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a b s t r a c t

Efficient multilayered organic light-emitting diodes (OLEDs) were fabricated using contact
printing. In order to overcome the mixing problem occurring between the organic layers
during the solution processes, contact printing was utilized on a small molecule layer.
Since this contact printing allows multilayer stacking without the damage caused by
organic solvents, high-performance OLEDs could be fabricated with solution-based small
molecules employing a low cost process. In this study, the performance of the multilayered
OLEDs manufactured by the contact printing process is significantly enhanced than that
found in spin-coated devices.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) are the natural
choice for the next generation of display systems, because
of their advantages in self-emission, low power consump-
tion, high contrast ratios, high speed operation, ultra-thin-
ness, and overall flexibility [1,2]. In spite of the potential
benefits of OLEDs, they are still small and expensive to fab-
ricate for commercial displays, compared to liquid crystal
displays (LCD). Solution processes have been developed
for the deposition of their organic and metal layers, since
the solution-based thin film deposition methods allow
for the potential of low cost roll-to-roll processing for flex-
ible organic electronics [3–5]. Nevertheless, one of great
challenges facing the fabrication of solution-based OLEDs
is in the difficulty in obtaining high-performance devices,
because of the problems found in multilayer stacking due
to the dissolution of the preceding organic layers by the
V. All rights reserved.
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organic solvents used during the spin-coating of the next
layers [6,7].

In order to overcome this multilayered structure limita-
tion in the solution processes, various printing methods
have recently been studied, such as using curable layers,
orthogonal solvents, polarity, solubility, and so on [8–11].
However, these methods are limited to specific materials
that have to be chosen for their specified properties, such
as their crosslinkability, restricted energy levels, or solvent
compatibility. The contact printing process is quite inde-
pendent of the above limited specific materials when
stacking organic layers for multilayered OLEDs. Yim et al.
have reported upon the fabrication of multilayer organic
electronic devices with well defined organic–organic inter-
faces accomplished by transfer printing [12]. The study
suggested that functional multilayered conjugated-poly-
mer structures could be fabricated. We propose to use this
technique for various organic materials in order to enhance
the performance of multilayered OLEDs based on small
molecules.

In this study, we adopted a solution-based small mole-
cule, 4,40,400-tris(N-carbazolyl)-tri-phenylamine (TCTA) for
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the hole transporting layer (HTL). In addition, TCTA has a
high triplet energy level (2.7 eV), which can play the role
of an exciton blocking layer (ExBL) in phosphorescent
OLEDs [13]. In addition, TCTA has good solubility and film
forming properties, as well as good adhesion to the next
organic layer. In order to study the effect of the printing
process on the device performance, an emitting layer
(EML) was processed by contact printing and spin-coating
onto a small molecule layer. Although thermal evaporation
was used after formation of an EML, this is needed as an as-
sured method for measurement and analysis of a com-
pleted device utilizing the printing process. These results
would be a possibility of the layer transfer process for
high-performance OLED in low-cost process, and next step
is working in progress for all-printing process. Finally, the
enhanced performance of OLEDs fabricated without inter-
mixing problems by using contact printing was studied,
which demonstrates a suitable process that can fabricate
high-performance OLEDs based on solution-processes with
a low-cost method.

This contact printing technique utilizes a planar
poly(dimethylsiloxane) (PDMS) elastomer. The PDMS
stamps are suitable for a repeatable process since they
are characterized by their low adhesion, durability, and
elasticity. When the next layer is printed onto the pre-
ceding layers mounted on a substrate, the intermixing
problem between the layers does not occur since the or-
ganic solvents are completely dried before the transfer.
2. Experiment

In order to fabricate the stamps, PDMS (Sylgard 184,
Dow Corning Co.) was poured onto a plain silicon wafer
substrate. The PDMS was then cured in an oven at 70 �C
for over 3 h. The PDMS stamp can then be easily peeled-
off from the master since the PDMS has a good elasticity
and a low surface energy.

In order to fabricate the OLED devices, indium-tin-oxide
(ITO) coated glass was sonicated in acetone, methanol and
deionized water; and then cleaned in an oxygen plasma.
Poly(ethylenedioxythiophene):poly(stylenesulfonate)
(PEDOT:PSS) as a hole injection layer (HIL) was then spin-
coated onto the ITO substrates to a thickness of 30 nm and
annealed at 115 �C for 10 min on a hot plate in order to re-
move the solvent. Subsequently, TCTA as a HTL with a
0.5 wt.% in toluene was spin-coated at 2500 rpm to obtain
a thickness of 25 nm, then annealed at 150 �C for 30 min on
a hot plate. Next, the prepared plain PDMS stamps were
treated using oxygen plasma in order to enhance their sur-
face energy for a better wetting of the EML on the PDMS.
Poly(N-vinylcarbazole) (PVK) based green emitting mate-
rial was used for the EML (Fig. 1d). After a few drops of
the EML solution suspended in chlorobenzene were ap-
plied to the surface of the PDMS stamps, the stamps were
spin-coated at 3000 rpm in order to obtain a thickness of
30 nm, and then dried. Fig. 1 shows the schematic illustra-
tion of the contact printing process. The EML coated PDMS
stamp was then brought into contact with the TCTA coated
substrate at 80 �C for 20 s. The PDMS stamp was then care-
fully peeled-off, leaving the EML on the substrate. After
releasing the layer, the substrate was annealed at 150 �C
for 30 min on a hot plate.

We compared our device to spin-coated EMLs on TCTA
coated devices in order to define the effect of the EML
printing process has on the device.

Reference device 1: ITO/PEDOT:PSS (25 nm)/EML (30
nm, spin-coated).
Reference device 2: ITO/PEDOT:PSS (25 nm)/TCTA (25
nm)/EML (30 nm, spin-coated).
Reference device 3: ITO/PEDOT:PSS (25 nm)/TCTA (50
nm)/EML (30 nm, spin-coated).
Contact printing: ITO/PEDOT:PSS (25 nm)/TCTA (25
nm)/EML (30 nm, contact-printed).

In order to examine the dissolution problems of the
EML solvent on the TCTA layer, the TCTA was spin-coated
at 2500 and 800 rpm to obtain thicknesses of 25 and
50 nm, respectively, and then annealed. Subsequently,
the EML was spin-coated to a thickness of 30 nm on the
TCTA layer. Finally, in order to study the effect on the elec-
troluminescence (EL) efficiencies of the spin-coated and
contact-printed devices, we deposited layers of 10 nm
4,40-di(triphenylsilyl)-biphenyl (BSB) as a hole blocking
layer (HBL), 45 nm 4,7-diphenyl-1,10-phenanthroline
(Bphen) as an electron transport layer (ETL), 0.8 nm lith-
ium-fluoride (LiF) as an electron injection layer (EIL), and
100 nm aluminum as a cathode using thermal evaporation.
The emission area of the devices was 5 mm � 5 mm. The
current–voltage characteristics were measured using a
Keithley 237 High-Voltage Source-Measure Unit (Keithley
Instruments, Inc.), the EL efficiency was measured using a
PR-670 SpectraScan Spectroradiometer (Photo Research,
Inc.) in a dark box.
3. Results and discussion

Fig. 2 shows the current density and the luminance as a
function of the applied voltage. The multilayered OLEDs
using spin-coating were fabricated as reference devices
with the same organic layers and metal layers under the
same conditions. The turn-on voltage of the contact-printed
device was lower than the spin-coated devices: 5.1 and
6.2 V, respectively. The luminance of the contact-printed
device was also enhanced compared to the spin-coated de-
vices at the same voltage, since the contact-printed device
has a higher current density than the spin-coated devices.
The spin-coated devices have the interlayer dissolution is-
sue when the EML solvent chlorobenzene is spin-coated
onto the top of the TCTA interlayer. The dissolution test
was examined by measuring the thickness of the remaining
TCTA layer after the spin-coating of the chlorobenzene on
the 25 and 50 nm TCTA layers. As a result, only the thick-
ness of the PEDOT:PSS layer was measured without the
TCTA layer. Fig. 2 shows that the I–V curves of Refs. [2,3]
are almost the same as Ref. [1]’s without TCTA layer. This
interlayer dissolution by the organic solvent affects the cur-
rent–voltage characteristics, since the thickness of the
TCTA is insufficient to play the role of the HTL. However,



Fig. 1. The schematic illustration for the contact printing technique and the structure of the multilayered OLED. The EML spin-coated PDMS stamp is
applied to the HIL and HTL coated substrate (a). The PDMS stamp is then carefully peeled-off leaving the EML on the substrate (b). The HBL, ETL, and cathode
are thermal evaporated, sequentially (c). The energy band diagram of the OLEDs (The energy levels LUMO and HOMO are taken from literature) (d).

Fig. 2. The current density and the luminance characteristics as a
function of the applied voltage.

Fig. 3. The current efficiency and power efficiency characteristics as a
function of the luminance.
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the device using contact printing with the dried EML allows
a well formed TCTA interlayer on the PEDOT:PSS; it is a
good HTL. Therefore, the hole injection efficiency of the
contact-printed device is higher than the spin-coated de-
vice. In addition, Joo et al. demonstrated that the transfer
printing process was better than the spin-coating process
in terms of current density, because the interfacial contact
was improved by the pressure and heat applied during the
transfer printing process [14].
Fig. 3 shows the current efficiency and power efficiency
characteristics as a function of the luminance. The contact-
printed device shows an enhanced performance compared
to the spin-coated devices in terms of both the current effi-
ciency and the power efficiency. In this multilayered OLED,
the TCTA interlayer plays desirable roles in hole transpor-
tation, electron blocking, and in preventing exciton
quenching caused by the PEDOT:PSS [15]. Refs. [1–3] also
show a significant tendency for a short device life time,
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due to the exciton quenching between the PEDOT:PSS and
the EML. The contact printing process improves the maxi-
mum device current efficiency on the multilayered OLEDs
from 10.82 to 28.93 cd/A; it also improves the power effi-
ciency from 2.45 to 7.88 lm/W.

The contact printing technique improves not only the
availability of multilayered structures without any damage
but also lends itself to the compatibility of the organic mate-
rials, since it is solvent-free when the layer is printed onto
the substrate. This enables the organic materials to be free
from the limitations of having to be selected for compatibil-
ity and crosslinkability in a multilayered OLED. The solution
based multilayered OLEDs employing contact printing allow
the use of any suitable material in order to enhance the OLED
performance. Fig. 4 shows the images of the stacked layers
and the patterned layers using contact printing on various
substrates. Fig. 4a and b show capability of stacking organic
multi-layers on glasses. Fig. 4c and d show that the contact
printing process is suitable for the formation of organic lay-
ers and patterns on the flexible substrate. Also, Fig. 4e and f
show uniformity of fabricated OLEDs utilizing the contact
printing process. The light-emission images of the OLEDs
were taken at 6 and 8 V, respectively, at the same exposure
ig. 4. Images of the stacked layers and patterned layers using contact printing. (a
lastic. (d) One hundred and fifty micrometer pattern size. (e) An emission photo
time. Only one cell was contact-printed for visual emphasis.
In addition, Fig. 5 shows the voltage dependence of electro-
luminescence spectra for the contact-printed device and the
spin-coated device to demonstrate the color stability. The
contact-printed device revealed that the peak wavelength
is same as the spin-coated device under continuous opera-
tion which means the contact printing process does not
affect the color stability.

Even though OLEDs have advantages in display devices
compared to LCDs, they are still limited by the expensive
processes necessary to create commercial displays. Solu-
tion based processes, such as ink-jet, spin-coating, and
microcontact printing have been developed in order to
achieve a low cost process, however, these are restricted
to the deposition of only a couple of layers because of
the intermixing problem. The contact printing technique
outlined in this paper is a good method to solve this prob-
lem in solution-based small molecule multilayered OLEDs
since this process allows the next layer not to damage
the preceding layer due to the organic solution. In addition,
contact printing is available for patterning on large sized
substrates using the roll-to-roll process with a low cost
and a high processing speed, and does not need expensive
) Three layers on a glass. (b) Four layers on a glass. (c) Three layers on a
at 6 V. (f) An emission photo at 8 V.



Fig. 5. The normalized electroluminescence (EL) spectra of the contact-
printed device and the spin-coated device (inset) operated at different
biased voltages.
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vacuum equipment, high temperature processes, or UV
exposure for the patterning. Therefore, our contact printing
is a very simple and low cost process that needs to be con-
sidered as a candidate for the next generation printing
processes.

4. Conclusions

In summary, efficient multilayered OLEDs have been
demonstrated using the contact printing process with
PDMS stamps. Unlike the conventional solution processes,
this contact printing process does not damage the preced-
ing layer. Therefore, this technique is suitable for solution-
based small molecule multilayered OLEDs, which allow a
high performance and a low cost process. In this study,
the performance of the multilayered OLEDs made by con-
tact printing significantly outperforms devices using
spin-coating. As a result, efficient multilayered OLEDs have
been developed by contact printing, which allows for the
replacement of the thermal evaporation needed for the
deposition of the organic layers and metal electrodes for
future display devices.

Acknowledgments

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science
and Technology (MEST) (CAFDC-20100009869), World
Class University (WCU, R32-2008-000-10082-0) Project of
the MEST (KOSEF), and the IT R&D Program of MKE/KEIT
(No. 2009-F-016-01, Development of Eco-Emotional OLED
Flat-Panel Lighting). We thank the staff of KBSI for techni-
cal assistance. T.H. Park was financially supported by Hi
Seoul Science (Humanities) Fellowship funded by Seoul
Scholarship Foundation.

References

[1] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913.
[2] R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C.

Taliani, D.D.C. Bradley, D.A. Dos Santos, J.L. Bredas, M. Logdlund, W.R.
Salaneck, Nature (London) 397 (1999) 121.

[3] J. Bharathan, Y. Yang, Appl. Phys. Lett. 72 (1998) 2660.
[4] S.A. Choulis, V. Choong, M.K. Mathai, F. So, Appl. Phys. Lett. 87 (2005)

113503.
[5] X. Gong, S. Wang, D. Moses, G.C. Bazan, A.J. Heegeer, Adv. Mater.

(Weinheim, Ger.) 17 (2005) 2053.
[6] S. Sivaramakrishnan, M. Zhou, A.C. Kumar, Z. Chen, R. Png, L. Chua,

P.H. Ho, Appl. Phys. Lett. 95 (2009) 213303.
[7] Z. Zhou, X. Sheng, K. Nauka, L. Zhao, G. Gibson, S. Lam, C.C. Yang, J.

Brug, R. Elder, Appl. Phys. Lett. 96 (2010) 013504.
[8] K. Meerholz, Nature (London) 437 (2005) 327.
[9] N. Rehmann, D. Hertel, K. Meerholz, H. Becker, S. Heun, Appl. Phys.

Lett. 91 (2007) 103507.
[10] Q. Sun, D.W. Chang, L. Dai, J. Grote, R. Naik, Appl. Phys. Lett. 92

(2008) 251108.
[11] D. An, J. Zou, H. Wu, J. Peng, W. Yang, Y. Cao, Org. Lett. 10 (2009) 299.
[12] K.-H. Yim, Z. Zheng, Z. Liang, R.H. Friend, W.T.S. Huck, J.S. Kim, Adv.

Funct. Mater. 18 (2008) 1012.
[13] J.J. Park, T.J. Park, W.S. Jeon, R. Pode, J. Jang, J.H. Kwon, E. Yu, M. Chae,

Org. Lett. 10 (2009) 189.
[14] C.W. Joo, S.O. Jeon, K.S. Yook, J.Y. Lee, Org. Lett. 10 (2009) 372.
[15] J. Kim, R.H. Friend, I. Grizzi, J.H. Burroughes, Appl. Phys. Lett. 87

(2005) 023506.


	Contact printing of the emitting layer for high performance  multilayered phosphorescent organic light-emitting diodes
	Introduction
	Experiment
	Results and discussion
	Conclusions
	Acknowledgments
	References


