inevitably suffers from the re-absorp-
tion phenomena occurred in the solid states. The EL exter-
nal quantum efficiency (EQE) shows a maximum at 1.3%
(0.86 cd A�1) and a maximal power efficiency of
�0.76 lm W�1 (Fig. 6b). It is worthy to note that the non-
doped device shows a pure deep blue emission (Fig. 2) with
CIE coordinates of (0.16, 0.08), which is almost perfectly
match to the National Television Standards Committee
(NTSC) standard blue value. The observed external quan-
tum yield and luminance efficiencies is comparable to
commonly non-doped deep blue devices, which warrants
further investigations of analogous derivatives to afford
materials with improved EL properties.
3. Experimental

3.1. Device fabrication and measurement

All chemicals were purified through vacuum sublima-
tion prior to use. The OLEDs were fabricated by vacuum
deposition of the materials at 10�6 torr. onto ITO-coated
glass substrates having a sheet resistance of 15 X/square.
The ITO surface was cleaned through ultrasonication
sequentially with acetone, methanol, and deionized water
and then it was treated with UV-ozone. The deposition rate
of each organic material was ca. 1–2 Å s�1. Subsequently,
LiF was deposited at 0.1 Å s�1 and then capped with Al
(ca. 5 Å s�1) by shadow masking without breaking the
vacuum.

The current–voltage–brightness (I–V–L) characteristics
of the devices were measured simultaneously using a
Keithley 6430 source meter and a Keithley 6487 picoam-
meter equipped with a calibration Si-photodiode. EL spec-
tra were measured using an ocean optics spectrometer.

3.2. Time-of-flight mobility measurements

The samples for the TOF measurement were prepared
by vacuum deposition using the structure: glass/Ag
(30 nm)/organic (2 � 3 lm)/Al (150 nm), and then placed
inside a cryostat and kept under vacuum. The thickness
of organic films were monitored in situ with a quartz crys-
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tal sensor and calibrated by a profilometer (Tencor Alpha-
step 500). A pulsed nitrogen tunable dye laser was used as
the excitation light source (to match the absorption of or-
ganic films) through the semitransparent electrode (Ag) in-
duced photogeneration of a thin sheet of excess carriers.
Under an applied dc bias, the transient photocurrent was
swept across the bulk of the organic film toward the collec-
tion electrode (Al), and then recorded with a digital storage
oscilloscope. Depending on the polarity of the applied bias,
selected carriers (holes or electrons) are swept across the
sample with a transit time of tT. With the applied bias V
and the sample thickness D, the applied electric field E is
V/D, and the carrier mobility is then given by l =
D/(tTE) = D2/(VtT), in which the carrier-transit time, tT, can
be extracted from the intersection point of two asymptotes
to the plateau and the tail sections in double-logarithmic
plots.

4. Conclusions

In summary, we reported a new deep blue emitter,
In2Bt, which is based on a coplanar distyryl-p-phenylene
core flattened through the incorporation of two different
bridging atoms (i.e. carbon and sulfur). The promising
physical properties of In2Bt including deep blue emission,
high morphological stability, and bipolar charge-transport
properties allow us to use it to achieve a non-doped deep
blue device. The device fabricated use In2Bt as deep blue
emitter leads to a NTSC pure blue electroluminescence
(CIE coordinates = 0.16, 0.08) with respectable device
performances.
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