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We investigated solution-processed films of 4,40-bis(2,2-diphenylvinyl)-1,10-bibenyl (DPVBi) and its

blends with N,N0-bis(3-methylphenyl)-(1,10-biphenyl)-4,40-diamine (TPD) by atomic force microscopy

(AFM). The AFM result shows that the solution-processed films are pin-free and their morphology is

smooth enough to be used in OLEDs. We have developed a solution-processed white organic light-

emitting device (WOLEDs) based on small-molecules, in which the light-emitting layer (EML) was

formed by spin-coating the solution of small-molecules on top of the solution-processed hole-

transporting layer. This WOLEDs, in which the EML consists of co-host (DPVBi and TPD), the blue dopant

(4,40-bis[2-(4-(N,N-diphenylamino)phenyl)vinyl]biphenyl) and the yellow dye (5,6,11,12-tetraphenyl-

naphtacene), has a current efficiency of 6.0 cd/A at a practical luminance of 1000 cd/m2, a maximum

luminance of 22500 cd/m2, and its color coordinates are quite stable. Our research shows a possible

approach to achieve efficient and low-cost small-molecule-based WOLEDs, which avoids the complex-

ities of the co-evaporation process of multiple dopants and host materials in vacuum depositions.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

White organic light-emitting diodes (WOLEDs) are likely to
play a major role in future lighting and backlight units for liquid
crystal display due to their properties such as homogenous
emission in a large area and flexible display. According to the
report of D’ Andrade and Forrest [1], for WOLEDs to gain wide
acceptance in the general illumination market, the manufacturing
costs must be o$3 per 1000 lm. Therefore, finding a low-cost
method to manufacture them is an important research goal.
However, this target (o$3 per 1000 lm) is difficult to realize with
the vacuum-deposition method, although significant effort has
been made in this direction.

In this paper, we demonstrate the fabricating small-molecule
WOLEDs, whose hole-transporting layer (HTL) and light-emitting
layer (EML) are fabricated by spin-coating. As is well known,
small-molecule-based WOLEDs were extensively studied because
we can dope one or more dopants into the host materials [2,3] or
combining emission from different layers [4–6]. However, the
process of doping two or more dopants into the host material by
vacuum evaporation is quite complex and time-consuming, which
ll rights reserved.
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limits the commercial application of WOLEDs. In this respect,
solution-processed WOLEDs are more desirable because they are
compatible with low-cost and large-scale fabrication technology
such as spin-coating, ink-jet printing and screen-printing [7].

Solution-processed WOLEDs have been extensively investi-
gated in the past two decades, but the attention is primarily
focused on polymer-based WOLEDs including single-layer [8–10]
and multilayer structures [11,12]. However, although light-emit-
ting polymers are considered to be suitable for solution printing,
their performance is not sufficient in commercial WOLED devices.
In contrast, the efficiency and lifetime of vacuum-deposited
small-molecule WOLEDs significantly outperform those of poly-
mer-based devices. Therefore, it is desirable to develop WOLED
devices based on soluble small-molecules, which would combine
performance of small-molecules with the low cost of solution
processing. This would be a significant step toward the commer-
cialized fabrication of WOLEDs. Since reports on the fabrication of
small-molecule-based devices by means of solution processing
are rare [13,14], it is our goal to demonstrate that this approach
can indeed produce desired WOLEDs.

Four devices were fabricated in our experiments. In these
devices, the composition of the EML is changed gradually from
device 1 to device 4 to improve device performances and elucidate
the advantages of the solution processing method in fabricating
small-molecule WOLEDs, where co-doping of multiple dopants
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and hosts is necessary. In device 1, the EML is based on blue
emitter 4,40-bis(2,2-diphenylvinyl)-1,10-bibenyl (DPVBi) doped by
yellow fluorescent dye 5,6,11,12-tetraphenylnaphtacene (rubrene).
In devices 2 and 3, the EML consists of co-host of DPVBi and hole-
transporting material N,N0-bis(3-methylphenyl)-(1,10-biphenyl)-
4,40-diamine (TPD), and rubrene. In device 4, the EML consists of
co-host (DPVBi and TPD), and the blue dopant 4,40-bis[2-(4-(N,N-
diphenylamino)phenyl)vinyl]biphenyl (DPAVBi) and rubrene.
While these small-molecule WOLEDs have comparable current
efficiency to that of vacuum-deposited devices based on the same
light-emitting materials, the complexity of co-evaporation process
and high costs are effectively avoided in our production process.
2. Experimental

The structures of the devices we built are summarized in
Table 1. The poly(N-vinylcarboze) (PVK, Mw: 1100,000) or N,
N0-bis(naphthalene-1-yl)-N,N0-bis(phenyl)-benzidine (NPB) doped
PVK and the tris(8-hydroxyquinoline)aluminum (Alq3) are used as
HTL and electron-transporting layer (ETL), respectively. The 2,9-
dimethyl-4,7-diaphenyl-1,10-phenanthroline (BCP) serves as the
hole-blocking layer (HBL). The EML was spin-coated on top of the
previously coated HTL. In producing multilayers by solution
processing, the primary problem is to find a suitable solvent that
does not damage or degrade the previously coated layers [15], such
as PVK or NPB-doped PVK in this paper. The solvent p-xylene was
used as a solvent for dissolving EML materials because p-xylene
does not damage the PVK layer and only slightly dissolves the
PVK:NPB (4:1) blending layer. On the other hand, it can effectively
dissolve the organic materials used for EML.

In our experiment, PVK or PVK:NPB mixture was first dissolved
in chlorobenzene, and the EML materials were then dissolved in
p-xylene. A water-dispersed poly(3,4-ethylenedioxythiophere):-
polystyrene sulfonate (PEDOT/PSS) mixture was spin-coated on
top of the patterned, precleaned ITO-coated glass substrate to
achieve film with a thickness of 35 nm, which was then baked at
138 1C for 30 min. In the next step, the HTL (40 nm) and EML with
a thickness of 35 nm were spin-coated and baked at 90 1C for
40 min and at 80 1C for 30 min, respectively. Finally, the sample
was loaded into the vacuum chamber to have the HBL, ETL and
the cathode (LiF(0.6 nm)/Al(80 nm)) deposited by thermal eva-
poration.

The film thickness was measured by Ellipsometers. The CIE
coordinates and electroluminescence (EL) spectra of the devices
were measured by a spectrometer (PR650) and the current–
voltage–luminescence characteristics were analyzed by a Keithley
2602 source meter. The devices for operational stability measure-
ments were encapsulated, and measured using a constant dc
current.
Table 1
Layer structures of the devices 1-4.

Device HIL (nm) HTL (40 nm) EML(35 nm)

Hosts

1 PVK DPVBi

2 PVK DPVBi:TPD

3 PVK:NPB DPVBi:TPD

4 PEDOT/PSS (35) PVK:NPB(20 nm) DPVBi:TPD

Note: The doped concentration of DPAVBi is an optimized value range from 2% to 10% an

or DPVBi:TPD, and the mixed ratio of PVK:NPB and DPVBi:TPD are 4:1 and 3:2, respec
3. Results and discussion

The device performance of OLEDs is strongly affected by the
morphology characteristic of the organic films [16]. Hence, the
morphology of spin-coated layers as well as the ITO surface was
investigated by AFM. Fig. 1 shows the AFM images of (a) bare ITO
glass, spin-coated organic films of (b) PVK, (c) DPVBi on top of
PVK, and (d) DPVBi:TPD (a weight ratio of 3:2) over PVK. As shown
in Fig. 1(a) and (b), the films spun from PVK solution in
chlorobenzene have a very smooth morphology with a 1.3 nm of
root-mean-square (RMS) of surface roughness due to the good
film-forming property of PVK (note: the RMS of surface roughness
of ITO film is 1.5 nm) [17]. The AFM images in Fig. 1(c) and (d)
indicate that spin-coated films of DPVBi and the blends of
DPVBi:TPD were pin-free and smooth. Their surface roughness
in terms of RMS was 1.2 and 1.8 nm, respectively. These images of
AFM suggest that the small-molecule films fabricated by spin-
coating were smooth enough to be used in the fabrication of
OLEDs.

We now move to examine the performances of the WOLEDs we
built. Fig. 2 depicts the (a) current density–voltage, (b) luminance–
current density, (c) current efficiency–current density characteris-
tics of devices 1–4, and Fig. 2(d) shows luminance decay versus
time characteristic of device 4 at a constant current. In Fig. 2, device
4 employing blue dopant (DPAVBi) presents the best performance
among the four devices. It shows a maximum luminance of
22500 cd/m2 and a current efficiency of 6.0 cd/A at a practical
luminance of 1000 cd/m2. Device 3 with NPB in PVK exhibits
better performances than device 2 without NPB in PVK. Device 3
has a maximum luminance of 9179 cd/m2 and current efficiency
of 4.5 cd/A (1000 cd/m2), while device 2 shows a maximum
luminance of 5396 cd/m2 and a current efficiency of 2.9 cd/A
(1000 cd/m2), respectively. It can be seen that the device
performances can be continuously improved by introducing TPD
into EML, doping NPB into PVK or employing HIL(PEDOT/PSS)
layer and using blue dopant DPAVBi with high emission efficiency.
In Fig. 2(d), device 4 shows a half lifetime of 132 h at an initial
luminance of 400 cd/m2. The short device lifetime may be related
to the low film density resulting from solution processing. It was
recently demonstrated that a spin-coated film had lower film
density than that of vacuum-deposited film by measuring the
ordinary refractive index [18]. Therefore, obtaining denser
molecular films by solution processing may help to improve the
device lifetime. However, the effect of the density of the solution-
processed small-molecule film on device lifetime needs to be
further investigated.

In our experiments, introducing TPD into EML can both
improve hole injection from the HTL to the EML and increase
the hole transport in the EML. As shown in the energy-level
diagrams of device 1 in Fig. 3(a), holes can directly enter the
DPVBi molecules from HTL PVK in device 1. Upon the introduction
of TPD, the holes can alternatively enter the EML via TPD
HBL (10 nm) ETL (30 nm)

Rubrene (wt%) DPAVBi (wt%)

0.08 BCP Alq3

0.08 BCP Alq3

0.10 BCP Alq3

0.25 8 BCP Alq3

d the concentration of dyes in devices was determined against the weight of DPVBi

tively.
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Fig. 1. AFM images of spin-coated organic films (5mm�5mm). (a) Bare ITO; RRMS roughness=1.5 nm. (b) Spin-coated film of PVK from chlorobenzene solution on ITO;

RRMS=1.3 nm. (c) DPVBi spin-coated film from p-xylene solution on PVK; RRMS =1.2 nm. (d) Mixed film of DPVBi and TPD with a weight ratio of 3:2 spin-coated on PVK from

p-xylene solution; RRMS=1.8 nm.

Fig. 2. (a) Current–voltage, (b) luminance–current density, (c) current efficiency–current density characteristic cures of devices 1–4 and (d) luminance decay versus time

characteristic of device 4 at an initial luminance of 400 cd/m2.
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Fig. 3. (a)–(d) Schematic energy-level diagrams of devices 1–4.
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molecules since the injection barrier from PVK to TPD is a negative
value (�0.4 eV), while the injection barrier for holes to enter the
DPVBi is 0.1 eV, as shown in Fig. 3(b). Upon the introduction of
TPD, the hole transport of EML is also enhanced. Since the hole
mobility of TPD (1�10�3 cm2 V�1 s�1) is several orders larger
than that of DPVBi (about 10�7 cm2 V�1 s�1) [19,20], the holes
entering the TPD are transported to the interface of EML/BCP
quickly, leading to improved hole transport in the EML and
enhanced carrier concentration close to the EML/BCP interface.
Both factors help in generating more excitons, resulting in
improved performance as a consequence.

The effect of NPB in HTL on device performances is also
attributed to the improved hole transport in HTL and the increase
of hole injection from the anode ITO to the HTL. The disadvantages
of using PVK as HTL are its high hole-injecting barrier (0.7 eV for
ITO/PVK interface) and the relatively low hole mobility (10�7–
10�6 cm2 V�1 s�1) [21], which limit the improvement of device
performance. The NPB is the most widely used hole-transporting
materials, and it has a hole mobility of 10�4 cm2 V�1 s�1[22] and
a 0.2 eV interface energy barrier for hole injection, as shown in Fig.
3(c). Therefore doping of NPB into PVK can partially improve hole
injection and transport in HTL. When 20% NPB was doped into
PVK, the luminance and efficiency of our devices were signifi-
cantly improved and were comparable with vacuum-deposited
devices based on the same light-emitting materials [3,23].
However, the device performance still has room for improvement
if we can dope highly efficient fluorescent dyes into the co-host of
DPVBi and TPD. In device 4, we doped DPAVBi into the co-host of
DPVBi and TPD, and obtained higher luminance and efficiency.
This improvement mainly arises from the further enhanced hole
injection, resulting from the use of PEDOT/PSS and the employ-
ment of DPAVBi, which has a higher fluorescent efficiency.
The stability of the CIE chromaticity coordinates is one of the
critical parameters for the evaluation of white light sources. Fig. 4
shows the normalized EL spectra of (a) device 1, (b) device 2, (c)
device 3 and (d) device 4 with various applied voltages. The CIE
coordinates are shown in the inset. From Fig. 4(a)–(d), we see a
significant increase in intensity with increase in voltage, but no
obvious CIE shift. This result indicates that the CIE coordinates of
our devices are independent of the applied voltages. As shown in
the inset of Fig. 4(d), the color coordinates of device 4 changes
only from (0.312, 0.385) to (0.316, 0.379) as the applied voltage
increases from 4 to 12 V; the change of CIE coordinates are (0.004,
�0.006). Similarly, the CIE coordinates of device 3 vary from
(0.295, 0.339) at an applied voltage of 5 V to (0.300, 0.354) at 13 V;
the change of CIE coordinates is only (0.005, 0.015). The stable
color coordinates of our devices are attributed to the effective
confinement of carriers in the EML and the suppression of hole-
trapping due to rubrene molecules. The HBL, which is used to
increase the recombination rate of electron–hole pairs, plays a
significant role in confining the electron–hole pairs recombination
close to the EML/BCP interface due to the hole-blocking effect of
BCP. In devices 2–4, the TPD in the EML was employed to partially
suppress the hole-trapping of rubrene molecules because the
holes trapped on rubrene molecules can easily hop to the TPD
since TPD and rubrene have the same highest occupied molecule
orbital energy (5.4 eV) [24]. As we know, one of the major
drawbacks for WOLEDs is the huge change of the CIE coordinates
with the change in the applied voltage due to the recombination
zone shift. However, the four devices avoided this drawback and
exhibited highly stable white emission. We thus believe the
production of the WOLEDs would benefit from a solution-based
approach that allows functional materials such as TPD, DPAVBi to
be used in the EML easily.
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Fig. 4. Normalized EL spectra of (a) device 1, (b) device 2, (c) device 3 and (d) device 4 at different voltages, as well as CIE coordinates in the inset.
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4. Conclusions

We have investigated the use of solution-based approach to
produce organic thin films used in WOLEDs. The AFM results show
that smooth films of DPVBi and blends of DPVBi and TPD can be
achieved by spin-coating p-xylene solution. Based on spin-coated
films, small-molecule WOLEDs were fabricated. Our research suggests
that it is possible to use solution-processed small-molecule films for
fabricating WOLEDs and the WOLEDs show a comparable perfor-
mance to that of the vacuum-deposited devices. The solution-
processing procedure, which is applied to small-molecule materials
but not to polymers, readily provides for the precise co-doping of
several dyes and the mixing of host materials and the complexity of
co-evaporation process and high costs are effectively avoided.
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