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Abstract 
 

Efficient deep-blue organic light-emitting diodes were demonstrated using 4,4'-bis(9-ethyl-3-carbazovinylene)-1,1'-
biphenyl doped in double-emission layers (D-EMLs). The D-EML system, which consists of 2-methyl-9,10-di(2-
naphthyl)anthracene and 1,4-(dinaphthalen-2-yl)-naphthalene as blue hosts, was employed to broaden the recombination zone 
and to ensure the good confinement of the holes and electrons. The optimized device showed a peak current efficiency of 
4.47 cd/A, a peak external quantum efficiency of 4.09%, and Commission Internationale de L’Eclairage coordinates of (0.16, 
0.10). 
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1. Introduction 
 
Organic light-emitting diodes (OLEDs) have attracted 

considerable attention due to their many advantages for use 
in full-color displays, such as their high brightness, low 
power consumption, fast response time, wide-view angle, 
and thinness [1-5]. Many researchers have also reported 
phosphorescent or fluorescent green and red emitters of 
high device performance in OLEDs [6-10]. The phospho-
rescent or fluorescent blue emitters, however, have re-
mained weak in terms of realizing full-color display. In 
spite of their potential capabilities and 100% internal quan-
tum efficiency, no phosphorescent blue emitters have yet 
been considered proper candidates for display application 
due to their short life and insufficient color purity. The 
deep-blue color is defined as having Commission Interna-
tionale d′Eclairage (CIEy) coordinates of <0.15. It is easy to 
transfer energy to the green and red emitters and to reduce 

the power consumption of the full-color OLEDs [11]. 
Therefore, the deep-blue emitter of high device perform-
ance is one of the largest issues in relation to the OLEDs. 

OLEDs with double-emission layers (D-EMLs) have 
exhibited good device efficiency improvement of late [12, 
13]. In general, exciton formation zones are generated at the 
interface of the hole-transporting layer (HTL)/emitting 
layer (EML) or EML/electron-transporting layer (ETL) in a 
single EML (S-EML). Therefore, they exhibit narrow emis-
sion zones and a negative effect on the efficiency. Eom et al. 
have successfully improved the efficiency of phosphores-
cent white OLEDs with D-EML [12]. They reported that 
efficient charge and exciton confinement is realized by em-
ploying charge transport layers. In this paper, efficient 
deep-blue OLEDs using 2-methyl-9, 10-di(2-naphthyl) an-
thracene (MADN) and 1,4-(dinaphthalen-2-yl)-naphthalene 
(DNN) as hosts and 4,4'-bis(9-ethyl-3-carbazovinylene)-
1,1'-biphenyl (BCzVBi) as a dopant are reported. The opti-
mized device with D-EML exhibited higher efficiency and 
more deep-blue emission compared to the control device. 

 
2. Experiment 

 
Indium-tin-oxide-(ITO)-coated glass was cleaned in 

ultrasonic baths consisting of acetone, methanol, distilled 
water, and isopropyl alcohol, respectively, in that order. 
Thereafter, the precleaned ITO was treated with O2 plasma 
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Fig. 2. (a) Structures of the deep-blue OLEDs that were fabricated 
in this study. (b) Energy level diagrams for device B. The numbers 
denote the energy level for the HOMO and LUMO of the various 
materials that were used in this study. The HOMO and LUMO of 
BCzVBi are represented by the blue dotted line. 

at 2x10-2 Torr and 125 W for 2 min. Deep-blue OLEDs 
were fabricated via the high-vacuum (5x10-7 Torr) thermal 
evaporation of organic materials onto the surface of the 
ITO-coated glass substrate (20 Ω/sq; emitting area: 3x3 
mm). The deposition rate for all the organic materials was 
1.0~1.1 Å/sec, and that for lithium quinolate (Liq) was 0.1 
Å/sec. Without a vacuum break after the deposition of the 
organic layers, the Al cathode was deposited at a rate of 10 
Å/sec. With the DC voltage bias, the optical and electrical 
properties of the deep-blue OLEDs, such as their current 
densities, luminances, current efficiencies, and the elec-
troluminescence (EL) spectra of their emission characteris-
tics, were measured, and their EQE and CIEx,y coordinates 
were calculated, using Keithley 2400 and CHROMA 
METER CS-1000A instruments. All the measurements 
were carried out under ambient conditions, at room tem-
perature. 

 
3. Results and Discussion 

 
Fig. 1 shows the molecular structures of the key mate-

rials that were used for fabrication purposes: 2-BCzVBi as 
the blue dopant, MADN as the blue host (devices A and B), 
and DNN as the blue host (device B). 

Fig. 2(a) shows the two blue device structures that 
were fabricated in this study: ITO (1500 Å)/N,N′-bis-(1-
naphyl)-N,N′-diphenyl-1,1′-biphenyl-4,4′-diamine (NPB) 
(400 Å)/BCzVBi:MADN (5%, 300 Å) (device A) and 
BCzVBi:MADN (5%, 150 )Å /BCzVBi:DNN (5%, 150 )Å  
(device B)/ (bis-(2-methyl-8-quinolinolate)-4-(phenylph-
enolato)aluminum)Alq (BAlq) (200 )Å /Liq (20 )Å /Al 
(1000 )Å . Here, NPB, BAlq, and Liq were used as the HTL, 
ETL, and electron injection layer, respectively. The doping 
concentrations of BCzVBi in MADN (device A) and 
BCzVBi in MADN and DNN (device B) were optimized to 
5%, respectively. The proposed energy level diagrams of 
device B (with D-EML) are shown in Fig. 2(b). Device A 
(with S-EML) had a recombination zone (RZ) at the inter-
face of MADN and BAlq because MADN and BCzVBi, 

which had carbazole derivatives, had ambipolar and hole-
transporting properties [14, 15]. Moreover, NPB as HTL 
had a higher hole mobility (10-4 cm2/V s) compared to BAlq 
(10-5 cm2/V s) [16, 17]. Device B (with D-EML) had an RZ 
at the interface of MADN and DNN due to the deep highest 
occupied molecular orbital (HOMO) of DNN. This indi-
cates that device B (with D-EML) can exploit a broader RZ 
compared to device A (with S-EML). 

Fig. 3 shows the current density vs. voltage and lumi-
nance vs. voltage characteristics of devices A and B, respec-
tively. The two devices showed maximum current densities 
of 289 and 189 mA/cm2 at 11 V, respectively. Device B had 
a lower current density at the operating voltage compared to 
device A. These results indicate that device B had a much 
larger hole injection barrier (nearly 0.5 or 0.3 eV) between 
the HOMO of MADN or BCzVBi and the HOMO of DNN 
compared to S-EML, as shown in Fig. 2(b). Devices A and 
B had maximum luminances of 3160 and 2900 cd/m2 at 11 
V, respectively. 

Fig. 4(a) and (b) show the EQEs and current efficiency 
vs. luminance characteristics of devices A and B. They had 
peak EQEs of 2.95 and 4.09% and current efficiencies of 
3.67 and 4.47 cd/A at 27.8 and 1.58 cd/m2, respectively. The 
two devices also showed EQEs of 2.02 and 2.74% and cur-
rent efficiencies of 2.33 and 2.57 cd/A at 1000 cd/m2, re-
spectively. Device B (with D-EML) showed a higher effi-

Fig. 1. Molecular structure of the key materials that were used for 
fabrication purposes. 
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Fig. 3. Current density vs. voltage characteristics of devices A and 
B. Inset: Luminance vs. voltage characteristics. 

 

 
Fig. 4. (a) EQE vs. luminance characteristics of devices A and B.
(b) Current efficiency vs. luminance characteristics. 

ciency compared to device A (with S-EML) because of the 
broader RZ of D-EML. A narrow emission zone had a nega-
tive effect on the efficiency. Moreover, the Förster energy 
transfer from DNN to BCzVBi was found to be more effi-
cient than that from MADN because the photoluminescence 
(PL) spectrum of DNN overlapped better with the ultravio-
let (UV)/visible absorption spectrum of BCzVBi compared 

to that of MADN, as shown in Fig. 5, which shows the 
UV/visible absorption spectrum of BCzVBi and the PL 
spectra of MADN and DNN. Device A exhibited lower effi-
ciency at a low luminance than at a high luminance because 
of the imbalanced recombination probability of the holes 
and electrons at a low luminance. 

Fig. 6(a) shows the CIEx,y vs. luminance characteristics 
from 100 to 2000 cd/m2 of devices A and B. They had an 
emission of CIEx,y from (0.17, 0.14) and (0.16, 0.11) at 100 
cd/m2 to (0.17, 0.13) and (0.16, 0.10) at 2000 cd/m2, respec-
tively. Fig. 6(b) shows the EL spectra of devices A and B 
from 350 to 650 nm at 1000 cd/m2. Devices A and B 
showed maximum peaks at 444 and 441 nm, respectively, 
and had full-width half-maximum peaks of 66 and 57 nm, 
respectively. Both also had deeper-blue emission than 
BCzVBi did [15, 18]. Incomplete energy transfer from the 
host to the dopant is necessary for proper color purity. De-
vice B exhibited deeper-blue emission compared to device 
A because DNN had a larger band gap compared to MADN. 

The various characteristics of all the devices are sum-
marized in Table 1, such as their peak EQEs, peak current 

 

Fig. 6. (a) CIEx,y coordinates of devices A and B from 100 to 2000 
cd/m2. (b) EL spectra of devices A and B at 1000 cd/m2. 
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efficiencies, peak power efficiencies, FWHMs, and CIEx,y 
coordinates at 1000 cd/m2, respectively. 

 
4. Conclusions 

 
In conclusion, deep-blue OLEDs were successfully 

demonstrated in this study by introducing an emitter of the 
BCzVBi and D-EML system of MADN and DNN. The D-
EML system exhibited good confinement of the holes and 
electrons within the EML, and a broad recombination zone. 
The optimized device showed a peak current efficiency of 
4.47 cd/A, a peak external quantum efficiency of 4.09%, 
and Commission Internationale de L’Eclairage coordinates 
of (0.16, 0.10). 
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Table 1. Various Characteristics of the Deep-Blue OLEDs, including Their Peak EQEs, Peak Current Efficiencies, Peak Power Efficiencies, 
FWHMs, and CIEx,y Coordinates at 1000 cd/m2, Respectively 
 

 

Peak EQE [%] 

Peak  Current 

Efficiency 

[cd/A] 

Peak Power  

Efficiency 

[lm/W] 

FWHM [nm] 

CIEx,y Coordi-

nates at 1000 

cd/m2 

Device A 2.95 3.67 4.01 66 (0.17, 0.14) 

Device B 4.47 4.47 3.11 57 (0.16, 0.10) 
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