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Electroluminescence of solutionprocessed organic light-emitting diodes
based on ﬂuorescent small molecules
and polymer as hole-transporting layer
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White organic light-emitting diodes with three successively
spin-coated layers, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate, poly(N-vinylcarbazole) and small-molecule
emissive layer (EML) in turn, and a vacuum-deposited electrontransporting layer (ETL) have been prepared. The EML
includes a host bis[2-(4-(N,N-diphenylamino)phenyl)vinyl]
biphenyl, blue dopant 4,40 -bis[2-(4-(N,N-diphenylamino)phenyl)vinyl]biphenyl (DPAVBi) and yellow dye 5,6,11,12tetraphenylnaphtacene. The optimized white device shows a
current efﬁciency of 6.7 cd/A (1000 cd/m2) and a maximum
luminance of 16 768 cd/m2. It was found that the emission
spectra of DPAVBi was tuned from blue to greenish blue with
increasing of the ETL thickness, which could be attributed to
the optical interference effect from the metal cathode. By

comparing emission spectra of numerical simulation to tested
electroluminescence spectra, the position of the emission zone
was determined.
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1 Introduction Organic
light-emitting
devices
(OLEDs) have been a subject of intensive research because
of their potential applications for ﬂat-panel display and solidstate lighting. Recently, impressive scientiﬁc and technological progress has been achieved in this ﬁeld, and varieties
of vacuum-deposited product have been commercialized.
Compared to the vacuum-deposited technology, the solution-processed OLEDs are more competitive in ﬂexible and
large-sized display applications [1–5] because solution
processing are compatible with low-cost, large-area
manufacturing process such as screen printing, inkjet
printing [6, 7], and it is easy to realize co-doping of
multiple dopants and host materials. However, a big

challenge of the solution-processed OLEDs is to realize
optimized multilayer devices because the solvent of the
second layer will dissolve the previous layer. While OLED
requires a multilayer device structure to ensure a good
performance.
To resolve the above problems, great efforts have been
devoted to achieve multilayer device using solution
processing. These include using a crosslinking method [8,
9], a liquid buffer layer method [10], a blade-coating
method [1], or developing new materials with water/ethanolsoluble polymer [11], and so on. However, these methods for
multilayer formation are effective for polymers, but few
work well for small-molecule materials, and it is highly
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desirable for solution-based fabrication to be applied to
small-molecule materials that show excellent efﬁciency in
vacuum-deposited device. For this purpose, several groups
have published their results on solution-processed smallmolecule devices [12–18]. These devices show comparable
performance to those vacuum-deposited counterparts [16,
19]. However, other methods/concepts still need to be
developed. In the paper, we begin with a simple fact that
most polymers could only dissolve in some speciﬁc solvents
while organic small molecules could dissolve in most
common solvents. Therefore, solution processing should be
possible for the multilayer formation when the polymer
material is selected as the hole-transporting layer (HTL) and
small-molecule material as the light-emitting layer (EML).
In the case, the advantages of the polymer materials such as
good ﬁlm-forming nature, and excellent mechanical properties can be wisely combined with high emission efﬁciency of
the small-molecule materials and this is beneﬁcial for
realizing efﬁcient OLEDs with cost-effective ways.
Based on the above concept, OLEDs with three
successively spin-coating layers and one vacuum-deposited
electron-transporting layer (ETL) were fabricated and their
performances were investigated. A p-xylene-soluble smallmolecule EML was stacked onto a chloroform-soluble PVK
(poly(N-vinylcarbazole)) HTL, which was formed onto a
previously spin-coated PEDOT:PSS layer (poly(3,4-ethylenedioxythiophene): polystyrene sulfonate), to realize solution-processed multilayer OLEDs. A phenomenon that the
light emission of the blue dopant was tuned from blue to
greenish blue with an increase of the ETL thickness in
OLEDs was clearly observed. The effect of wide-angle
optical interference by the metal cathode can account for this
phenomenon.
2 Experimental A device conﬁguration of indium tin
oxide (ITO)/PEDOT:PSS (30 nm)/PVK (30 nm)/EML
(30 nm)/ETL (x nm)/LiF/Al was used to fabricate solution-processed multilayer OLEDs. Here, the ETL is bis(10hydroxybenzo[h]qinolinato)beryllium (Bebq2) and the EML
is composed of the DPVBi (4,40 -bis(2,2-diphenylvinyl)-1,10 biphenyl) doped with blue dopant 4,40 -bis[2-(4-(N,Ndiphenylamino)phenyl)vinyl]biphenyl (DPAVBi) and/or
5,6,11,12-tetraphenylnaphtacene (rubrene) for orange emission. The chemical structures of the used materials and
detailed device structure, as well as energy levels in the
device, are shown in Fig. 1. For device I, the thickness of
ETL is ﬁxed at 20 nm and the doping concentration of the
DPAVBi in DPVBi varied from 4% to 8%, while for device
II, the ETL thickness is changed from 20 to 35 nm with a
constant ratio (6%) of DPAVBi:DPVBi. Device III is
denoted as a white OLED in which the EML consists of a
host DPVBi, doped with 6% DPAVBi for blue emission and
0.6% rubrene for orange emission. The solvent p-xylene was
used as an appropriate solvent for dissolving EML materials
because it cannot damage the previously applied layer PVK.
The details of device fabrication are as follows: The waterdispersed PEDOT:PSS mixture was spin coated on the top of
www.pss-a.com
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Figure 1 Schematic energy-level diagram of the devices and
molecular structures of the used materials.

clean patterned ITO-coated glass substrates in air to achieve
a ﬁlm with a thickness of about 30 nm, which was baked at
139 8C for 30 min, then 30 nm thickness of PVK and EML
was deposited by spin coating in turn and baking at 139 8C
for 20 and 15 min, respectively. Finally, the samples were
loaded into a vacuum chamber for depositing the ETL and
cathode, LiF (0.6 nm)/Al (80 nm) by thermal evaporation.
The ﬁlm thickness was measured by ellipsometers and
the EL spectra and CIE coordinates of the devices were
measured by a spectrometer (PR650). The current–voltage–
luminescence characteristics were analyzed by a Keithley
2602 source meter combining Luminance meter.
3 Results and discussion
3.1 OLEDs performance In our previously published papers [20, 21], it has been demonstrated that the
energy-transfer process from DPVBi to DPAVBi can happen
efﬁciently due to the efﬁcient spectra overlap between the
blue ﬂuorescent band of DPVBi and the absorption band of
DPAVBi. So, the EL characteristics of blue OLEDs were
investigated ﬁrst. Device I (shown in Fig. 1) with various
DPAVBi concentrations from 4% to 8% was ﬁrst fabricated
to obtain an optimized doping concentration of DPAVBi.
The current efﬁciency–luminance–current density characteristic curves of device I are shown in Fig. 2a. Among the
devices with various doping concentrations of DPAVBi, the
device with 6% DPAVBi-doped EML exhibits the best
performances, presenting a maximum current efﬁciency of
4.76 cd/A and a luminance of 13 458 cd/m2. Furthermore, the
doping concentration of DPAVBi was ﬁxed at 6% in EML
and the ETL thickness in device II (shown in Fig. 1) varied
from 20 to 35 nm and their performance parameters are
shown in Fig. 2b. It shows that when the thickness of ETL
(Bebq2) changes from 20 to 35 nm the current efﬁciency of
the device slightly increases from 4.76 to 5.41 cd/A.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2558

solidi

status

physica

pss

a

D. Wang et al.: Electroluminescence of solution-processed organic light-emitting diodes

Figure 2 (a) The current efﬁciency–luminance–current density
characteristic curves of device I with various DPAVBi doping
concentrations; (b) the current efﬁciency and density–voltage
characteristic curves of device II with various thickness of ETL
(Bebq2).

Based on the optimized blue OLED, rubrene was further
introduced into EML to achieve the white-light emission
(device III shown in Fig. 1). When the doping concentration
of the rubrene is 0.6%, the two major emission bands at 468
(from DPAVBi) and 552 nm (from rubrene) show nearly
equal intensities in normalized EL spectrum (shown in
Fig. 3), and a warm white light with a CIE coordinates of
(0.308, 0.436) at 1000 cd/m2 was obtained. It presents a
current efﬁciency of 6.7 cd/A at a luminance of 1000 cd/m2
and a maximum luminance of 16 768 cd/m2 (shown in
Fig. 3). The efﬁciency and luminance are better than or
comparable to that of the vacuum-deposited or solutionprocessed white OLEDs in which DPVBi or DPAVBi was
used [22–27]. Most of these white OLEDs present a
maximum current efﬁciency ranging from 4.9 cd/A [26] to
14.8 cd/A [27].
3.2 Numerical simulation and discussion It
should be particularly noted that the light emission of the
blue dopant DPAVBi was signiﬁcantly tuned from blue to
greenish blue with the increase of the ETL (Bebq2) thickness
in device II, as shown in Fig. 4a. That is the relative intensity
of shoulder peak with 500 nm increases steadily compared to
its dominant peak of 468 nm, and it can be seen that when the
thickness of the Bebq2 layer increases to 30 and 35 nm, the
intensity of the shoulder peak develops into a dominant peak,
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 (a) The current efﬁciency–luminance–current density
characteristic curves of device III and (b) its normalized EL spectra
under different voltages, the CIE coordinates are in the inset.

and as a result, the device emits greenish-blue light.
Furthermore, on replacing the 30-nm thickness of Bebq2
layer with the same thickness of TPBi (1,3,5-tri(1-phenyl1H-benzo[d]imidazol-2-yl-phenyl)), the shoulder peak of
500 nm was still clearly observed, indicating the electrontransporting material Bebq2 is not involved in the lightemitting process.
To elucidate the origin of the tuning effect of EL spectra
by the Bebq2 thickness, the optical interference effect from
the metal cathode was taken into account and numerical
simulation of the emission spectra was performed. According to the previous report of Wu et al. [28], the optical
schematic of OLEDs was proposed to be simpliﬁed as four
optical layers, including the metal layer, organic layer
consists of PEDOT:PSS, PVK, EML and Bebq2 layer, glass
layer, and air layer. Thus, the radiative emission from the
exciton was modeled by isotropic oscillating dipoles
embedded in the EML and for a sheet of dipoles at a
distance z from the cathode reﬂector, the internal emission
intensity can be expressed as follows:
2

IðuÞ / j1 þ r s expð2idÞj2 þ 1 þ rp expð2idÞ ;

ð1Þ

d ¼ 2pnz cos u=l þ us;p ;
where u is the emission angle, rs and rp are Fresnel reﬂection
coefﬁcient for the s and p polarization, respectively, d is the
www.pss-a.com
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4 Conclusions In conclusion, based on the solubility
difference between the polymer and the small molecule we
presented a concept of forming a multilayer device. The
concept wisely combined polymers as hole-injecting/transporting layer and small-molecule materials as EML with
little restriction on solvents. We also found that the EL
spectra of the DPAVBi in device II signiﬁcantly depended
on the thickness of the ETL, which can be attributed to the
effect of wide-angle optical interference by the metal
cathode.
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Figure 4 (a) The normalized EL spectra of blue OLEDs with
various ETL thickness; (b) the calculated emission spectra of blue
OLEDs with various thickness of ETL assuming the emission zone
is 5 nm from the interface of PVK/EML (in “b”), the value outside
of the bracket is the distance of the emission zone from the cathode
and the value in brackets corresponds to the ETL thickness.

phase, and n is the refractive index of the organic materials.
Assuming that the position of the emission zone was 5 nm
away from the PVK/EML interface, the calculated spectrum
of the blue device with various thickness of the Bebq2 layer
is shown in Fig. 4b. Here it should be noted that we only
considered the wide-angle interference by the cathode and
ignored multiple-beam interference effect between the ITO
and the metal cathode in our calculation. Interestingly, the
calculated emission spectra are well in accord with the
experimental results. For the Bebq2 layer, with the thickness
of 20 and 25 nm, the peak around 468 nm in the calculated
spectrum dominates, and while with the thickness of 30 and
35 nm, the shoulder peak around 500 nm becomes dominant
in the whole spectrum. By the comparison of the numerical
results and EL spectra of the blue OLEDs, the emission zone
of the present device is determined to be located at the PVK/
EML interface. It is reasonable because Bebq2, which
exhibits an electron mobility of about one order of
magnitude higher than that of tris-(8-hydroxyquinoline)
aluminum (Alq3) [29], is an efﬁcient electron-transporting
material and the DPVBi is a material with bipolartransporting property [30]. As a result, the variable thickness
of the Bebq2 layer has little effect on the location of the
emission zone. This can be supported from their characteristic curves of current density–voltage (see Fig. 1b) that
shows nearly complete superposition.
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