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Abstract: Organic light emitting diodes (OLEDs) incorporating an n-doping transport layer comprised of 8-hydroxy-quin- 
olinato lithium (Liq) doped into 4’7- diphyenyl-1,10-phenanthroline (BPhen) as ETL and a p-doping transport layer that 
includes tetrafluro-tetracyano-quinodimethane (F4- TCNQ) doped into 4,4'，4"-tris (3-methylphenylphenylamono) triphe­
nylamine (m-MTDATA) are demonstrated. In order to examine the improvement in the conductivity of transport layers, 
hole-only and electron-only devices are fabricated. The current and power efficiency of organic light-emitting diodes are 
improved significantly after introducing an n-doping (BPhen. ：33wt% Liq) layer as an electron transport layer (ETL) and 
a p-doping layer composed of m-MTDATA and F4- TCNQ as a hole transport layer (HTL). Compared with the control 
device (without doping) ,the current efficiency and power efficiency of the most efficient device (device C) are enhanced 
by approximately 51% and 89% , respectively, while driving voltage is reduced by 29%. This improvement is attributed to 
the improved conductivity of the transport layers that leads to efficient charge balance in the emission zone.
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1 Introduction

Since the discovery of organic light-emitting de­
vices (OLEDs) 9 there has been considerable interest 
in developing OLEDs with high efficiency for display 
applications^1^. In order to enhance power efficiency 
and lower driving voltage,it is critical to enhance the 
carrier injection from the electrode to the transpor­
ting layer and to increase the transport conductivi- 
ty[2’幻 . The hole injection can be improved by increas­
ing the work function of ITO with different surface 
treatments 9 such as O2 plasma or UV-Ozone treatment 
of the ITO surfaceW. it can also be enhanced by in­
troducing a hole injection layer (HIL) ,such as copper 
phthalocyanine ( CuPc) [5]，starburst poly amines[이， 
polymeric PEDT: PSS[지 and 4，4'，4"-tris (N-(2-naph- 
thyl) -N-phenylamino ) triphenylamine ( 2-TNATA) 
between the ITO/HTL interface.

Recently,the p-doping of a hole transport layer 
(HTL) for enhancing hole injection and lowering 
drive voltages in OLEDs has attracted much atten­
tion. The p-doping HTL is typically made by co-evap- 
orating the hole transporting materials with a strong 

electron acceptor like tetrafluro-tetracyano-quinodim- 
ethane (F4-TCNQ)ra，or oxidants like SbCl5너]， 

FeCl3™ and iodine[미. p-doping can also achieve 
ohmic conductivity to minimize the voltage drop 
across the ITO/HTL interface and the judicial control 
of doping levels can also lead to efficient carrier in­
jection by tunneling™.

However, organic molecules are known to be 
poor in electron injection and transport compared 
with their efficiency with respect to hole injection 
and transport. Many attempts have been made to im­
prove the electron injection and transport 9 including 
using low work function metalsE1,13^15] as cathodes,or 
inserting a thin interlayer between the cathode and 
electron transporting layerE16^20] to enhance electron 
injection.

Great efforts have been made to enhance the 
electron transport conductivity[안、심서 . Kido[22] reported 
improved electron transport by doping Li into Alq3. 
Fong™ also demonstrated that the device perform­
ance was enhanced significantly by doping 4 ”7- diphy- 
enyl-1,10-phenanthroline (BPhen) into Alq3 as a co­
host electron transport layer (c-ETL).

However 9 few studies have reported using a lithi­
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Introduction 

Since the discovery of organic light-emitting de­
vices ( OLEDs ) , there has been considerable interest 
in developing OLEDs with high efficiency for display 
applicationsC1J . In order to enhance power efficiency 

and lower driving voltage , it is critical to enhance the 
carrier injection from the electrode to the transpor­
ting layer and to increase the transport conductivi­

tyC 2
•
3J . The hole injection can be improved by increas­

ing the work function of ITO with different surface 
treatments , such as 0 2 plasma or UV-Ozone treatment 

of the ITO surfaceC•J . It can also be enhanced by in­
troducing a hole injection layer ( HIL), such as copper 
phthalocyanine ( CuPc ) C5l , starburst polyamines[6J , 
polymeric PEDT: PSS[7J and 4 , 4' , 4"-tris ( N- ( 2-naph­

thyl ) -N-phenylamino) triphenylamine ( 2-TNATA) 

between the ITO/ HTL interface. 

electron acceptor like tetrafluro-tetracyano-quinodim­
ethane ( F4 -TCNQ) [sJ , or oxidants like SbCl5 C9J , 

FeCl3 [roJ and iodine[nJ . p-doping can also achieve 

ohmic conductivity to minimize the voltage drop 
across the ITO/ HTL interface and the judicial control 
of doping levels can also lead to efficient carrier in­

jection by tunnelingC 12J , 

However, organic molecules are known to be 

poor in electron injection and transport compared 
with their efficiency with respect to hole injection 
and transport. Many attempts have been made to im­
prove the electron injection and transport , including 
using low work function metals[1

•
13

-
15J as cathodes,or 

inserting a thin interlayer between the cathode and 
electron transporting layerc16~zoJ to enhance electron 

injection. 
Great efforts have been made to enhance the 

electron transport conductivityC 21
~

2•J . Kido[zzJ reported 

improved electron transport by doping Li into Alq3. 
FongczrJ also demonstrated that the device perform­
ance was enhanced significantly by doping 4'7- diphy­
enyl-1 , 10-phenanthroline ( BPhen) into Alq3 as a co­
host electron transport layer (c-ETL) . 

Recently, the p-doping of a hole transport layer 
( HTL ) for enhancing hole injection and lowering 
drive voltages in OLEDs has attracted much atten­
tion. The p-doping HTL is typically made by co-evap­

orating the hole transporting materials with a strong However , few studies have reported using a lithi-
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um quinolinato complex such as 8-hydroxy-quinolina- 
to lithium (Liq) as an electron injection layerL25」due 
to the difficulty of depositing Liq onto substrate, es­
pecially when it is doped into other materials and no 
work has yet been reported using Liq-doped BPhen as 
electron transport layer (ETL). In addition,the appli­
cation of Liq to other emissive materials is worthy of 
study. We use the method of co-vaporation (vapori- 
zing Liq and BPhen at the same time) to deposit Liq 
and BPhen simultaneously and the result is accepta­
ble.

In this paper, devices with an n-doping (33wt% 
Liq：BPhen) layer as ETL and p-type (m-MTDATA： 
太wt% F4-TCNQ) layer as HTL are established. 
33wt% Liq is chosen because the device with the do- 
ping ratio of 33wt% Liq demonstrates the best J-V curve 
among all the electron only devices. The method of co-va- 
poration (vaporizing Liq and BPhen at the same time) is 
used to deposit Liq and BPhen simultaneously.

2 Experiment

Glass coated with indium-tin oxide (ITO) was 
used as a starting substrate. The sequence of pre­
cleaning prior to loading into the evaporation cham­
ber consisted of soaking in ultra-sonic detergent for 
30min, spraying with de-ionized (DI) water for 
10min? soaking in ultrasonic DI water for 30min，oven 
bake-dry for 30min，and ITO surface stabilizing ultra­
violet ozone illumination for 10min. The devices were 
prepared by vapor deposition onto an indium tin ox­
ide coated glass substrate with a sheet resistance of 
20幻/□♦The organic layer and the cathode layer were 
deposited by vacuum vapor deposition at 1. 0 x 10-5 
torr. The device structure is ITO/ 4,4'，4"-tris (3- 
methylphenylphenylamono) triphenylamine ( m-MT- 
DATA) : xwt% F4-TCNQ (40nm)/ NPB (10nm)/ 
Alq3 ( 20nm )/ BPhen： 太wt% Liq ( 50nm )/ LiF 
(10nm)/ Al (130nm). m-MTDATA： ^wt% F4-TCNQ 
and BPhen:太 wt % Liq were used as a p-doping hole 
transport layer (HTL) and an n-doping electron 
transport layer (ETL), respectively. NPB and Alq3 
were used as the interlayer and emission layer 
(EML), respectively, while LiF and Al were used as 
the electron injection layer and cathode 9 respectively.

The active area of the devices was 5mm X 5mm. 
The thickness of the organic layers was monitored 
with a quartz-crystal monitor. The current density 
versus voltage (J-V) and luminance characteristics 
were measured by a computer controlled programma­
ble Keithley 2400 DC Source Meter and Minolta LS- 
110 luminance meter.

3 Results and discussion

For the study of hole-injection and transport 
ability of m-MTDATA： F4-TCNQ films, a series of 
hole only devices were fabricated. These hole-only de­
vices have the following structures:

Device Hl： ITO/ m-MTDATA (40nm)/ NPB 
(lOnm)/ Al (130nm)

Device H2: ITO/ m-MTDATA： 0. 3wt% F4-TC- 
NQ (40nm)/ NPB (10nm)/ Al (130nm)

Device H3: ITO/ m-MTDATA： 2wt% F4-TCNQ 
(40nm)/ NPB (10nm)/ Al (130nm)

Device H4： ITO/ m-MTDATA： 4wt% F4-TCNQ 
(40nm)/ NPB (10nm)/Al (130nm).

A series of electron only devices were also fabri­
cated in order to obtain data on the electron transport 
ability of BPhen：Liq films.

The structures of the electron-only devices are as 
follows：

Device El: ITO/ BCP (5nm)/ BPhen (50nm)/ 
Al (130nm)

Device E2：ITO/ BCP (5nm)/ BPhen：17wt% Liq 
(50nm) / Al (130nm)

Device E3 ：ITO/ BCP (5nm)/ BPhen ：33wt% Liq 
(50nm) / Al (130nm)

Device E4: ITO/ BCP (5nm)/ BPhen ：50wt% Liq 
(50nm) / Al (130nm).

Figure 1 shows the molecular structures of main 
materials used in our research. The schematic struc­
tures of both hole-only and electron-only devices are 
depicted as the inset in Figs.2 and 3,respectively.Fig­
ure 2 shows the current density versus voltage charac­
teristics at various doping ratios of F4-TCNQ to m- 
MTDATA for the hole-only devices. Figure 3 shows 
the current density versus voltage characteristics at 
various doping ratios of Liq to BPhen for the elec­
tron-only devices.

In the hole-only devices, a dramatic increase of 
the device current was observed when F4-TCNQ was 
doped into an m-MTDATA layer. Compared with the 
device with an undoped m-MTDATA layer,the slight 
doping strikingly decreased the onset voltage. The J-V 
characteristics are strongly dependent on the doping 
ratio of the hole transport layer. At the same voltage, 
the current density increased as the doping rate in­
creased. The highest current density was observed at 
the doping rate of 2wt% F4-TCNQ，indicating that 
the conductivity of the p-doped layer increased due to 
the doping of F4-TCNQ into m-MTDATA.

In the electron only devices, a thin layer of BCP 
was used to prevent holes from entering the ETL be­
cause of its high highest occupied molecular orbital
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um quinolinato complex such as 8-hydroxy-quinolina­
to lithium ( Liq ) as an electron injection layerLzsJ due 

to the difficulty of depositing Liq onto substrate , es­
pecially when it is doped into other materials and no 
work has yet been reported using Liq-doped BPhen as 
electron transport layer (ETL). In addition, the appli­

cation of Liq to other emissive materials is worthy of 
study . We use the method of co-vaporation ( vapori­
zing Liq and BPhen at the same time) to deposit Liq 
and BPhen simultaneously and the result is accepta­

ble. 
In this paper , devices with an n-doping (33wt% 

Liq,BPhen ) layer as ETL and p-type ( m-MTDATA: 

xwt% F, -TCNQ ) layer as HTL are established. 
33wt% Liq is chosen because the device with the do­
ping ratio of 33wt% Liq demonstrates the best 1- V curve 
among all the electron only devices. The method of co-va­
poration ( vaporizing Liq and BPhen at the same time) is 
used to deposit Liq and BPhen simultaneously. 

2 Experiment 

Glass coated with indium-tin oxide ( ITO) was 
used as a starting substrate. The sequence of pre­
cleaning prior to loading into the evaporation cham­
ber consisted of soaking in ultra-sonic detergent for 
30min , spraying with de-ionized (DI ) water for 
lOmin , soaking in ultrasonic DI water for 30min,oven 
bake-dry for 30min , and ITO surface stabilizing ultra­
violet ozone illumination for lOmin . The devices were 
prepared by vapor deposition onto an indium tin ox­

ide coated glass substrate with a sheet resistance of 
20D/ D. The organic layer and the cathode layer were 
deposited by vacuum vapor deposition at 1. 0 x 10- 5 

torr. The device structure is ITO/ 4, 4' , 4"-tris ( 3-
methylphenylphenylamono ) triphenylamine ( m-MT­
DAT A): x wt ¾ F, -TCNQ (40nm )/ NPB (l0nm ) / 
Alq3 ( 20nm ) / BPhen, x wt% Liq ( 50nm ) / LiF 
(l0nm) / Al (130nm ) . m-MTDATA: x wt% F4-TCNQ 

and BPhen: x wt % Liq were used as a p-doping hole 
transport layer ( HTL ) and an n-doping electron 
transport layer ( ETL ), respectively. NPB and Alq3 
were used as the interlayer and emission layer 
(EML), respectively , while LiF and Al were used as 
the electron injection layer and cathode, respectively . 

The active area of the devices was 5mm x 5mm. 
The thickness of the organic layers was monitored 
with a quartz-crystal monitor. The current density 
versus voltage ( J- V ) and luminance characteristics 
were measured by a computer controlled programma­
ble Keithley 2400 DC Source Meter and Minolta LS­
ll0 luminance meter . 

3 Results and discussion 

For the study of hole-injection and transport 
ability of m-MTDATA: F4-TCNQ films, a series of 
hole only devices were fabricated. These hole-only de­

vices have the following structures: 
Device HL ITO/ m-MTDATA ( 40nm ) / NPB 

(10nm) / Al (130nm) 

Device H2: ITO/ m-MTDATA: 0. 3wt% F,-TC­
NQ (40nm) / NPB O0nm) / Al (130nm) 

Device H 3 : ITO/ m-MTDATA: 2wt% F, -TCNQ 
(40nm) / NPB (10nm) / Al (130nm) 

Device H4: ITO/ m-MTDATA: 4wt% F, -TCNQ 
( 40nm) / NPB (10nm) / Al (130nm) . 

A series of electron only devices were also fabri­

cated in order to obtain data on the electron transport 
ability of BPhen: Liq films. 

The structures of the electron-only devices are as 

follows: 
Device EL ITO/ BCP ( 5nm ) / BPhen ( 50nm ) / 

Al (130nm) 

Device E2:ITO/ BCP (5nm) / BPhen,17wt% Liq 
(50nm) / Al (130nm) 

Device E3: ITO/ BCP (5nm) / BPhen: 33wt % Liq 
(50nm) / Al (130nm) 

Device E4,ITO/ BCP (5nm) / BPhen,50wt% Liq 
(50nm) / Al (130nm) . 

Figure 1 shows the molecular structures of main 
materials used in our research. The schematic struc­
tures of both hole-only and electron-only devices are 
depicted as the inset in Figs. 2 and 3, respectively. Fig­
ure 2 shows the current density versus voltage charac­
teristics at various doping ratios of F 4 -TCNQ to m­
MTDAT A for the hole-only devices . Figure 3 shows 
the current density versus voltage characteristics at 
various doping ratios of Liq to BPhen for the elec­
tron-only devices. 

In the hole-only devices, a dramatic increase of 
the device current was observed when F,-TCNQ was 
doped into an m-MTDATA layer. Compared with the 

device with an undoped m-MTDATA layer , the slight 

doping strikingly decreased the onset voltage. The J- V 
characteristics are strongly dependent on the doping 
ratio of the hole transport layer. At the same voltage, 
the current density increased as the doping rate in­
creased. The highest current density was observed at 
the doping rate of 2wt% F.-TCNQ , indicating that 
the conductivity of the p-doped layer increased due to 
the doping of F,-TCNQ into m-MTDATA. 

In the electron only devices, a thin layer of BCP 
was used to prevent holes from entering the ETL be­
cause of its high highest occupied molecular orbital 
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Fig. 1 Molecular structures of main materials used
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Fig. 2 Current density versus voltage characteristics of hole-on­
ly devices with 0,0. 3,2 and 4wt% F4-TCNQ doped into M-MT- 
DATA Inset:the schematic structure of hole-only device.

(HOMO) level (6. 7eV)예 A rapid increase of the 
device current was observed when Liq was doped into 
a BPhen layer. Compared to the device with an undo­
ped BPhen layer, the slight doping strikingly de­
creased the onset voltage. The J-V characteristics are 
strongly dependent on the doping ratio of the electron 
transport layer. In the device with the doping ratio of 
33wt%Liq，the best J-V curve was obtained. The cur­
rent density decreased when the doping ratio of Liq 
reached 50wt% . The current enhancement of both the 
hole-only devices and the electron-only devices is at­
tributed to the decrease of the resistivity and activa­
tion energy, which leads to decreased ohmic losses.

Voltage/V

Fig. 3 Current density versus voltage characteristics of electron- 
only devices of 0,17,33 and 50wt% Liq doped into BPhen In­
set :the schematic structure of electron-only device.

The experimental results on the electron-only de­
vices have shown that further experiments should fo­
cus on a series of devices with a BPhen： 33wt% Liq 
(n-doping) layer as ETL. The advantage of using 
BPhen: Liq as ETL can be explained by both its con­
siderable high electron mobility (〜5 x 10_4cm2/(V • 
s)) among the electron dominant materialsE27］，and 
electron hopping exchange along their lowest unoccu­
pied molecular orbitals (LUMOs). The LUMO-LU- 
MO difference between BPhen［씨 (3. OeV) and LiqM 
(3. leV) is neglectable,due to their similar LUMOs. 
Transport manifolds along their LUMOs are expected 
to exhibit a certain extent of overlap after mixing. 
Therefore,it is likely that a large energetic disorder 
between BPhen and Liq contributes to electron 
hopping, implying that electron hopping among 
BPhen and Liq sites is favorable［제 .

Tables 1 and 2 show the voltages at 20 and 
100mA/cm2 for the hole-only and electron-only de­
vices 9 respectively. The tables indicate that the volt­
age decreases as the concentration of F4-TCNQ into 
m-MTDATA and Liq into BPhen increases. However, 
the lowest voltages are obtained in Device H3 (2wt% 
F4-TCNQ:m-MTDATA) and Device E3 (33wt% Liq： 
BPhen). When the concentrations of F4-TCNQ and 
Liq increase9the corresponding voltages increase. The 
concentration quenching at high doping ratios leads to 
the decrease of current density and the increase of 
voltage.
Table 1 Voltages of hole-only devices at various current densi­
ties

Devices Device Hl Device H2 Device H3 Device H4
Voltage at 20mA/cm2 (V) 5.7 4.6 3.6 3.4
Voltage at 100 mA/cm2 (V) 9.1 7.5 6.1 6.3

Table 2 Voltages of electron-only devices: at various current
densities

Devices Device El Device E2 Device E3 Device E4
Voltage at 20mA/cm2 (V) 8.0 6.0 4.2 5.1
Voltage at 100 mA/cm2 (V) 11.1 9.9 7.1 8.3
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ped BPhen layer, the slight doping strikingly de­
creased the onset voltage. The 1- V characteristics are 
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transport layer. In the device with the doping ratio of 
33wt% Liq, the best J- V curve was obtained. The cur­

rent density decreased when the doping ratio of Liq 
reached 50wt%. The current enhancement of both the 
hole-only devices and the electron-only devices is at­
tributed to the decrease of the resistivity and activa­
tion energy, which leads to decreased ohmic losses. 
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Fig. 3 Current density versus voltage characteristics of electron­

only devices of O, 17 ,33 and 50wt% Liq doped into BPhen In­

set: the schematic structure of electron-only device. 

The experimental results on the electron-only de­
vices have shown that further experiments should fo­
cus on a series of devices with a BPhen: 33wt% Liq 
( n-doping) layer as ETL. The advantage of using 
BPhen: Liq as ETL can be explained by both its con­
siderable high electron mobility ( ~ 5 x 10- 4 cm2 

/ (V • 
s) ) among the electron dominant materialsC27l , and 
electron hopping exchange along their lowest unoccu­
pied molecular orbitals (LUMOs ) . The LUMO-LU­
MO difference between BPhenC27l ( 3. 0eV) and Liqc26l 

(3. leV) is neglectable,due to their similar LUMOs. 
Transport manifolds along their LUMOs are expected 
to exhibit a certain extent of overlap after mixing. 
Therefore, it is likely that a large energetic disorder 
between BPhen and Liq contributes to electron 

hopping, implying that electron hopping among 
BPhen and Liq sites is favorableC27l. 

Tables 1 and 2 show the voltages at 20 and 
lO0mA/ cm2 for the hole-only and electron-only de­
vices, respectively. The tables indicate that the volt­
age decreases as the concentration of F4 -TCNQ into 
m-MTDATA and Liq into BPhen increases. However, 
the lowest voltages are obtained in Device H3 (2wt% 
F,-TCNQ,m-MTDATA) and Device E3 (33wt% Liq, 
BPhen). When the concentrations of F.-TCNQ and 
Liq increase , the corresponding voltages increase. The 
concentration quenching at high doping ratios leads to 
the decrease of current density and the increase of 

voltage. 

Table 1 Voltages of hole-only devices at various current densi­
ties 

Devices Device Hl Device H2 Device H 3 Device H4 

Voltage a t 20mA/ cm2 (V) 5 . 7 4 . 6 3 . 6 3 . 4 

Volta ge at 100mA/cm2 ( V) 9 . 1 7.5 6 .1 6 . 3 

Table 2 Voltages of electron-only devices at various current 
densities 

Devices Device El Device E2 Device E3 Device E4 

Voltage at 20mA/ cm2 (V) 8 . 0 6 . 0 4 . 2 5 .1 

Voltage a t 100mA/cm2 ( V) 11.1 9 . 9 7 .1 8 . 3 
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Fig. 6 Power efficiency versus current density characteristics of 
the complete devices

A series of complete devices were fabricated with 
a 33wt% Liq: BPhen (n-doping) layer as ETL. Among 
them, there are Device A (control device, undoped) 
with the structure of ITO/ m-MTDATA (40nm)/ 
NPB (10nm)/ Alq3 (20nm)/ BPhen (50nm)/ LiF 
(lnm)/ Al (130nm) fabricated for comparison and 
several devices with a p-doping m-MTDATA： % F4- 
TCNQ layer as HTL fabricated to balance the en­
hanced electron-injection with the n-doping layer. 
The F4-TCNQ weight percentages are 0,0.3,2 and 
4% for Devices B，C，D and E,respectively. The struc­
tures of these devices are as follows：

Device A (control device) : ITO/ m-MTDATA 
(40nm)/ NPB (10nm)/ Alq3 (20nm)/ BPhen： Owt% 
Liq (50nm)/ LiF (lnm)/ Al (130nm) ； Device B： 
Owt% F4-TCNQ( HTL)，33 wt% Liq (ETL)；Device 
C：0. 3wt% F4-TCNQ(HTL) ,33wt% Liq (ETL) ；De­
vice D：2wt% F4-TCNQ( HTL)，33wt% Liq (ETL) ； 
Device E： 4wt% F4-TCNQ ( HTL ), 33wt% Liq 
(ETL).

We did not attempt to optimize the thicknesses of 
these devices to the maximal luminous efficiency.

The current density versus the voltage, the cur­
rent efficiency versus the current density，and the 
power efficiencies versus the current density charac­
teristics of the complete devices are shown in Figs.4,
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5 and 6,respectively.Compared with the J-V curve of 
Device A (undoped)，the J-V curve of Device B is sig­
nificantly enhanced，indicating that the conductivity 
of the device can be improved by using n-doping 
ETL. Both the current and the power efficiencies of 
Device B (undoped HTL and n-doped ETL) are con­
siderably increased compared to Device A (control 
device) with a layer of 33wt% Liq: BPhen being used 
as ETL. Both the currents and the power efficiencies 
of Devices C，D and E are also increased compared to 
Device A when a p-doped HTL is used along with an 
n-doped ETL. However, the maximum value of cur­
rent and power efficiencies are obtained only when 
the doping ratio of F4-TCNQ into m-MTDATA is 
0. 3wt% (Device C). Among all the J-V curves, the 
best one is that of Device C9 which indicates the im­
proved conductivity of this device. Table 3 summari­
zes the data of all devices obtained in experiments 
from Device A to Device E at 20mA/cm2. Table 3 
shows that the current efficiency, power efficiency, 
and voltage of Device C (the most efficient device) 
have been improved by approximately 51%，89 % ,and 
29% ,respectively9compared to Device A (control de­
vice) . This significant enhancement in the device per­
formance is attributed to the improved transport con­
ductivity of both the p-doped hole transport layer and 
the n-doped electron transport layer for a particular 
doping concentration of F4-TCNQ into m-MTDATA 
and Liq into BPhen, with the result that an efficient 
carrier balance is reached in the emission zone,lead­
ing to enhanced current and power efficiency at low 
driving voltages.
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Fig. 5 Current efficiency-current density characteristics of the 
complete devices

Table 3 Performance of devices at 20mA/cm2

Devices Driving voltage/V
Current efficiency

/(cd/A)
Power efficiency

./(lm/W)
Device A 5.31 3.92 2.38
Device B 4.58 4.81 3.30
Device C 4.10 5.90 4.51
Device D 4.35 5.20 3.74
Device E 4.66 4.70 3.17
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Fig . 4 Current densit y versus voltage characteristics of the com­

plete devices 

A series of complete devices were fabricated with 
a 33wt% Liq: BPhen ( n-doping) layer as ETL. Among 
them, there are Device A ( control device, undoped) 
with the structure of ITO/ m-MTDATA ( 40nm ) / 
NPB (10nm ) / Alq3 ( 20nm) / BPhen ( 50nm ) / LiF 
Onm ) / Al (1 30nm ) fabricated for comparison and 

several devices with a p-doping m-MTDATA: x % F. ­
TCNQ layer as HTL fabricated to balance the en­
hanced electron-injection with the n-doping layer. 
The F4 -TCNQ weight percentages are 0 , 0. 3 , 2 and 
4 % for Devices B , C , D and E,respectively. The struc­
tures of these devices are as f ollows: 

Device A ( control device ) : ITO/ m-MTDATA 
( 40nm ) / NPB (1 0nm ) / Alq3 ( 20nm ) / BPhen: 0wt ¾ 
Liq ( 50nm ) / LiF ( 1nm ) / Al ( 130nm ) ; Device B: 
0wt ¾ F4 -TCNQ ( HTL) ,33 wt % Liq (ETL) ;Device 
C, 0. 3wt% F4 -TCNQ(HTL) , 33wt % Liq ( E TL) ;De­
vice D, 2wt% F.-TCNQ ( HTL) ,33wt% Liq (ETL ) ; 

Device E: 4wt% F4 -TCNQ ( HTL) , 33wt% Liq 
(ETL). 

We did not attempt to optimize the thicknesses of 
these devices to the maximal luminous efficiency. 

The current density versus the voltage , the cur­
rent efficiency versus the current density , and the 
power efficiencies versus the current density charac­
teristics of the complete devices are shown in Figs . 4, 
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the complete devices 

5 and 6 , respectively . Compared with the 1-V curve of 
Device A ( undoped) , the I- V curve of Device B is sig­
nificantly enhanced, indicating that the conductivity 
of the device can be improved by using n-doping 
ETL. Both the current and the power efficiencies of 
Device B (undoped HTL and n-doped ETL) are con­
siderably increased compared to Device A ( control 
device) with a layer of 33wt% Liq: BPhen being used 
as ETL. Both the currents and the power efficiencies 
of Devices C, D and E are also increased com pared to 
Device A when a p-doped HTL is used along with an 
n-doped ETL. However , the maximum value of cur­

rent and power efficiencies are obtained only when 
the doping ratio of F 4 -TCNQ into m-MTDATA is 
0. 3wt % ( D evice C ) . Among all the 1-V curves , the 
best one is that of Device C , which indicates the im­
proved conductivity of this device . Table 3 summari­
zes the data of all devices obtained in experiments 
from Device A to Device E at 20mA/ cm2 

. Table 3 
shows that the current efficiency , power efficiency, 
and voltage of Device C ( the most efficient device ) 
have been improved by approximately 51 % ,89% ,and 
29 % , respectively , compared to D evice A ( control de­
vice ) . This significant enhancement in the device per­
formance is attributed to the improved transport con­
ductivity of both the p-doped hole transport layer and 
the n-doped electron transport layer for a particular 
doping concentration of F 4 -TCNQ into m-MTDATA 
and Liq into BPhen , with the result that an efficient 
carrier bala nce is reached in the emission zone, lead­
ing to enhanced current and power efficiency at low 
driving voltages . 

Table 3 Performance of devices at 20mA/ cm' 

Dr iving voltage/ V 
Current efficiency Power eff iciency 

Devices 
/ ( cd/ A) /Clm/ W) 

Device A 5. 31 3 . 92 2 .38 

Device B 4. 58 4 . 81 3 .30 

Device C 4. 10 5. 90 4.51 

Device D 4. 35 5. 20 3.74 

Device E 4. 66 4 . 70 3. 17 
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Fig. 7 Comparison of current density versus voltage characteris­
tics of Device E3 (33wt% Liq: BPhen) with all hole-only devices

In order to discovery why Device C performed 
best9a series of J-V characteristics of all hole-only de­
vices were compared with that of each electron-only 
device, which is shown in Fig. 6. Figure 6 demon­
strates that the J-V curve of 0. 3wt% F4-TCNQ： m- 
MTDATA is very close to that of 33wt% Liq：BPhen, 
indicating that there is a good balance between the 
hole-only device for 0. 3wt% F4-TCNQ： m-MTDATA 
and the electron-only device for 33wt% Liq:BPhen, 
where the doping ratio is exactly the same as that of 
Device C (Fig. 4). Thus9 the enhancement in the de­
vice performances is the result of an efficient charge 
balance in the emission layer caused by conductivity 
improvement in the transport layers.

4 Conclusion

A good carrier balance is considered to be one of 
the most important factors for improving OLEDs. In 
this paper, we use Liq as a dopant to fabricate p-i-n 
devices with a novel n-doping (33wt% Liq： BPhen) 
layer as ETL and a p-doped (0,0.3, 2 and 4wt% 
F4 TCNQ: m-MTDATA) layer as HTL. We have also 
demonstrated the high current efficiency of 5. 90cd/ 
A,power efficiency of 4. 511m/W，and a driving volt­
age of 4. 10V at a current density of 20mA/cm2 in 
Alq3 based p-i-n OLEDs. The J-V comparison between 
the electron-only devices and hole-only devices has 
been presented to determine the reason for the signif­
icant improvement in performance. We conclude that 
an effective carrier balance (the number of holes is 
equal to the number of electrons) between holes and 
electrons is achieved due to the enhanced conductivity 
of the transport layers,leading to enhanced efficiency 
in our devices.
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Fig. 7 Comparison of current density versus voltage characteris­

tics of Device E3 (33wt% Liq: BPhen) with all hole-only devices 

In order to discovery why Device C performed 
best, a series of 1- V characteristics of all hole-only de­
vices were compared with that of each electron-only 
device , which is shown in Fig. 6. Figure 6 demon­
strates that the 1- V curve of 0. 3wt% F4-TCNQ: m­
MTDATA is very close to that of 33wt% Liq,BPhen, 

indicating that there is a good balance between the 
hole-only device for 0. 3wt% F4-TCNQ, m-MTDATA 
and the electron-only device for 33wt% Liq, BPhen, 

where the doping ratio is exactly the same as that of 
Device C ( Fig. 4) . Thus, the enhancement in the de­
vice performances is the result of an efficient charge 
balance in the emission layer caused by conductivity 
improvement in the transport layers. 

4 Conclusion 

A good carrier balance is considered to be one of 
the most important factors for improving OLEDs. In 
this paper, we use Liq as a dopant to fabricate p-i-n 
devices with a novel n-doping ( 33wt % Liq, BPhen) 
layer as ETL and a p-doped ( 0 , 0. 3, 2 and 4wt% 
F. TCNQ,m-MTDATA) layer as HTL. We have also 
demonstrated the high current efficiency of 5. 90cd/ 
A, power efficiency of 4. 5llm/ W, and a driving volt­
age of 4. lOV at a current density of 20mA/ cm2 in 
Alq3 based p-i-n OLEDs. The 1-V comparison between 
the electron-only devices and hole-only devices has 

been presented to determine the reason for the signif­
icant improvement in performance. We conclude that 
an effective carrier balance ( the number of holes is 
equal to the number of electrons) between holes and 
electrons is achieved due to the enhanced conductivity 
of the transport layers, leading to enhanced efficiency 
in our devices. 
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류能方的提高使得載流子在度光度域辻到有效平衡.

* 固家 g 然科孝基金(抵推믁:90201034,60477014,60577041)和固家重咸基拙硏究裝:展什刺(抵推믁:200208613400)資助項 目

卞 ®혈化옵.Email:xu_wei_mLaU@163.com
2007-06-23 收到，2007-08-09 定稿 ©2008 中固包子孝合

笑德洞 : p-i-n； n 型接奈 ; 包流效率; i子侍檢; 侍류率

EEACC： 4260D
中圈分契목: TN383 文獻麻洪强: A 文章編목: 0253-4177(2008)01-0033-06

PICTIVA00053251

JX-048.0006

38 

double-emission layers . App l Phys Lett, 2004, 85(17) ; 3911 

[ 24] He G, Schneider 0, Qin D , et al. Very high-efficiency and low 

voltage phosphorescent organic light-emitting diodes based on a p­

i-n junction. J Appl Phys, 2004, 85(10), 5773 

[ 25] Zheng X,Wu Y ,Sun R ,et al. E fficiency improvement of organic 

light-emitting diodes using 8-hydroxy-quinolinato lithium as an e-

lectron injection layer. Thin Solid Films, 2005, 478(2), 252 

[ 26] Kim J H, Nam E J , Hong S Y , et al. Study on electrical character­

istics of organic electrophosphorescent devices based on new Ir 
complex . Mater Sci Eng C, 2004, 24,167 

[ 27] Naka S , Okada H, Onnagawa H, et al. High electron mobility in 

bathophenanthroline. Appl Phys Lett, 2000, 76(2), 197 

ft 
Cl ...t~::k"li:Mt-+"li: lllt, ...t~ 200072) 

(2 ...t~::k"li:fJi~llil.~Ji#Li}jiifll ~Jj\i;/Ji1f$.ffi:,~~~~, ...t~ 200072) 

c3 PJ:f<'ii°-fil~rnf.Jt ~J,,j. -fil~ 014030) 

fi~: :m- 8-hydroxy-quinolinato lithium ( Liq) lj.-A 4' 7- diphyenyl-1 , 10-phenanthroline (BPhen) ,f'):;1] n ~ ~ r1ti'tftr m (ETL) , :m­
tetrafluro-tetracyano-quinodimethane ( F4 -TCNQ)Jffe A 4 ,4' ,4"-tris ( 3-methylphenylphenylamono) triphenylamine ( m-MTDATA) 1t= 

71 p ~:2:1C1ti'tftrmCHTL), lffH'FT p-i-n ~f,;J~tJL ~ 31UlU'tff{.tj:. 71 T ~Mt1ti'tftr m1t~$1'f{Ji!,J(~•Fi!fl£, Jfftl 'l- T ~ ~ :11J~~:2: 1Cff{Hll 

~~~rfff.tj:. tE5IA BPhen, 33wt% Liq 1'Jo71 ETL fft, x% F. - TCNQ , m-MTDATA 1'Jo71 HTL fft ,ff{.tj:l'f{J ~ rJiE :fllJJJ $xj$1ljj.M_j!j 

~. J:cJt2.lfftl fff4 C*Jffe~),ffi H; ,'l>iflldt!t.1il'i-9Jffe~ff{41'i-9 ~ 1JitlzJJJ-¥~¥0-JJtla/£'iT 51 % ;fll 89% , ~ffirllf T 29%. JR:nkai r1ti'tftrm1t 

~ffihl'i-9a/£'i~~•1Jitr1'E~*~~~~~~~a-

~ii!lwl: p-i-n; n~Jffe~; ~7)[~$; ~r1ti'tftr; 1t~-¥ 

EEACC: 4260D 

g:, 00,t~~: TN383 )(~~~: 0253-4177(2008)01-0033-06 

* 00 % gJ ~;f1J-"li:~~0Vi% ,90201034, 60477014 , 60577041),fQ 00%.ffi:,~~~:ll1ilf'l'i:2t~it:'i,1J CJtUi% , 2002CB613400 ) '6'fl!!JJ'.m §l 

t :i!!i{~t):i'f. EmaiL xu_ wei__mail@ l63 . com 

2007-06-23 4:l( ¥11, 2007-08-09 7£,ftWj 

PI CTIV A00053251 
Pictiva EX2035-p.6 
Samsung v Pictiva 

IPR2026-00129




