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We investigated the light-emitting performances of blue 
phosphorescent organic light-emitting diodes, known as 
PHOLEDs, by incorporating an N,N’-dicarbazolyl-3,5-
benzen interlayer between the hole transporting layer and 
emitting layer (EML). We found that the effects of the 
introduced interlayer for triplet exciton confinement and 
hole/electron balance in the EML were exceptionally 
dependent on the host materials: 9-(4-tert-butylphenyl)-
3,6-bis(triphenylsilyl)-9H-carbazole, 9-(4-tert-butylphenyl)-
3,6-ditrityl-9H-carbazole, and 4,4’-bis-triphenylsilanyl-
biphenyl. When an appropriate interlayer and host 
material were combined, the peak external quantum 
efficiency was greatly enhanced by over 21 times from 
0.79% to 17.1%. Studies on the recombination zone using 
a series of host materials were also conducted. 
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I. Introduction 

Organic light-emitting devices (OLEDs) are promising and 
efficient solid-state lighting sources for lighting applications 
[1]-[5]. In particular, the development of efficient 
phosphorescent OLEDs (PHOLEDs) in recent years allows for 
harvesting of both triplet and singlet excitons, thus providing a 
nearly 100% realization of internal quantum efficiency [6]. 
While green and red PHOLEDs have already reached a 
theoretical maximum internal quantum efficiency of 100%, 
one of the remaining challenges for OLED technology is the 
blue emission of white OLEDs with both long-term stability 
and high efficiency. Since blue electro-phosphorescent dopants 
have high triplet-energy (T1) levels, wide band gap host 
materials with high T1 levels are required [7]-[11]. Therefore, a 
proper choice of host materials to achieve highly efficient blue 
PHOLEDs is essential. In pursuing highly efficient blue 
PHOLEDs, a variety of efforts have been demonstrated 
through the development of host materials and device 
structures [7]-[19].  

Many carbazole, trizine, pridine, or phenylsilane-type wide 
band-gap host materials [7]-[12] have been reported for blue 
PHOLEDs. Enhanced blue PHOLED performances have also 
been reported through device engineering, such as a mixed host, 
stepwise doping, or double emissive layer structure [13]-[18]. 
Previously, we reported on highly-efficient blue PHOLEDs in 
which the peak external quantum efficiency is over 20% when 
using a blue light emitting iridium(III)bis(4,6-difluorophenyl)-
pyridinato-N,C2’) picolinate (FIrpic) doped m-bis-(triphenylsilyl) 
benzene (UGH3) host material and an adequate interlayer [19]. 
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Incorporation of an mCP interlayer at the hole transport 
layer/emitting layer (HTL/EML) interface dramatically 
enhanced the OLED performances by blocking triplet exciton 
quenching and reducing the charge overflow. 

In this work, we developed blue PHOLEDs with improved 
efficiency by incorporating an mCP interlayer at the HTL/EML 
interface, and we also found that the advantage of the interlayer 
was influenced by the properties of the host materials which 
were 9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole 
(CzSi), 9-(4-tert-butylphenyl)-3,6-ditrityl-9H-carbazole (CzC), 
and bis-triphenylsilanyl-biphenyl (BSB). In addition, we 
investigated the location of the recombination zone in blue 
PHOLEDs depending on the host materials by fabricating the 
blue PHOLEDs with a partially doped EML.  

II. Experiment 

The chemical structures of the materials used in this study 
and their energy level diagrams are shown in Fig 1. Indium tin 
oxide (ITO) was cleaned using a standard oxygen plasma 
treatment. OLED-grade materials were purchased and used 
without further purification. All organic layers were deposited 
in a high vacuum chamber below 5×10-7 torr, and thin films of 
LiF and Al were deposited as a cathode electrode. The OLEDs 
were transferred directly from the vacuum into an inert 
environment glove-box, where they were encapsulated using a 
UV-curable epoxy and a glass cap with a moisture getter. The 
electroluminescence spectrum was measured using a Minolta 
CS-1000. The current-voltage (J-V) and luminescence-voltage 
(L-V) characteristics were measured with current/voltage 
source/measure unit Keithley 238 and a Minolta CS-100, 
respectively. 

Three blue PHOLEDs of type Device A were used as 
standard devices in the current study. They were fabricated 
using a configuration of ITO / N,N’-di(naphthalene-1-yl)N,N’-
diphenyl-benzidine (NPB) (40 nm) / Host:FIrpic 5% (30 nm) / 
Bphen (50 nm) / LiF (1 nm) / Al (120 nm) with CzSi, CzC, or 
BSB host materials, as shown in Fig 2. Three devices of   
type Device B with an mCP interlayer (10 nm) between an 
NPB-HTL (30 nm) and the EML were fabricated. Also,   
4,4’-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl (NPB), and 
bathocuproine(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) 
(Bphen) were used as an HTL and an electron transporting 
layer (ETL), respectively. A blue-light-emitting dopant FIrpic 
was doped in the host materials (CzSi, CzC, or BSB), which 
have a large triplet energy of 3.02 eV, 2.97 eV, or 2.76 eV, 
respectively [11], [12], and the doping concentration of FIrpic 
was fixed at 5%.  

Additionally, recombination zone studies in blue PHOLEDs 
with different host materials were also demonstrated by  

 

 

 
 

 
 

Fig. 1. Chemical structures and energy level diagrams for the
materials tested in this study. 
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Fig. 2. Device structures of blue PHOLEDs tested in this study.
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analyzing partially doped devices (Devices C to E), as shown 
in Fig 2. A detailed description of these partially doped devices 
will be discussed in the next section. 

III. Results and Discussion 

The current density-voltage-luminance curves of blue 
PHOLEDs without an mCP interlayer (Device A) are shown in  
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Fig. 3. Current density-voltage-luminescence (J-V-L) characteristics
of (a) Device A and (b) Device B. 
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Fig. 3(a) according to the host materials. The lowest current 
density was observed in Device A with the BSB host in the 
EML, and there was little difference in current density in 
Device A with CzC and CzSi. The low current density of 
Device A (BSB) can be explained by the inefficient hole 
injection from NPB-HTL and the electron injection from 
Bphen-ETL to the EML. As shown in Fig. 1, the highest 
occupied molecular orbital (HOMO) level of NPB and BSB 
are 5.4 eV and 6.5 eV, respectively, and therefore the hole 
injection from NPB to BSB was greatly restricted due to the 
HOMO level difference of 1.1 eV between NPB and BSB. 
Similarly, there was also poor electron injection from Bphen-
ETL to EML in Device A (BSB) due to a large electron 
injection barrier (0.7 eV) between Bphen and BSB. However, 
in the case of Device A (CzC), the HOMO level of CzC   
(5.9 eV) is higher than that of BSB (6.5 eV), and the lowest 
unoccupied molecular orbital (LUMO) level of CzC (2.5 eV) 
is lower than that of BSB (2.3 eV), which led to a lower energy 
barrier for both hole and electron injection.  

The current density as well as luminance behavior of the 
blue PHOLEDs with mCP interlayer (Device B) are 
demonstrated in Fig. 3(b) according to the host materials. As 

we previously reported, the mCP interlayer was incorporated to 
block triplet exciton quenching and reduce electron overflow 
[19]. Note that this mCP interlayer can act as a buffer layer to 
reduce the HOMO level difference between NPB and host 
material [5], [19]. In particular, in the case of Device B (BSB), 
luminance and current density at the same driving voltage were 
greatly increased. As we mentioned earlier, the HOMO level of 
mCP is 6.1 eV, and there was a huge hole injection barrier  
(1.5 eV) from NPB to BSB. This large hole injection barrier 
was alleviated by employing the mCP interlayer, which 
resulted in the stepped progression of the HOMO levels (that is, 
HOMO levels of NPB, mCP, and BSB are 5.4 eV, 6.1 eV,  
and 6.5 eV, respectively). Accordingly, the driving voltage 
difference between Device B (BSB, 8.8 V) and Device A (BSB, 
12.2 V) at a luminance of 100 cd/m2 is 4.0 V, which is over a 
30% reduction. This result implies that the proper introduction 
of an interlayer at the HTL/EML interface can enhance the 
charge-carrier injection and reduce driving voltage in the EML. 
However, the driving voltage reduction by introducing this 
mCP interlayer in the devices with CzSi or CzC host materials 
was not very effective because there were little HOMO level 
difference between mCP and CzSi or CzC.  

Figure 4 shows the electroluminescence spectra and 
Commission Internationale de L’Eclairage coordinates of 
Devices A and B at a current density of 10 mA/m2. All the 
devices exhibit a similar maximum luminescence wavelength, 
near 470 nm, which originates from the triplet emission of the 
FIrpic emitter. However, blue PHOLEDs with BSB host 
material exhibited an increased shoulder emission near 497 nm. 
In particular, Device A (BSB) emits another broad shoulder 
near 438 nm. The former broad shoulder emission near 497 nm 
can be presumed to be an optical effect caused by the 
recombination zone change in the devices with different host 
materials [20], [21]. A detailed investigation of this 
recombination zone shift will be discussed in the 
recombination zone study, and further described in Figs. 6 and 
7. The latter emission near 438 nm is assigned to NPB 
emission because of electron overflow from BSB to NPB and 
hole accumulation at the interface between NPB and BSB [12], 
[19], and [22]. As discussed and shown in Fig. 1, holes can be 
accumulated between the NPB and BSB interface due to the 
huge hole injection barrier. These accumulated holes can be 
recombined with electrons that overflow from the EML to 
NPB, giving rise to an undesirable NPB emission that can 
degrade the performance of blue PHOLEDs. Compared to 
Device A (BSB), no additional emission in Device B (BSB) is 
observed due to the reduced hole accumulation at the 
HTL/EML interface. By introducing the mCP interlayer, holes 
are easily injected from HTL and can be transported through 
the BSB host materials. Consequently, hole accumulation in  
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Fig. 4. Normalized electroluminescence spectra of (a) Device A
and (b) Device B at a driving current of 10 mA/cm2. 
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Device A (BSB) can be reduced, leading to no additional 
emission near 438 nm. The lack of additional emission in the 
blue PHOLEDs with CzSi and CzC also supports this 
explanation. The HOMO levels of CzSi and CzC are only  
6.0 eV and 5.9 eV, respectively, and thus holes can be 
efficiently injected from the NPB to EML.  

The external quantum efficiency (EQE) of blue PHOLEDs 
was plotted against the current density as shown in Fig 5. 
Among blue PHOLEDs without an mCP interlayer, Device A 
(CzSi) showed the best peak EQE value of 9.92%, and Device 
A (CzC) also exhibited a high efficiency of 9.46% compared 
with only 0.79% of Device A (BSB). Interestingly, Device A 
(BSB) exhibited very low EQEs, less than 1%. As expected 
from the electroluminescence study and current density-voltage 
characteristics in Figs. 3(a) and 4(a), this result can be 
explained in terms of an ineffective hole injection and electron 
overflow in the device with BSB host material. Moreover, the 
triplet energy level of NPB is only 2.3 eV [22], [23], which is 
not high enough for exciton blocking from the EML because 
the triplet energy levels of the BSB host and FIrpic-dopant 
materials are 2.76 eV and 2.62 eV, respectively. However, 

 

Fig. 5. EQE versus current density characteristics of (a) Device A 
and (b) Device B. 
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Device B with an introduced mCP interlayer showed 
remarkably different results. In the cases of Device B with 
CzSi and CzC host materials, the EQEs were decreased up to 
6.46% and 5.75%, respectively, whereas the peak EQE of 
Device B (BSB) greatly increased up to 17.1%. This value is 
more than 21 times higher than that of Device A (BSB) without 
the mCP interlayer.  

Generally, the light-emitting efficiency of OLEDs is 
determined by the hole/electron balance and confinement in the 
EML [17], [18], [21], [24]. In the case of Device B (BSB), the 
mCP interlayer can play an important role of a hole injection 
buffer layer to reduce the HOMO level difference between 
NPB and BSB. Furthermore, the mCP interlayer also acts as an 
excellent exciton blocking layer because mCP has large triplet 
energies (2.9 eV) to confine FIrpic excitons within the EML. 
On the contrary, the reduced efficiencies in Device B (CzSi) 
and Device B (CzC) after incorporating the mCP interlayer can 
be understood as being due to the preferred charge transport 
ability of the CzSi and CzC host materials. These results 



36   Jonghee Lee et al. ETRI Journal, Volume 33, Number 1, February 2011 

 

Fig. 6. Electroluminescence spectra of partially doped devices
(Device C to E) with (a) CzSi, (b) CzC, and (c) BSB host
materials at a driving current of 10 mA/cm2 (Inset: EQE 
vs current density). 
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indicate that the function of an introduced interlayer is greatly 
influenced by host properties, such as HOMO/LUMO energy 
level, triplet energy level, and charge-carrier mobility.  

We investigated the location of the recombination zone in 
blue PHOLEDs with different host materials by using a 
partially doped EML [15], [25]. Devices C to E were fabricated  

 

Fig. 7. EQE of partially doped devices (Device C to E) with
CzSi, CzC, and BSB host materials at a driving current of
1 mA/cm2. 
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as shown in Fig. 2. The blue emitting FIrpic was partially 
doped with a doping ratio of 5% in EMLs close to an HTL 
(Device C), close to an ETL (Device E), and at the center of an 
EML (Device D). The performances of partially doped blue 
PHOLEDs (Devices C to E) depending on the position of the 
doped region within the EML are shown in Figs. 6 and 7. In the 
case of devices with CzSi and CzC host materials, Device C 
and D exhibited relatively low intensity, whereas Device E 
showed a strong emission of FIrpic dopant. It can also be seen 
from Figs. 6 and 7 that EQEs of devices with CzSi and CzC 
host materials decreased as the FIrpic-doped region moves 
away from the EML/ETL interface. Both CzSi and CzC are 
carbazole-based hole-transport-type host materials, and their 
hole mobility of CzC (5×10-4 cm2/V • s) and CzSi (5×10-5 
cm2/V • s) is higher than their electron mobility [11]. Therefore, 
most hole/electron recombination probably occurred at an 
EML close to an ETL in devices with CzSi and CzC host 
materials. Hence, Devices C and D, which have only host 
material with no FIrpic dopant at an EML close to an ETL, 
showed extremely low EQEs. As expected from the above 
results, Device E, which has FIrpic dopant at an EML close to 
an ETL, showed a very similar device performance to Device 
B, which is FIrpic doped in the entire EML. In contrast to CzSi 
and CzC host materials, the maximum emission and efficiency 
in cases of BSB host material come from Device C. In 
accordance with these observations of Devices C to E with 
BSB host material, we clarified that the location of the 
hole/electron recombination zone of uniformly doped Device 
B (BSB) is positioned in an EML close to an HTL. From these 
results, the introduced mCP interlayer at an HTL/EML 
interface could be more effective in PHOLEDs whose 
recombination zone is positioned near the HTL side in an EML, 
that is, a device with BSB host material. Furthermore, we can 
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presume that the introduction of an interlayer at an EML/ETL 
interface will enhance PHOLED performance for devices with 
CzC and CzSi. Related studies are underway and the results 
will be reported later. 

IV. Conclusion 

We have demonstrated that the use of an mCP interlayer as 
an exciton blocking and hole injection buffer layer in blue 
PHOLEDs is effective in obtaining high performances. In 
particular, the EQE of a BSB host-material-based blue 
PHOLED was enhanced from 0.79% to 17.1% by an mCP 
interlayer at an HTL/EML interface. Through a recombination 
zone study, we also found that the effect of the interlayer is 
quite dependent on the host material properties, such as 
HOMO/LUMO energy level and charge-carrier mobility. 
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