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Abstract. Electroluminescence (EL) of bilayer organic light-emitting diodes based on N,N′-diphenyl-
N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD) and 2-(4′-biphenyl)-5-(4′′-tert-butylphenyl)-
1,3,4-oxadiazole (PBD) were reported. The EL spectra of bilayer device ITO/TPD/PBD/Al consist of
monomolecular emission from TPD, exciplex emission and charge carriers cross recombination at the
TPD/PBD interface. By varying the thickness of each organic layer while keeping the thickness of the
whole device constant, three kinds of bilayer devices were fabricated and their EL and photoluminescence
spectra were compared with each other, and our experimental data show that charge tunneling and cross
recombination coexist at the TPD/PBD interface, and these two processes compete with each other under
high electric fields.

PACS. 73.20.-r Electron states at surfaces and interfaces – 73.40.-c Electronic transport in interface
structures – 74.78.Fk Multilayers, superlattices, heterostructures – 77.84.Jd Polymers; organic compounds

1 Introduction

Organic electroluminescent devices have remarkable pro-
cessing and performance advantages for large-area flat
panel displays. Multilayer electroluminescence (EL) de-
vices are often employed to balance charge injection
and improve efficiency in organic light-emitting devices
(OLEDs) [1,2]. The key device processes of OLEDs,
charge recombination and charge separation, occur at
the heterojunction between two molecules [3,4]. Ex-
ciplex formation will form at the solid interface be-
tween a hole-transporting layer (HTL) and an electron-
transporting layer (ETL), where there is a significant
spatial overlap between the lowest unoccupied molecular
orbitals (LUMOs) of the constituent species [5], which
is clearly the case for conjugated organics, whose LU-
MOs are highly delocalized π orbitals. Exciplex emission
and electroplex emission between N,N′-diphenyl-N,N′-
bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD)
and 2-(4′-biphenyl)-5-(4′′-tert -butylphenyl)-1,3,4-oxadia-
zole (PBD) molecules were reported [6–8]. As an ex-
ample, the EL spectra of double-layer OLEDs based on
TPD and PBD molecules incorporated in bisphenol-A–
polycarbonate matrix were believed to consist four emis-
sion bands λ1 = 400 nm (emission of TPD), λ2 = 480 nm
(exciplex emission at the TPD/PBD interface), λ3 =
550 nm (electroplex emission in strongly disordered re-
gions) and λ4 = 690 nm (from the trapping of the e-h
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heteropairs in a disordered environment) [6]. As we know,
the EL spectra of bilayer or multilayer devices usually de-
pend on both the thickness of each organic layer and ap-
plied voltages [9]. Then, it is essential to know the detailed
process of charge carriers at the organic heterojunction in-
terface when electric field changes in each layer.

For different organic components, the charge carriers
process at the organic heterojunction interface is different
under electric fields [10]. In this paper, we choose TPD
as HTL and PBD as ETL to reveal the detailed process
of charge carriers at the TPD/PBD interface under dif-
ferent electric fields by varying the thickness of each or-
ganic layer while keeping the thickness of the whole device
constant. By comparing with the EL and photolumines-
cence (PL) spectra of single-layer devices ITO/TPD/Al
and ITO/PBD/Al, we found charge carriers tunneling and
cross recombination compete with each other in bilayer de-
vice ITO/TPD/PBD/Al under high electric fields, and the
EL spectra are different for three kinds of bilayer devices.

2 Experimental details

Both TPD and PBD are bought from J&K-ACROS com-
pany without further purification. TPD film was firstly
thermally evaporated under high vacuum of 2.6×10−4 Pa
onto the ITO substrate (sheet resistance of 10 Ω/square)
which was thoroughly cleaned by scrubbing, ultrasonic
and irradiation in a UV-ozone chamber, consequentially
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Fig. 1. Normalized EL spectra of single-layer device
ITO/TPD(105 nm)/Al at different applied voltages and its
normalized PL spectrum at the excitation wavelength of
325 nm. The inset shows the normalized EL and PL spectra of
single-layer device ITO/PBD(110 nm)/Al.

PBD film at a rate of 0.1 nm/s, and then cathode Al
was evaporated to complete the devices. The thickness
of organic layer was measured with a surface profilometer
(XP-2, AMBIOS). The EL and PL spectra were measured
with Spex Fluorolog-3 spectrometer (Jobin Yvon) at room
temperature in air.

3 Results and discussions

Firstly, we fabricated single-layer devices ITO/TPD/Al
and ITO/PBD/Al. The normalized EL spectra of single-
layer device ITO/TPD(105 nm)/Al at different applied
voltages and its normalized PL spectrum under the ex-
citation wavelength of 325 nm are shown in Figure 1.
From here, one can see that the EL spectra, maximiz-
ing at around 420 nm with a shoulder emission peak at
400 nm, are very different from its PL spectrum which
maximizes at 400 nm with a shoulder emission peak at
∼420 nm. The emission peak at ∼420 nm is from vibra-
tional sideband [11]. The ratio of emission intensity at
400 nm to that at 420 nm (I400 nm/I420 nm) firstly in-
creases with applied bias and then decreases again. Also,
the normalized EL and PL spectra of single-layer device
ITO/PBD(110 nm)/Al are shown in the inset of Figure 1.
From here, one can see that the EL spectrum of device
ITO/PBD(110 nm)/Al resembles its PL spectrum maxi-
mized at 389 nm with a little shoulder peak at 372 nm.

And then, we fabricated bilayer device ITO/
TPD(70 nm)/PBD(70 nm)/Al (device A) and its normal-
ized EL spectra at different applied voltages are shown in
Figure 2. From here, one can see that the EL spectra peak
at ∼470 nm with a shoulder peak at ∼400 nm. The rela-
tive emission intensity at ∼400 nm increases with applied
voltages and, to a certain applied bias, another emission at
∼420 nm appears and it gradually increases with applied
voltages. The emissions at 400 nm and 420 nm are from
TPD (see the EL spectra of ITO/TPD/Al in Fig. 1). It

Fig. 2. Normalized EL spectra of bilayer device
ITO/TPD(70 nm)/PBD(70 nm)/Al at different applied
voltages.

Fig. 3. Normalized EL spectra of bilayer device
ITO/TPD(45 nm)/PBD(100 nm)/Al at different applied
voltages.

is worthy to note that the emission at ∼470 nm is a top-
flat and broad emission band, and it is natural for one
to believe that it should combine two or more emission
components.

In order to know how many emission components it
includes, we changed the thickness of each organic layers
while keeping the thickness of the whole device constant
and made devices ITO/TPD(45 nm)/PBD(100 nm)/Al
(device B) and ITO/TPD(100 nm)/PBD(45 nm)/Al (de-
vice C). The normalized EL spectra of device B and de-
vice C at different applied voltages are shown in Fig-
ures 3 and 4, respectively. From Figure 3, one can see
that the normalized EL spectra are almost insensitive
to the applied voltages, maximizing at ∼480 nm with a
shoulder emission at ∼400 nm, and all of them consist
of monomolecular emission of TPD and exciplex emission
formed at the TPD/PBD interface. From Figure 4, one
can see that the relative emission intensity from TPD in-
creases significantly with increasing applied voltages, and
gradually four emission peaks at ∼400 nm, ∼420 nm,
∼460 nm and ∼480 nm can clearly be observed. From
these experimental data, we believe that emission peak
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Fig. 4. Normalized EL spectra of device
ITO/TPD(100 nm)/PBD(45 nm)/Al at different applied
voltages. Note: the EL spectra of device C is normalized
at 470 nm. The inset shows the energy diagram of organic
heterostructure TPD/PBD under high electric fields, and
the relaxation pathways ➀, ➁ and ➂ correspond to 480 nm,
460 nm and 400 nm emission band, respectively.

at around 480 nm origins from the exciplex emission at
the TPD/PBD interface, as reported in reference [6]. The
emission at around 460 nm is the result of cross recombi-
nation of electrons in the LUMO of PBD with holes in the
highest occupied molecular orbital (HOMO) of TPD [8].
From the EL spectra of these three bilayer devices, it is
obvious that both exciplex emission and charge carriers
across recombination compete with each other under high
electric fields.

It is easy to understand the above phenomena with
the energy diagram of bilayer device ITO/TPD/PBD/Al.
As shown by the inset in Figure 4, the HOMOs and
LUMOs of TPD and PBD are 2.4 eV and 5.5 eV, 2.8 eV
and 6.2 eV [8,12,13], respectively. Being the high injec-
tion barrier for holes (0.7 eV) at the TPD/PBD interface,
parts of holes will be blocked by PBD and accumulate
at the TPD/PBD interface. Similarly, some electrons will
be blocked by TPD and accumulate at the TPD/PBD
interface. More electrons transport from LUMO of PBD
into LUMO of TPD since electrons injection barrier is
lower than holes injection barrier at the TPD/PBD in-
terface. Therefore, electrons in LUMO of PBD took part
into two processes simultaneously: some electrons tunnel
into LUMO of TPD and some electrons across recombine
with holes in the HOMO of TPD at the TPD/PBD in-
terface. As a result, the former process results to both
monomolecular emission in TPD bulk (relaxation path-
way ➂) and (TPD∗PBD)-type exciplex emission (relax-
ation pathway ➀) at the TPD/PBD interface, and the
later process results to the emission of charge cross re-
combination (relaxation pathway ➁). Naturally, these ra-
diation processes compete with each other under high
electric fields. Generally speaking, the charge density in-
side the bulk of bilayer OLEDs is controlled by interfa-
cial charge accumulation and the response time is deter-
mined by the time required to accumulate a significant
fraction of the capacitor charge [14,15]. Interfacial charge

accumulation enhances the field in the cell compartment
adjacent to the contact at which minority carriers are in-
jected. This gives rise to enhanced minority carrier injec-
tion and explains why efficient bilayer LEDs can be fab-
ricated even with aluminum as the cathode material [16].
For device A, the amount of charge carriers accumulated
at the TPD/PBD interface increases with applied volt-
age, sequentially the electric field in the device bulk re-
distributes [17] and the electric field in PBD layer gets
higher than that in TPD layer, and the increased electric
field in PBD layer will make its charge carrier mobility
to increase dramatically. In this way, more and more elec-
trons tunnel into TPD and encounter with holes to form
excitons in TPD bulk, therefore, monomolecular emission
of TPD gets more and more intense; For device B, elec-
trons tunneling from LUMO of PBD into LUMO of TPD
is dominant and, as a result, charge carriers cross recom-
bination is not obvious and the relative emission inten-
sity from TPD (∼400 nm) to that of exciplex emission
(∼480 nm) almost keeps constant; For device C, electric
field changes dramatically with increasing applied volt-
ages, and more electrons tunnel into TPD layer and form
excitons in TPD layer, therefore, monomolecular emis-
sion from TPD bulk increases dramatically with increas-
ing applied biases (as shown in Fig. 4), and charge car-
riers cross recombination gradually gets more and more
intense.

Therefore, the spectra will become top-flat and broad
band emission at 470 nm when the emission intensity at
around 460 nm almost equals to that at around 480 nm,
just as the case of EL spectra of device A (see Fig. 2).
However, most electrons tunnel through the TPD/PBD
interface and the exciplex emission is dominant for de-
vice B (see Fig. 3), therefore, only the emission maxi-
mized at around 480 nm can clearly be observed. The
ratio of emission intensity of exciplex emission to that of
monomolecular emission is not insensitive with increasing
applied voltages. For device C (see Fig. 4), it is clear that
the relative emission intensity at 480 nm to that at 460 nm
gradually decreases with increasing applied voltages, and
monomolecular emission of TPD gets more and more in-
tense under high electric fields. For further comparison,
Figure 5 shows the normalized EL spectra of these three
bilayer devices at the same applied voltage of 18 V. Obvi-
ously, the emission at 470 nm can be decomposed to two
emissions at 460 nm and 480 nm. Also, the PL spectra of
devices A, B and C are shown in the inset of Figure 5.
From here, one can see that their PL spectra are different
from each other and, the monomolecular emission of TPD
always appears in their spectra. On the other hand, it is
worthy to note that there is an obvious shoulder emission
at around 550 nm in the PL spectrum of device B, and it
was designed as an “electroplex” emission in reference [6].
As we know, an electroplex refers to a particular emis-
sion species, and it distinguishes from exciplex in that an
electroplex only occurs under high electric fields, but an
exciplex occurs under both photoexcitation and high elec-
tric fields [18]. From here, it can be drawn that this emis-
sion around 550 nm is also an “exciplex” emission instead
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Fig. 5. Normalized EL spectra of bilayer devices A, B and C
under the same applied voltage of 18 V. The inset shows the
normalized PL spectra of bilayer devices A, B and C under the
excitation wavelength of 325 nm.

of “electroplex” emission by its definition [18], and the
detailed information is under investigation.

4 Conclusions

In summary, we have observed charge tunneling and cross
recombination at the TPD/PBD interface by studying the
EL spectra of bilayer device ITO/TPD/PBD/Al. The EL
spectra of bilayer device ITO/TPD/PBD/Al consist of
monomolecular emission of TPD, (TPD∗PBD)-type exci-
plex emission and charge carriers cross recombination at
the TPD/PBD interface. By varying the thickness of each
organic layer while keeping the thickness of the whole de-
vice constant, in this way, to change the electric field dis-
tribution in each organic layer, we have observed charge
tunneling (resulting to monomolecular emission of TPD
and (TPD∗PBD)-type exciplex emission) competes with
charge carriers cross recombination at the TPD/PBD in-
terface, and it results to different EL characteristics for
these bilayer OLEDs.
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