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We report a unique non-radiative p-n-p junction structure to provide high current conduction
with high mobility in organic semiconductor devices. The current conduction was improved
by increasing p-n junctions made with intrinsic p-type hole transport layer and n-type elec-
tron transport layer. The excellent hole mobility of 5.3� 10�1 cm2/V s in this p-n-p device
configuration is measured by the space charge limited current method with an electric field
of 0.3 MV/cm. Enhanced current conduction of 248% at 4.0 V was observed in fluorescent blue
organic light-emitting diodes with introduction of non-radiative p-n-p-n-p junction inter-
faces. Thereupon, the power efficiency at 1000 cd/m2 was improved by 22% and the driving
voltage also was reduced by 17%, compared to that of no interface device. Such high current
conduction with high mobility is attributed to the carrier recombination at p-n-p interfaces
through coulombic interaction. This non-radiative p-n-p junction structure suggested in this
report can be very useful for many practical organic semiconductor device applications.

Crown Copyright � 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction [1–6]. In particular, the organic materials with low LUMO
The reduction of operating voltage and the realization
of high carrier mobility in organic semiconductor devices
such as organic light-emitting diode (OLED) and organic
transistor is the most important issue because it is directly
correlated to the power consumption and rapid switching
performances of the devices. Generally, operating voltage
and carrier mobility of organic semiconductor devices is
greatly affected by charge injection situation and carrier
transporting characteristics. Therefore, the use of materials
with high carrier mobility as well as a good ohmic contact
property at the metal interface is the most desirable ap-
proach for the high performance devices. However, finding
such materials normally demands considerable investment
of time and effort. Hence as an alternative approach, the
efficient interface materials such as a thin insulator and a
strong dipole layer at the electrode have been reported
2012 Published by Elsevier
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(lowest occupied molecular orbital) values and inorganic
buffer materials with low conduction band on the
electrode were well known as good hole injection layers
[3–8]. Such a good injection may be attributed to the gen-
eration of the strong interface dipoles and/or new energy
states between organic and metal interfaces, which results
in significant injection barrier reduction [6,9]. The main
reason for such efficient carrier injection in these configu-
rations is their good energy level alignment between Fermi
level of metal electrode and organic layer [6,10,11].

To obtain intrinsically high mobility from the organic
materials, many research groups have investigated to
make high crystalline phase molecular films with various
deposition techniques [12–18]. This approach can provide
easy carrier hopping in organic films [19].

In this investigation, we report a new methodology to
realize a high current conduction in organic semiconductor
devices based on the Langevin recombination theory [20].
Langevin suggested that current density (J) attracted by
coulombic interaction between holes and electrons within
Langevin radius could be expressed by following equation:
B.V. All rights reserved.
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J ¼ nheltF

where e is the unit charge, nh is hole densities, F is the elec-
tric field, and lt (lt = le + lh) is total mobility. le and lh

are the electron and hole mobility, respectively. In general,
hole or electron conduction in p- or n-type organic semi-
conductor materials uses only hole mobility or electron
mobility. However, in this equation we expect that both
mobilities of hole and electron can contribute to make
the current conduction in organic semiconductor devices.
If recombination interface is generated by p-n junctions
in organic semiconductor devices, we may generate en-
hanced current conduction from both contributions of hole
and electron mobilities within Langevin radius. Langevin
gave an expression for the coulombic capture radius,

rc ¼ e2=ð4pere0kBTÞ

where e0 is the vacuum permeability, er is the relative
dielectric constant of the semiconductor, T is the tempera-
ture, and kB is the Boltzmann’s constant, respectively. This
relation is valid if we suppose a much smaller mean-free
path compared to the thermal capture radius because
charge transport normally takes place by hopping between
molecules and the mean-free path is on the order of the
intersite distance (a) of �1–2 nm. At room temperature
and with a relative dielectric constant (er) of �3, typical
for organic semiconductors, the thermal capture radius
(rc) is �18.5 nm.

In order to see such kinds of current conductions, multi-
ple p-n junction layers were formed by stacking of electron
transporting layer with low-lying LUMO and hole trans-
porting layer with high-lying HOMO (highest occupied
molecular orbital) as shown in Fig. 1(a). Charge generation
interfaces with chare recombination interfaces can be gen-
erated by these multiple p- and n- junctions. Enhanced
current conduction and high mobility by this chare recom-
bination interface of multiple p-n junctions are reported.

2. Experimental section

The sublimated grade N,N0-bis(naphthalen-1-yl)-N,N0-
bis(phenyl)benzidine (NPB), N,N0-di[4-(N,N0-diphenylam
ino)phenyl]-N,N0-diphenylbenzidine (DNTPD), and 4,40,400-
tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine (2-
TNATA) as intrinsic p-type materials and 1,4,5,8,9,11-hexa-
azatriphenylene-hexacarbonitrile (HATCN) as an intrinsic
n-type material were purchased by Lumtec Corp. and used
without purification, respectively. The molecular structure
of HATCN, DNTPD, and 2-TNATA are shown in Fig. 1(b).
Sublimated grade 2-methyl-9,10-di(2-naphthyl)anthra-
cene (MADN), p-bis(p-N,N-diphenyl-aminostyryl)benzene
(BD-1), lithium quinolate (Liq), and 1,3,5-tris(m-pyrid-3-
ylphenyl)benzene (TmPyPB) were used for the device fab-
rication of blue OLEDs. To fabricate hole and electron only
devices and blue OLEDs, glass substrates pre-coated with a
150 nm thick indium tin oxide (ITO) film with a sheet
resistance of �10 O/square were used. The line patterns
of the ITO layer and insulator covering for active area were
formed by photolithography. Before any other material
deposition, the patterned ITO glass was cleaned by sonifi-
cation in an isopropylalcohol and rinsed in deionized
water, and finally irradiated in a UV-ozone chamber. All or-
ganic layers and MoO3 were deposited in a multi-chamber
vacuum system at a base pressure of 10�7 Torr. Al
(100 nm) was deposited in an adjacent metal chamber.
The deposition rate for all organic layers and MoO3 was
about 0.5 Å/s and 0.1 Å/s, respectively. Then an Al electrode
was deposited at 5 Å/s. Thickness of each organic and inor-
ganic layer was controlled by the effusion rates using a
quartz-crystal microbalance (Cygnus™ of Inficon Co.).
The active area of the fabricated devices was 2 � 2 mm2.
To prevent the influence of the ambient oxygen, all devices
were encapsulated with glass and epoxy sealant in a N2

atmosphere glove box. The current density–voltage (J–V)
of blue OLEDs was measured using a Keithley SMU
2635A and their luminance–voltage (L–V) with a Minolta
CS-100A. The electroluminescence (EL) spectra and CIE col-
or parameters were obtained with a Minolta CS-1000A
spectroradiometer. The current–voltage (J–V) characteris-
tics for hole only devices were carried out using an Agilent
4156C semi-conductor parameter analyzer.
3. Results and discussion

NPB has a HOMO value of �5.4 eV while HATCN has a
LUMO value of �5.7 eV [21] as shown in Fig. 1(a). Intrinsi-
cally NBP and HATCN are p-type material and n-type mate-
rial, respectively, because their HOMO and LUMO levels are
close to Fermi level of general electrode metals. The energy
offset between HOMO of NPB and LUMO of HATCN is
0.3 eV when we consider intrinsic energy levels of these
two materials. However, the real energy offset at the inter-
face between NPB and HATCN is totally reverse according
to the recent report by Kim et al. (LUMO of HATCN lies over
0.3 eV level than HOMO of NPB) [6]. Anyhow, this barrier is
small enough to be easily overcome at room temperature.
When we make a p-n junction interface with these p- and
n- materials, charge generation behavior can be generated
because it separates hole and electrons at the junction.
Substantially, there have been several reports that demon-
strated a good charge generation behavior [6,10,11]. When
we stacked p-n-p multiple interfaces, hole current can flow
without any serious barrier as shown in Fig. 1(a). In this
device configuration, one interface (right side of HATCN
layer) can work as a charge generation part and the other
interface (left side of HATCN layer) can work as a charge
recombination part. In order to investigate improved cur-
rent conduction by charge recombination effect, three dif-
ferent types of hole only devices were fabricated as
follows:

Device A: ITO/HAT-CN (40 nm)/NPB (60 nm)/MoO3

(5 nm)/Al;
Device B: ITO/MoO3 (0.75 nm)/NPB (30 nm)/HAT-CN
(40 nm)/NPB (30 nm)/MoO3 (5 nm)/Al;
Device C: ITO/MoO3 (0.75 nm)/NPB (20 nm)/HAT-CN
(20 nm)/NPB (20 nm)/HAT-CN (20 nm)/NPB (20 nm)/
MoO3 (5 nm)/Al.

Here, MoO3 was used to make ohmic contact between
ITO and NPB as well as electron injection barrier from Al
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Fig. 1. (a) Device structure of hole-only devices, (device A and B) (b) devices structure of blue fluorescent OLEDs with p-n-p-n junction interface.

Fig. 2. Current density vs. voltage characteristics of hole-only devices
A � C.
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to NPB. As shown in Fig. 1(a), the Device A has one charge
generation interface while Device B and C are able to form
charge generation as well as recombination interfaces as
p-n-p structures. We used the same thickness of HATCN
layer in all devices to investigate only chare recombination
effects. Fig. 2 shows the current density (J) versus voltage
(V) characteristics which is originated from the hole cur-
rent flows of those devices (Devices A � C). At a given con-
stant voltage of 1.0 V, the current densities are 5.03 mA/
cm2, 12.92 mA/cm2, and 41.76 mA/cm2 for Device A, B,
and C, respectively. A lowest current flow was observed
for the Device A. When the p-n-p and p-n-p-n-p junctions
were employed in the hole only devices, hole current con-
duction was dramatically improved by 257% and 830%
compared with Device A at 1 V.

In order to understand effectiveness more by charge
recombination interfaces, measurements of carrier
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mobility of each material as well as the HTL(hole transport
layer)/HATCN/HTL stack are very interesting. Fortunately,
these p-n-p stacked devices show very good SCLC (space
charge limited current) behaviors as shown Fig. 3(a). The
measurement of carrier mobility by the SCLC method
was applied to our devices [22]. For the evaluation of car-
rier mobility in single and p-n-p stacked devices, we fabri-
cated the following hole and electron only devices:

Device D: ITO/MoO3 (0.75 nm)/a-NPB (100 nm)/MoO3

(5 nm)/Al;
Device E: ITO/MoO3 (0.75 nm)/2-TNATA (100 nm)/
MoO3 (5 nm)/Al;
Device F: ITO/HATCN/Al;
Device G: ITO/MoO3 (0.75 nm)/a-NPB (20 nm)/HAT-CN
(60 nm)/a-NPB (20 nm)/MoO3 (5 nm)/Al;
Device H: ITO/MoO3 (0.75 nm)/2-TNATA (20 nm)/HAT-
CN (60 nm)/2-TNATA (20 nm)/MoO3 (5 nm)/Al.

The low mobility 2-TNATA (2 � 10�5 cm2/Vs) [23] and
well known high mobility NPB materials (3 � 10�4 cm2/
Vs) [23] was evaluated as a hole only device to prove the
effectiveness of carrier mobility enhancement. An electron
only device (Device F) also was evaluated to see the effec-
tiveness of carrier mobility enhancement. The carrier
mobility to electric field dependence, l (E), in our devices
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Fig. 3. (a) current density–voltage characteristics of device D � H.
(Dotted lines mean ideal SCLC curves) (b) Mobility characteristics of p-
only, n-only, and p-n-p devices.
was plotted using the reported method [22]. The measured
mobilities were as follows: 2.2 ± (0.2) � 10�4 cm2/Vs (hole
mobility) for NPB (Device D), 6.4 ± (0.3) � 10�5 cm2/Vs
(hole mobility) for 2-TNATA (Device E), and 3.3 ± (0.1)
� 10�2 cm2/Vs (electron mobility) for HAT-CN (Device F)
at 0.3 MV/cm, respectively. The mobilities of NPB and 2-
TNATA are consistent with those reported in previous paper
[23]. Devices G and H gave 5.3 ± (0.3) � 10�1 cm2/Vs and
9.9(±0.4) � 10�2 cm2/Vs of hole mobilities at the 0.3 MV/
cm of electric field, respectively (see Fig. 3(b)). By insertion
of the HATCN layer between HTLs, the hole carrier mobility
was remarkably increased for more than one order of mag-
nitude. The increased mobility values of Devices G and H is
much higher than intrinsic electron mobility of HATCN,
indicating current conduction by both contributions of hole
and electron mobility are existed within Langevin coulom-
bic capture radius.

To precisely investigate the effect of real devices, blue
fluorescent OLEDs with various hole transport systems
were fabricated. The device structures and the materials
used for this study are shown in Fig. 1(b). The MADN as a
fluorescent host, BD-1 as a fluorescent dopant, Liq as a
electron injection layer, and TmPyPB as a electron trans-
porting layer were used for device fabrication [24]. The de-
tailed device structures with those blue fluorescent
materials were as follows:

Device I: ITO/HATCN (40 nm)/NPB (40 nm)/MADN: BD-
1 (5%, 40 nm)/TmPyPb (10 nm)/Liq (1 nm)/Al (100 nm);
Device J: ITO/DNTPD (20 nm)/HATCN (40 nm)/NPB
(20 nm)/MADN: BD-1 (5%, 40 nm)/TmPyPb (10 nm)/
Liq (1 nm)/Al (100 nm);
Device K: ITO/DNTPD (10 nm)/HATCN (20 nm)/NPB
(20 nm)/HATCN (20 nm)/NPB (10 nm)/MADN: BD-1
(5%, 40 nm)/TmPyPb (10 nm)/Liq (1 nm)/Al (100 nm).

The Device I was designed as a control device, which
has no charge recombination interface. The Devices J and
K were designed to investigate p-n-p junction effects. Here,
DNTPD as a hole injection layer was used to minimize the
hole injection barrier at the ITO interface. DNTPD has a
HOMO level of 5.1 eV. The doping concentration in the
EML was fixed by 5% in all the devices. Fig. 4(a) shows
the J–V–L and efficiency characteristics of the Devices
I � K. The turn-on (at 1 cd/m2) and operating voltages (at
1000 cd/m2) of 2.7 V and 5.2 V are obtained in the Device
I. Operating voltage is decreased to 4.3 V in Device K with
increasing p-n-p junctions. Conversely, current density is
increased from 6.46 mA/cm2 to 16.07 mA/cm2 at 4.0 V. En-
hanced current conduction of 248% at 4.0 V was observed
in fluorescent blue organic light-emitting diodes with
introduction of non-radiative p-n-p-n-p junction inter-
faces. Especially, driving voltages and current density
improvement at the multiple p-n-p junction device were
noticed. This result indicates that charge recombination
interfaces are very effective in reducing driving voltage
with increasing current conduction.

Fig. 4(b) shows power efficiencies as a function of lumi-
nance. The power efficiency at 1000 cd/m2 was 2.98 lm/W
in the Device K (four p-n junction), which is �21.6% im-
proved result compared to that of Device I (2.45 lm/W).
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Fig. 4. (a) Current density vs. voltage characteristics of blue fluorescent
devices I � K, (Inset) luminance vs. voltage characteristics of blue
fluorescent devices I � K. (b) Power efficiency as a function of luminance
of the devices I � K. (Inset) Electroluminance spectra of devices I � K at
1000 cd/m2 brightness.

Table 1
Performances of fluorescent blue devices I � K.

Device I Device J Device K

Turn-on voltage
(1 cd/m2)

2.7 V 2.7 V 2.7 V

Operating voltage
(1000 cd/m2)

5.2 V 4.7 V 4.3 V

Efficiency (1000 cd/m2) 4.05 cd/A
2.45 lm/W

4.10 cd/A
2.80 lm/W

3.98 cd/A
2.98 lm/W

Efficiency (maximum) 5.32 cd/A
5.44 lm/W

5.07 cd/A
5.20 lm/W

4.72 cd/A
4.75 lm/W

CIE (x, y) (1000 cd/m2) (0.144,
0.132)

(0.144,
0.132)

(0.144,
0.131)

EQE (%) 5.53 5.27 4.91
Emission (nm) 455 455 455
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The performances of all the devices are summarized in the
Table 1. Although much improved J–V–L characteristics are
obtained in the Device K, efficiency improvement under
1000 cd/m2 is not so effective. We did not optimize for
charge balance at the low current level. Therefore, some
unbalanced charges may contribute power efficiency value
under 1000 cd/m2 brightness value. A constant peak max-
ima at 455 nm was observed in the EL spectrum of the De-
vices I � K at 1000 cd/m2 brightness value shown in the
inset of Fig. 4(b), which means that the recombination
zone is not moved seriously even after introducing the
multi-junction interfaces.

Indeed, we observed interesting and unique results
associated with very low driving voltages and high power
efficiency characteristics of hole only devices as well as
fluorescent blue devices. These results could be explained
by simultaneous charge generation and recombination
process at p-n junction interfaces. In a charge generation
interface, the slight increase of driving voltage is inevitable
due to a Fermi level mismatching. In our charge generation
interface, Fermi level mismatching is almost negligible
according to the previous UPS study [6]. In addition, charge
recombination interfaces could decrease a resistance for
carrier transportation as suggested by Langevin
recombination theory. A current conduction model with
the occurrence of Langevin recombination in case of a sin-
gle layer device with a polymer material was investigated
by previous report [25]. This model was suggested based
on the theory of conventional double-carrier semiconduc-
tor devices [25,26]. They assume that charge recombina-
tion and charge neutralization are of importance and
recombination is bimolecular, i.e. that its rate is propor-
tional to the product of the electron and hole concentra-
tions. As a result, the current density in a double-carrier
device can be considerably larger than in a single-carrier
device. In the simple case without traps and a field inde-
pendent mobility, the double-carrier current (plasma lim-
it) is given by this equation [26];

J ¼ 9p
8

� �1
2

e0er
2elplnðlp þ lnÞ

e0erB

� �1
2 V2

L3

with B the bimolecular recombination constant. In order to
quantitatively estimate the effect of our high current con-
duction, current conduction values of Device G and H were
calculated with this equation because it is quite similar to
our device concept and compared with real experimental
results. For the calculation, our measured lp and ln values
of 2.2 � 10�4 cm2/Vs (NPB), 6.4 � 10�5 cm2/Vs (2-TNATA),
and 3.3 � 10�2 cm2/Vs (HATCN) were used. For the L value,
the general capture radius (rc) of charge recombination in
the organic materials was used as 18.5 nm. We assume that
each 18.5 nm thickness of two interfaces in Device G and H
gives us only this double carrier current behavior and re-
mained 63 nm layer only gives us SCLC current values. For
the B value, the reported values of 3.4 � 10�12 cm3/s was
used [27]. Table 2 shows our calculation result and experi-
mental data. Calculated total current conduction values
compared with single carrier devices are considerably in-
creased due to these charge recombination interfaces. Even
though experimental data are somewhat lower than calcu-
lation values, the order of magnitude for current enhance-
ment is quite similar in both cases. Current enhancement
by charge recombination interfaces in Device G and H is
well understood by this double-carrier current equation.
The mobility increases by insertion charge recombination
interfaces also could be understood since mobility values
are directly extracted by SCLC values. Our measured mobil-
ity values are obtained by assuming that our devices are



Table 2
Calculated current densities by a double-carrier current equation and experimental results in device G and H.

Voltage (V) Device G Device H

Experimental current density
(A/cm2)

Calculated current density
(A/cm2)

Experimental current density
(A/cm2)

Calculated current density
(A/cm2)

0.7 25.66 34.53 14.76 22.27
2.0 200.29 299.99 113.10 175.55
4.0 777.86 1076.80 435.13 676.97
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single carrier devices. Therefore, carrier mobility increases
of several orders of magnitude could be observed by inser-
tion charge recombination interfaces. The effect of this
mobility increase is very useful in organic semiconductor
devices because current transportation behavior with
non-radiative p-n-p interfaces is the same as single carrier
devices and it can provide a new way to increase carrier
mobility without new materials.
4. Conclusion

In summary, we have demonstrated enhanced current
conduction with high mobility by multiple p-n-p junction
structures in several organic devices. Voltage reduction in
fluorescent blue OLEDs has been demonstrated by Lange-
vin recombination theory. Multiple intrinsic p-n-p junc-
tions can provide non-radiative coulombic interaction
and thus carrier transportation is improved significantly.
This multiple charge generation and recombination con-
cept proposed in this study is capable of reducing the
power consumption and rapid switching in various organic
devices.
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