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We demonstrate an organic p–n junction as an efficient electron injection layer for green
inverted bottom-emission organic light emitting diodes (IBOLEDs). The organic p–n junc-
tion composed of a p-CuPc/n-Bphen layer showed very efficient charge generation under
a reverse bias reaching to 100 mA/cm2 at 0.3 V, and efficient electron injection from indium
tin oxide (ITO) when adopted in IBOLEDs. Moreover, the organic p–n junction resulted in
the same current density–voltage–luminance characteristics independent of the work
function of the cathode, which is a valuable advantage for flexible displays.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently organic light emitting diodes (OLEDs) have
been successfully launched in small sized mobile displays,
and a large effort has been made to develop larger sized
and flexible OLEDs. Flexible OLEDs on plastic substrates re-
quire flexible driving circuits fabricated at low tempera-
ture. Oxide thin film transistors (TFTs) are considered as
a candidate for this purpose because the materials satisfy
the requirements along with high electron mobilities.
Moreover, the transistors can be fabricated using a solution
process. Since the transition metal oxides are n-type semi-
conductors, inverted OLEDs are preferred to conventional
OLEDs to utilize the oxide TFTs in active matrix OLEDs.
The salient feature of inverted OLEDs compared with con-
ventional OLEDs is the electron injection from the bottom
electrode to an electron transporting layer (ETL). Most
commonly used transparent electrodes such as indium
tin oxide (ITO) and indium zinc oxide (IZO) or thin alumi-
num (Al) and silver (Ag) have work functions larger than
4.3 eV, while the lowest unoccupied molecular orbital
. All rights reserved.

: +82 2 889 8702.
(LUMO) level of organic materials used for the ETL is in
the region of 2.8–3.3 eV [1], resulting in a large electron
injection barrier from the electrode to the ETL. Moreover,
solution processible electrodes such as graphene and
PEDOT:PSS have been proposed as transparent electrodes
for displays and solar cells. It would be very valuable to de-
velop an electron injection layer operating efficiently inde-
pendent of the work function of the cathode.

Many kinds of methods have been developed to enhance
the charge injection at the metal/organic or organic/organic
junctions [2–17]. One of them is to use n-doping in ETLs
using alkali metals or alkali metal carbonates as the dopants
[4,9–17]. When organic materials are doped with the do-
pants, the Fermi level is modified by increasing the free car-
rier density in the doped layer. As a result, electrons can be
easily injected from the electrode to the doped organic layer
over the lowered injection barrier. Another method is the
modification of the work function of the electrodes using
various kinds of metals or with various surface treatments
on the metal substrates [18–21]. In our previous paper, we
reported that the charge carrier injection dominantly de-
pends on the work function of the electrode even in doped
film [22] and another group also reported similar results
[23]. It means that the bottom electrode in inverted OLED
still acts as a bottleneck compared with conventional OLED.
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Fig. 1. Illustration of an inverted OLED device with a p–n junction as an electron injection layer. The organic p–n junction acts as an electron injection layer
(EIL) by generating an electron hole pair at the junction under reverse bias with negligible voltage loss to perform as an efficient EIL.
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In this study, we report an organic p–n junction as an
efficient and cathode independent electron injection layer
(EIL) for inverted bottom emission OLEDs (IBOLEDs). Or-
ganic p–n junctions are known to generate electrons and
holes under reverse bias by tunneling of electrons from
the HOMO level of the p-layer to the LUMO level of the
n-layer through a narrow depletion layer at the junctions.
Forward bias in the OLEDs to inject electrons and holes into
the device corresponds to the reverse bias in the p–n junc-
tion to generate electrons and holes at the junction. The
generated holes and electrons at the junction move toward
the ITO and undoped ETL layer, respectively. Now the
injection barrier for holes (ITO/p-HTL junction) and elec-
trons (n-ETL/ETL junction) can be much lower than that
for the direct injection of electrons from ITO to the n-ETL,
resulting in an efficient injection of electrons. An overpo-
tential to generate electrons and holes was minimized by
using a p-doped copper phthalocyanine (CuPc)/n-doped
4,7-diphenyl-1,10-phenanthroline (Bphen) layer as the
charge generation layer, and this was the first successful
application of an organic p–n junction as an EIL for organic
electronics to the best of our knowledge. Furthermore, the
electron injection characteristics of the p–n junction are
independent of the work function of the electrodes.
2. Experimental

The IBOLEDs we fabricated have the pn-i-p structure
(device A) of ITO (cathode)/5 mol% Rhenium oxide
(ReO3) doped CuPc (15 nm)/15 wt% Rubidium carbonate
(Rb2CO3) doped Bphen (15 nm)/undoped Bphen (20 nm)/
1 wt% 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-
tetrahydro-1H,5H,11H-[1] benzopyrano [6,7,8-ij] quinoli-
zin-11-one (C545T) doped 4,40-N,N0-dicarbazole-biphenyl
(CBP) (20 nm)/undoped 1,1-bis-(4-bis(4-methyl-phenyl)-
amino-phenyl)-cyclohexane (TAPC) (30 nm)/8 wt% ReO3

doped TAPC (20 nm)/Al. For direct comparison, the n-i-p
structure (device B) of ITO (cathode)/15 wt% Rb2CO3

doped Bphen (30 nm)/undoped Bphen (20 nm)/1 wt%
C545T doped CBP (20 nm)/undoped TAPC (30 nm)/8 wt%
ReO3 doped TAPC (20 nm)/Al was also fabricated. We se-
lected such high doping concentrations because of low
doping efficiency of n- and p-dopants in organic semicon-
ductors [13,16,17,24]. The organic layers and the metal
anode were successively deposited using a shadow mask
to define an active area of 4.0 mm2 on a precleaned
150 nm-thick-ITO patterned glass substrates at a base
pressure of 10�7 torr. Both UV-O3 treated and PEDOT:PSS
spin coated on ITO glass were used to modify the work
function of the electrode. Rb2CO3 was used as the n-dop-
ant, and ReO3 was used as the p-dopant in the devices
[13,15,16,25,26]. The current density–voltage–luminance
(J–V–L) characteristics of the devices were measured
using a Keithley 237 semiconductor parameter analyzer
and a Photo Research spectrophotometer (PR-650). All
the devices were encapsulated in a dry nitrogen filled
glove box prior to the measurement.
3. Results and discussion

The electrical property of the organic p–n junction was
investigated before inverted OLEDs were fabricated since
the organic p–n junction should generate charge carriers
with minimal extra voltage at the junction under reverse
bias to apply it as an efficient EIL in inverted OLEDs, as
shown in Fig. 1. Organic p–n junctions with two different
hole transporting materials (HTMs) were fabricated and
their current density–voltage (J–V) characteristics were



Fig. 2. (a) The current density–voltage (J–V) characteristics of two
different organic p–n junctions of ITO/p-MeO-TPD (15 nm)/n-Bphen
(30 nm)/Al and ITO/p-CuPc (15 nm)/n-Bphen (30 nm)/Al. (b) Comparison
of the J–V characteristics of the ITO/n-Bphen (30 nm)/Al device and ITO/p-
CuPc (15 nm)/n-Bphen (30 nm)/Al under negative bias on the ITO
electrode.

Fig. 3. (a) Current density–voltage–luminance (J–V–L) characteristics and
(b) current and luminous efficiencies of the inverted OLEDs with p-CuPc/
n-Bphen (device A) and n-Bphen (device B) as the electron injection layer,
respectively.
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measured, as shown in Fig. 2a. The structure of the organic
p–n junction was ITO/p-doped HTM/n-Bphen/Al. Two dif-
ferent HTMs of CuPc and N,N,N0,N0-tetrakis(4-methoxy-
phenyl)-benzidine (MeO-TPD), possessing similar HOMO
levels of 5.2 eV and 5.1 eV, but different hole conductivi-
ties, were selected to investigate the charge generation
efficiency of the organic p–n junctions [14,27].

The device with the p-CuPc shows a 103–106 orders of
magnitude higher current density than the device with p-
MeO-TPD at a given voltage, and symmetric J–V character-
istics under forward and reverse biases. In particular, more
than 100 mA/cm2 of current density flow in the device at
just 0.3 V for both forward and reverse biases. Since the
HOMO levels of the CuPc and MeO-TPD are almost same,
the difference must be related to the charge transport in
organic films [28]. The conductivity of the doped CuPc is
102 orders of magnitude higher than that of the doped
MeO-TPD [14]. As a result, the generated charge carriers
are easily transported in the CuPc based device with little
voltage drop.

The electron injection ability of the organic p–n junction
of p-CuPc/n-Bphen is compared with an n-doped Bphen
using the ITO (cathode)/n-doped Bphen/Al device, which
is widely used as an efficient EIL in the n-i-p OLEDs. As
shown in Fig. 2, the current density of the device with
the p–n junction is almost the same as that of the device
with n-Bphen, demonstrating the efficient electron injec-
tion ability of the p–n junction.

Fig 3 shows the J–V–L characteristics and the efficien-
cies of the two different IBOLEDs, devices A and B. The
electrical and luminous characteristics of the two IBOLEDs
are almost the same. The charge injection and turn-on
voltages are 2.4 V and 3.1 V, respectively, and the driving
voltage at 1000 cd/m2 is 5.1 V for both devices. The injec-
tion voltage (Vinject) is defined as the voltage where the
charge injection begins to rise, and the turn-on voltage
(Vturn-on) as the voltage at the luminance of 1 cd/m2. The
current and luminous efficiency of device A are also com-
parable to those of device B. The maximum values of the
current and luminous efficiency are 14.7 cd/A and
10.3 lm/W for device A, respectively, compared to
15.0 cd/A and 10.5 lm/W for device B, respectively, as
shown in Fig. 3b.

A notable feature of device A is that the organic p–n
junction can inject and supply electrons to an emission
layer efficiently, independently of the work function of
the bottom cathode. Electrons are usually injected over
the injection barrier by thermionic emission or a tunneling
mechanism from the electrode to the organic layer in a
conventional device, as shown in Fig. 4a. To reduce the
injection barrier, electrical doping is widely used. How-
ever, the injection current still depends on the workfuction



Fig. 4. Schematic diagrams illustrating the electron injection mechanism in (a) a normal electrode/organic junction and (b) an electrode/p–n junction.

Fig. 5. (a) Current density–voltage (J–V) characteristics and (b) luminance–voltage (L–V) characteristics of the inverted OLEDs with n-Bphen (devices C and
D) and p-CuPc/n-Bphen (devices E, F, and G) as the electron injection layer fabricated on UV-O3 treated (devices D and E) and non treated ITO electrodes
(devices C and F) and on PEDOT:PSS (device G), respectively.
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(Uw) of the electrode, even in the doped organic films
[22,23]. This problem is covered by the new pn-i-p struc-
ture supplying holes to the electrode and electrons to the
emission layer simultaneously from the interface of the
junction, as shown in Fig. 4b. Because of the different
mechanisms of electron injection, the electron injection
ability must be independent of the work function of the
cathode.
The advantage of the new EIL based on the p–n junction
was confirmed by the IBOLEDs with three different cath-
odes of PEDOT:PSS, UV-O3 treated ITO and non treated
ITO electrodes. PEDOT:PSS is spin-coated on ITO glass at
4000 rpm for 40 s, followed by baking at 200 �C for 5 min
to achieve a thickness of 40 nm. The Uws of PEDOT:PSS,
UV-O3 treated ITO and untreated ITO are 5.2 eV, 4.9 eV,
and 4.5 eV, respectively. The J–V and L–V characteristics
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of the IBOLEDs with different bottom electrodes are shown
in Fig. 5a and b, respectively. For direct comparison, the
structures of devices A and B in Fig. 3 were adopted once
again except for the bottom electrodes. Devices C and D
with an n-i-p structure were prepared on the non treated
and UV-O3 treated ITO electrodes, respectively, and devices
E and F with a pn-i-p structure were also set on the UV-O3

treated and non treated ITO electrodes, respectively. Final-
ly, device G with a pn-i-p structure was fabricated on a
PEDOT:PSS electrode. Devices C and D showed remarkable
differences in their J–V and L–V characteristics. The Vinject

and Vturn-on values of device C are 2.4 V and 3.1 V, respec-
tively, however, those of device D are 2.8 V and 3.9 V,
respectively. These differences are attributed to the bottom
electrode modification within the n-i-p structured device.
The situation is, however, somewhat different when we
compared the pn-i-p structured IBOLEDs with various elec-
trodes. Device E has Vinject and Vturn-on values of 2.4 V and
3.1 V, respectively, and those of device F are 2.4 V and
3.2 V, respectively. Moreover, the J–V and L–V characteris-
tics of device G with the PEDOT:PSS electrode also show
little deviation from those of the two devices. Device G
has a Vinject value of 2.5 V and a Vturn-on value of 3.3 V,
respectively, and the minor differences may come from
leakage currents compared to other devices.

4. Conclusion

In summary, we demonstrated an organic p–n junction
as a new EIL for IBOLEDs. The organic p–n junction was
successfully applied to IBOLEDs as an EIL. The organic p–
n junction composed of a p-CuPc/n-Bphen layer shows al-
most the same electron injection characteristics for the
cathodes with different work functions whereas the injec-
tion characteristics of the n-Bphen EIL significantly de-
pends on the work function of the cathode. These facts
indicate that the new pn-i-p structure with the organic
p–n junction can be efficiently applied for high perfor-
mance flexible organic electronics, regardless of the
electrodes.
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