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Abstract
Non-doped white organic light-emitting diodes (WOLEDs) based on newly synthesized
bluish-green light-emitting material 1,3,6,8-tetrakis [4-(1,2,2-triphenylvinyl)phenyl]pyrene
(TTPEPy) and red light-emitting material 4-(4-(1,2,2-triphenylvinyl)phenyl)-7-(5-(4-(1,2,2-
triphenylvinyl)phenyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTPETTD) have been
demonstrated. A maximum efficiency of 7.4 cd A−1, 4 lm W−1 and brightness of 18 000 cd m−2

have been achieved by employing 3 nm thick 4, 4′-bis [N-(1-naphthyl-1-)-N-phenyl-amino]-
biphenyl (NPB) as an electron-blocking layer. The WOLEDs exhibit a high colour rendering
index of 90 and moderate colour stability with 1931 Commision International de L’Eclairage
coordinates changing from (0.41, 0.41) to (0.38, 0.40) over a wide range of driving voltages.
Moreover, the non-doped WOLEDs enjoy a reduced efficiency roll-off due to their nature of
aggregation-induced emission.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

White organic light-emitting diodes (WOLEDs) have been
of considerable interest in recent years due to their potential
applications in display and lighting [1–11]. In general, various
highly efficient fluorescent dyes such as DSA-ph, C545T
and DCJTB, which emit different colours, are employed to
construct the white colour [1–10]. Although the fluorescent
quantum efficiency of most dyes approaches unity in their
dilute solution, it decreases dramatically in the solid state due
to strong intermolecular π–π stacking interaction, a notorious
effect known as aggregation-caused quenching (ACQ) [12]. To
alleviate the ACQ effect, usually the dyes are doped into host
matrices to disperse the dye molecules so that a high efficiency
can still be maintained even in the solid state [1–10, 15, 16].
Although doping is an effective method to address the problem
of ACQ, it is sometimes problematic for the fabrication of
WOLEDs, which in general require two or three fluorescent
dyes to generate the white light emission. Moreover, a low
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doping concentration, ∼1% typically, is employed to mitigate
the ACQ effect. It is extremely difficult to precisely control
such low doping concentrations. Hence the reproducibility of
doped-type fluorescent WOLEDs suffers, for the efficiency and
chromaticity are doping concentration dependent. A variety
of non-doped WOLEDs have been reported to overcome this
drawback [2–8, 19]; however, most of the reports used an
ultrathin layer of ∼1 Å of fluorescent dye such as C545T,
DCJTB and rubrene as the emitting layer [2–8]. It is very
difficult to accurately deposit such an ultrathin layer and
thus this kind of non-doped WOLEDs does not simplify the
fabrication process.

While the conventional dyes suffering from the ACQ
effect may not be suitable for constructing highly efficient
non-doped OLEDs, novel materials with non-planar propeller
shape molecular structures exhibiting aggregation-induced
emission (AIE) characteristics may be an ideal choice for non-
doped OLEDs. In contrast to conventional dyes, these AIE
materials are non-emissive in their dilute solution but emit
intensely in the solid state due to restriction of intramolecular
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Figure 1. Schematic illustration of the device structures as well as the energy level and molecular structures.

rotation [12]. A series of highly efficient non-doped
monochromatic OLEDs have been demonstrated based on
AIE materials [13–16]. However, highly efficient non-doped
WOLEDs based on AIE emitters have not yet been reported.
In this work, we report non-doped WOLEDs based on
newly synthesized bluish-green AIE material 1,3,6,8-tetrakis
[4-(1,2,2-triphenylvinyl)phenyl]pyrene (TTPEPy) [15] and
red AIE material 4-(4-(1,2,2-triphenylvinyl)phenyl)-7-(5-
(4-(1,2,2-triphenylvinyl)phenyl)thiophen-2-yl)benzo[c] [1,2,
5]thiadiazole (BTPETTD) [16]. We show that the efficiency,
white colour purity, colour rendering index (CRI) and colour
stability of the WOLEDs can be tuned by introducing different
thicknesses of 4, 4′-bis [N-(1-naphthyl-1-)-N-phenyl-amino]-
biphenyl (NPB) as an electron-blocking layer. The WOLEDs
with 3 nm-thick NPB electron-blocking layer exhibit an effici-
ency of 7.4 cd A−1 and 4 lm W−1 with high CRI of 90, while the
WOLEDs with a 4 nm thick NPB electron-blocking layer show
an impressive colour stability with CIE coordinates changing
from (0.34, 0.42) to (0.34, 0.40) over a wide range of driving
voltages. Moreover, the non-doped WOLEDs enjoy a reduced
efficiency roll-off due to their nature of AIE.

2. Experiment

The TTPEPy and BTPETTD were synthesized according to
[15, 16]. Other organic materials were purchased from Lumtec
without further purification. The devices were fabricated
on 80 nm thick ITO coated glass with a sheet resistance of
25 �/�. The structures of the fabricated devices as well as the
energy level and molecular structures of the emitters are shown
in figure 1. In these devices, a 20 nm thick TTPEPy, a 20 nm
thick BTPETTD and a 10 nm thick TTPEPy combined with
10 nm thick BTPETTD were employed as the light-emitting
layer for the bluish-green, red and white OLEDs, respectively.
For the white 2 OLEDs, a 3 nm thick NPB layer was inserted

between the TTPEPy and BTPETTD serving as the electron-
blocking layer. A 60 nm thick NPB, a 10 nm thick 2, 2′, 2′′-(1,
3, 5-benzinetriyl) tris(1-phenyl-1-H-benzimidazole) (TPBi)
and a 30 nm thick tris (8-hydroxyquinoline) aluminium (Alq3)

were used as hole-transporting, hole-blocking and electron-
transporting layers, respectively. All organic layers in the
devices were thermally evaporated in sequence in a multi-
source vacuum chamber at a base pressure of around 5 ×
10−7 Torr. The samples were then transferred to the metal
chamber without breaking vacuum for cathode deposition
which was composed of 1 nm thick LiF capped with 100 nm
thick Al. The light-emitting area was 4 mm2 defined by
the overlap of cathode and anode. The current density–
voltage characteristics of the devices were measured by the
HP4145B semiconductor parameter analyser. The forward
direction photons emitted from the devices were detected
by placing a calibrated UDT PIN-25D silicon photodiode
very close onto the top of the devices. The luminance and
external quantum efficiency of the devices were inferred from
the photocurrent of the photodiode. The electroluminescent
(EL) spectra were obtained with the PR650 spectrophotometer.
All measurements were carried out under ambient conditions
without device encapsulation.

3. Results and discussion

Figure 2(a) compares the typical voltage–luminance–current
density characteristics of the devices. It is obvious that the
bluish-green devices exhibit a substantially smaller current
density compared with the red devices, which may be
mainly due to the lower lowest unoccupied molecular orbital
(LUMO) level (figure 1) of TTPEPy compared with that
of BTPETTD, resulting in larger electron injection barrier
in the bluish-green devices compared with that in the red
devices. The current density of the white devices lies
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Figure 2. (a) Voltage–luminance–current density and (b) EL
efficiency–current density characteristics of the devices.

between that of the bluish-green and the red devices; white
2 devices with 3 nm thick NPB electron-blocking layer exhibit
smaller current density compared with white 1 devices,
which is expected since the introduction of a NPB layer
increases the total thickness of white 2 devices, and more
importantly, blocks some of the electrons transporting from
TTPEPy to BTPETTD for the electron mobility of NPB
is extremely low [9–11]. The luminance increases rapidly
with the increase in current density for all devices. At a
current density of 100 mA cm−2, the bluish-green devices
show a luminance of 8660 cd m−2, significantly higher than
5700 cd m−2, 5103 cd m−2 and 3600 cd m−2 for the white 2,
white 1 and red devices, respectively.

As shown in figure 2(b), the peak current efficiency of
the bluish-green and red devices is around 9.8 cd A−1 and
4.2 cd A−1, respectively, which are among the best value for the
fluorescent bluish-green and red OLEDs previously reported
[14, 17, 18]. The efficiency of the white devices lies between
that of the bluish-green and red devices. By introducing
a 3 nm thick NPB electron-blocking layer, white 2 devices
exhibit a peak current efficiency of 7.4 cd A−1, substantially
higher than 6 cd A−1 for the white 1 devices. Such efficiency
improvement is due to more even excitons distribution in white
2 devices. Without the NPB electron-blocking layer, most
excitons recombine in the BTPETTD layer due to its higher
LUMO level compared with TTPEPy (figure 1), resulting in
lower efficiency due to the lower light-emitting efficiency of

BTPETTD. With 3 nm thick electron-blocking layer, more
electrons are confined in the TTPEPy layer due to the poor
electron-transporting property of NPB, leading to an even
excitons distribution and hence higher efficiency in white 2
devices. In contrast to most of the doped-type fluorescent
OLEDs, which suffer from tremendous efficiency roll-off at
high doping concentration due to the notorious ACQ effect, all
devices studied here show an impressive stability of efficiency
due to their AIE nature. For instance, even at a high
brightness of 5000 cd m−2, the efficiency only slightly rolls
off to 9 cd A−1, 6 cd A−1, 5 cd A−1 and 3 cd A−1 for the bluish-
green, white 2, white 1 and red devices, respectively.

Figure 3(a) shows the spectra of the white 1 devices under
different driving voltages as well as the spectra of the bluish-
green devices and the red devices. Multiple-emission peaks
centred at 524 nm, 492 nm and 472 nm were observed for the
bluish-green devices. The peak of 492 nm is originated from
TTPEPy [15], while other peaks are attributed to impurities. It
should be noted that we only purified TTPEPy by boiling it in
THF followed by filtrating, which is impossible to eliminate
all of the metal catalysts. With cleaner TTPEPy, the efficiency
would be further improved. Indeed, we have achieved a current
efficiency of 12 cd A−1 and an external quantum efficiency
of 5% in bluish-green OLEDs using cleaner TTPEPy [15].
Inspite of this disadvantage, efficient and bright bluish-green,
red and WOLEDs were obtained (figure 3(e)). As shown in
figure 3(a), the bluish-green emission decreases as voltages
increase, mainly because more excitons recombine in the
BTPETTD layer with increased voltages, resulting in CIE
coordinates and colour correlate temperature (CCT) changing
from (0.42, 0.39), 3268 K at 6 V to (0.45, 0.39), 2672 K at
14 V. In order to obtain a purer white colour, the bluish-
green emission should be enhanced; thus it is necessary to
introduce the NPB electron-blocking layer. To investigate the
dependence of WOLEDs spectra on the thickness of the NPB
electron-blocking layer, three WOLEDs with NPB thickness
of 2, 3 and 4 nm were fabricated. Figures 3(b)–(d) show
the spectra of the WOLEDs with different thicknesses of
NPB electron-blocking layer. It is obvious that the bluish-
green emission is boosted significantly by introducing a NPB
electron-blocking layer, clearly demonstrating that the NPB
can block the electrons effectively. Interestingly, in contrast
to the white 1 devices with bluish-green emission decreasing
monotonically as driving voltages increase, the bluish-green
emission decreases when the voltages change from 6 to 8 V
and then gradually increases when the voltages change from
10 to 14 V for all devices employing a NPB electron-blocking
layer. Such phenomena can be explained by taking into
account the energy level of BTPETTD. As shown in figure 1,
the highest occupied molecular orbital (HOMO) level of
BTPETTD is 6.1 eV, leading to a high hole-injection barrier at
the BTPETTD/NPB hole-transporting layer interface. At low
driving voltages (<8 V), most holes may not gain sufficient
energy to overcome such a high barrier; thus most of
them accumulate at BTPETTD/NPB hole-transporting layer
interface. As the voltages keep increasing, more and more
electrons are injected from TTPEPy to BTPETTD, resulting
in a decreased bluish-green emission. However, when the
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Figure 3. (a) EL spectra of the bluish-green, red and white 1
devices, (b)–(d) EL spectra of white devices with 2, 3 and 4 nm
NPB layer, respectively, under different driving voltages and
(e) photos of bluish-green, red and white 2 devices.

driving voltages are larger than 8 V, the holes may tunnel
through the high barrier and inject from NPB to BTPETTD.
With the help of the thin NPB electron-blocking layer, the
holes can further diffuse to TTPEPy smoothly, hence leading
to a gradually enhanced bluish-green emission with increased
driving voltages, as shown in figures 3(b)–(d). Such enhanced
bluish-green emission further shifts the CIE coordinates and
CCT to the equivalent white energy point. Take the white
devices with the 3 nm thick NPB electron-blocking layer for
example, the CIE coordinates and CCT change from (0.41,
0.41), 3548 K at 8 V to (0.38, 0.40), 4202 K at 14 V, while the
white devices with the 4 nm thick NPB electron-blocking layer

Figure 4. (a) The dependence of peak efficiency and CRI on NPB
thickness, (b) CIE coordinates of the white devices with different
NPB thicknesses.

show an impressive colour stability with the CIE coordinates
and CCT change from (0.34, 0.42), 5296 K at 8 V to (0.34,
0.40), 5414 K at 14 V.

It is also noted that the bluish-green emission is enhanced
gradually with increased thickness of the NPB electron-
blocking layer, as shown in figures 3(b)–(d). Thus the
thickness of the NPB electron-blocking layer plays a crucial
role in adjusting the efficiency, CIE coordinates, CRI and
colour stability of the white devices. Figure 4 shows
the dependence of peak efficiency, CRI at 1000 cd m−2,
and CIE coordinates at 1000 cd m−2 on the thickness of
the NPB electron-blocking layer. The efficiency increases
monotonically as NPB thickness increases, which is mainly
due to more excitons confined in the highly efficient bluish-
green emitter by blocking the electron diffusion to the relatively
low efficiency red emitter. Furthermore, the CIE coordinates
are shifted close to (0.33, 0.33) by increasing the thickness
of the NPB, changing from (0.45, 0.39) for the white device
without the NPB electron-blocking layer to (0.34, 0.40) for
the white devices with the 4 nm thick NPB electron-blocking
layer, as shown in figure 4(b). Although a higher efficiency
and purer white colour would be obtained by further increasing
the thickness of NPB, the CRI rolls off with increased NPB
thickness due to the reduction of red emission (figure 4(a)).
For example, the CRI at 1000 cd m−2 increases from 85, 89 to
90 and then rolls off significantly to 81 as the NPB thickness
increases from 0, 2, 3 to 4 nm. Thus, there is a trade-off
between efficiency, white colour purity and CRI. It should
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Table 1. Performance of the devices.

V (V) L (cd m−2) ηLmax ηPmax CIE (x, y) CIE (x, y) CRI at
Device at 1 K cd m−2 at 15 V (cd A−1) (lm W−1) at 6 V at 14 V 14 V

Bluish-green 8.2 30 000 9.8 6.0 (0.26, 0.44) (0.26, 0.44) —
Red 8 11 000 4.2 2.7 (0.61, 0.39) (0.61, 0.39) —
White 1 8.2 15 000 6.0 3.2 (0.42, 0.39) (0.45, 0.39) 85
White 2 8.3 18 000 7.4 4.0 (0.40, 0.42) (0.45, 0.40) 90

be noted that, for lighting applications, a high CRI is more
desirable than a pure white colour. Hence, to make a balance
between efficiency, white colour purity and CRI, the NPB
electron-blocking layer with a thickness of 3 nm is optimal
for the white devices studied here. The key characteristics of
the devices are listed in table 1.

4. Conclusion

In conclusion, non-doped WOLEDs based on AIE emitters
have been demonstrated for the first time. Due to their
AIE nature, the devices exhibit reduced efficiency roll-
off. The efficiency, white colour purity, CRI and colour
stability can be tuned by changing the thickness of the
NPB electron-blocking layer. The WOLEDs with the 3 nm
thick NPB electron-blocking layer exhibit an efficiency of
7.4 cd A−1 and 4 lm W−1 with a high CRI of 90, while the
WOLEDs with a 4 nm thick NPB electron-blocking layer
show an impressive colour stability with CIE coordinates
changing from (0.34, 0.42) to (0.34, 0.40) over a wide
range of driving voltages. Compared with conventional
doped-type WOLEDs [1] or other non-doped WOLEDs [2–
8] having performance sensitive to doping concentrations or
ultrathin layer thickness, thus requiring stringent fabrication
conditions, the non-doped WOLEDs studied here may be
more suitable for mass production due to their simplicity of
fabrication.
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