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a b s t r a c t

This study addresses the problem of patterning-induced degradations to organic light-
emitting diodes (OLEDs) by using a thin (10 Å) atomic-layer-deposited (ALD) Al2O3 film
as both an electron-injection layer and a protecting layer for the electroluminescent mate-
rial, poly[1-methoxy-4-(20-ethyl-hexyloxy)-2,5-phenylene vinylene] (MEH-PPV). With the
ALD Al2O3 film, the OLEDs not only withstood an aggressive photolithographic patterning
process without any degradation but unprecedentedly showed increased luminous effi-
ciency (by 100%) and lowered turn-on voltage (by 19%) afterward. Although the ALD pre-
cursor, trimethylaluminum (TMA), was found to damage the MEH-PPV layer through
electrophilic addition to the vinylene groups of MEH-PPV during the deposition of the
Al2O3 film, its damaging effect was eliminated by pre-treating the MEH-PPV surface with
isopropyl alcohol (IPA), whose hydroxyl groups scavenged TMA throughout the ALD pro-
cess. The performance of the photo-patterned OLEDs was further improved by using a
high-conductivity hole-injection layer, which increased accumulation of holes at the EL–
buffer interface to enhance electron injection. The method reported herein improves the
applicability of photolithography to OLED fabrication, promising to resolve the issue of pat-
terning that has in part impeded OLED’s commercialization.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Although organic light-emitting diodes (OLEDs) are
finding increasing use in flat panel displays [1–4], their
applications in displays are still limited due in part to the
lack of an economical yet adequate method for patterning
the electroluminescent (EL) materials into fine pixels. Pat-
terning methods currently used for manufacturing or dem-
onstrating OLED displays include evaporation through
shadow masks and ink-jet printing [5–7], both of which
are relatively slow [8,9], incompatible with many EL mate-
rials [10], and limited in pattern resolution [9,11]. Photoli-
thography, the standard patterning method used in the
displays industry, would also be ideal for OLEDs, but it
has been shown incompatible with OLEDs due to the sus-
. All rights reserved.
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ceptibility of the EL materials to the typical solvents or
reactive gases used in a photolithographic process
[12,13]. On the other hand, an OLED device can use a thin
insulator layer at the interface between the cathode and
the EL layers, such as MgO [14], SiO2 [15] and Al2O3

[16,17] to enhance the injection of electrons. The insulator
layer, commonly referred to as the buffer layer, operates by
reducing the effective barrier for electron injection and by
blocking holes from the cathode [18–20], thereby lowering
the operating voltage and improving the EL efficiency.

The objective of this study is to develop a photolitho-
graphic patterning (photo-patterning) technique for OLEDs
that does not compromise the OLED performance. The ap-
proach adopted in this study is to use a buffer layer to both
protect the EL layer of an OLED device during photo-pat-
terning and to enhance the performance of the patterned
device (see Fig. 1 for a schematic drawing of the proposed
patterning process). Given that an effective buffer layer
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Fig. 1. Schematic drawings of the buffer-protected patterning process
demonstrated in this study.
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must be thin, typically in the range of 5–20 Å [21,22], it
must have complete and uniform coverage over the EL
layer to provide adequate protection throughout the pat-
terning process. We used atomic layer deposition (ALD)
to form Al2O3 films as the buffer layers, taking advantage
of ALD’s low defect density, high conformality, and low
deposition temperatures to maximize the surface coverage
of such thin films and to avoid thermally degrading the EL
layer [23–25]. The content of this study is as follow: First,
the minimum thickness of the ALD Al2O3 film required to
protect the EL layer was determined by ultrasonicating
Al2O3-coated EL films in a solvent and then inspecting their
appearances. Second, the effects of the added Al2O3 layer
on the characteristics of the OLED devices were evaluated,
and the ALD process was modified, to ensure that the Al2O3

layer served as an effective buffer. Third, the OLED charac-
teristics were evaluated again with devices patterned
using a typical photolithography process. Finally, methods
for further improving the characteristics of the photo-pat-
terned OLEDs were explored.
2. Experimental

2.1. Device fabrication and characterization

The OLED device used in this study was segmented
monochromatic display with poly[1-methoxy-4-(20-ethyl-
hexyloxy)-2,5-phenylene vinylene] (MEH-PPV) as the EL
material. The cross-sectional structure for the control de-
vices was indium tin oxide (ITO)/poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS)/MEH-
PPV/Al. For the experimental devices, an Al2O3 buffer layer
was inserted between the MEH-PPV layer and the Al cath-
ode. The substrates were ITO-coated glass with a sheet
resistance of 15 X/sq (purchased from Rite Displays). The
substrates were cleaned by ultrasonication by turns in tri-
chloroethylene, acetone, methanol and isopropyl alcohol,
followed by rinsing with deionized water and blow-drying
with nitrogen. Each of the sonication steps was carrier out
at 50 �C for 15 min. Subsequently, PEDOT:PSS (Baytron P
VP AI 4083, purchased from Bayer AG and used after filter-
ing through a 0.2 lm filter) was spin-coated at 1500 rpm
onto the substrates. The samples were then transferred
into a glove box and baked at 160 �C for 60 min. MEH-
PPV (Mn = 70,000–1,00,000 g mol�1, purchased from Sig-
ma-Aldrich and used as received) in anhydrous toluene
(7 mg ml�1 and filtered through a 0.2 lm filter) was then
spin-coated at 1100 rpm onto the PEDOT:PSS layer and
baked at 70 �C for 30 min. A 250-nm-thick aluminum film
was formed onto the MEH-PPV layer as the cathode by
thermal evaporation through a shadow mask at 10�6 Torr.
The devices were then encapsulated with a glass lid using
photo-curable epoxy resin as sealant. The current–voltage–
luminance characteristics of the devices were measured
with a Keithley 2400 source meter and a Minolta CS-100
chromameter.

2.2. Spectral characterization and contact angle
measurement

Ultraviolet–visible (UV–Vis) absorption spectra of MEH-
PPV films were collected with a Jasco V-570 spectrometer.
The MEH-PPV films (30 nm in thickness) were spin-coated
at 3000 rpm on glass substrates from a 2 mg mL�1 solution
in anhydrous toluene. Infrared spectra were collected with
a Thermo Nicolet Nexus 470 Fourier transform infrared
(FTIR) spectrometer, with the MEH-PPV films on KBr tab-
lets. Water contact angles were measured using a Ramé–
Hart contact angle goniometer (Model 100), where the ses-
sile drop of 2–3 ll in volume was dispensed with a micro-
syringe and the contact angle was measured within 30 s
after its formation.

2.3. Atomic layer deposition

Atomic layer deposition of Al2O3 was applied to the
MEH-PPV layer using a Cambridge NanoTech Savannah
100 ALD system, with trimethylaluminum (TMA) and
H2O as the precursors. A typical deposition run consisted
of a number of identical cycles, each consisting of the fol-
lowing steps: a 0.02 s pulse of TMA, a 5 s purge with N2,
a 0.1 s pulse of H2O, and another 5 s purge in N2. We also
used cycles with H2O pulsed before TMA to study the effect
of the precursor sequence. The deposition temperature
was 75 �C, the chamber pressure 0.1 Torr, and the N2 flow
20 sccm. For the ALD process with the IPA pretreatment,
anhydrous IPA was spun onto the MEH-PPV films at
400 rpm for 10 s, followed by the ALD process with TMA
pulsed first. A cycle produced 1.2 Å of Al2O3, as determined
using a Dektek Model 3030 profilometer. The evaporated
Al2O3 films tested along with the ALD films were thermally
evaporated from an Al source in high vacuum and then oxi-
dized naturally in the ambient air for 10 min.
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2.4. Photo-patterning process

Shipley S1813 positive-tone photoresist was spin-
coated at 3000 rpm onto the MEH-PPV layer and baked
for 120 s at 90 �C, followed by a 10 s exposure to a
365 nm UV light (Hsin Han Electronic R-700) through a
photomask. The UV-exposed samples were developed in
Shipley MF-319 developer for 30 s, rinsed in anhydrous
methanol for 1 min, and then dried at 80 �C for 120 s. The
Al2O3 buffer on the UV-exposed area was dissolved in the
developer as well, and its underlying MEH-PPV was subse-
quently wet-etched with anhydrous toluene (120 s). After
the etch step, the photoresist was stripped by sonication
in anhydrous acetone for 120 s, and then dried at 100 �C
for 30 min.

3. Results and discussion

To preliminarily verify the surface coverage of the ALD
buffer layer over the MEH-PPV layer, several MEH-PPV film
samples were overcoated with an ALD Al2O3 layer of vari-
ous thicknesses, immersed in toluene for 10 min, and then
visually inspected. The ALD layers with thicknesses P10 Å
kept the MEH-PPV samples intact; in contrast, an MEH-PPV
sample overcoated with a 12 Å evaporated Al2O3 film,
which was tested as a reference along with the ALD-coated
samples, completely disintegrated upon the immersion in
toluene. This result suggests that the excellent surface cov-
erage of ALD would allow Al2O3 films with P10 Å thick-
ness to protect an underlying MEH-PPV film through the
solution-based photo-patterning process.
Fig. 2. Current density and luminance vs. applied bias for OLED devices:
without the ALD buffer (squares), and with the ALD buffer (circles).

Table 1
Characteristics of the OLED devices

Device Turn-on voltage (V)

No buffer, not patterned 4.8
With ALD buffer, not patterned 7.7
With IPA-pretreated ALD buffer, not patterned 3.0
With IPA-pretreated ALD buffer, patterned 3.9
With IPA-pretreated ALD buffer and

high-conductivity PEDOT:PSS, patterned
2.8
Despite the ALD Al2O3 films’ confirmed surface cover-
age, they failed to show the expected benefits of a buffer
layer: the devices with a 10-Å ALD Al2O3 layer overcoated
on the MEH-PPV layer had significantly higher turn-on
voltage, lower luminance, and lower luminous efficiency
than the control (see Fig. 2 and Table 1). It should be noted
that control’s low luminance and low luminous efficiency
are intrinsic to the device structure (ITO/PEDOT:PSS/
MEH-PPV/Al), and they are comparable to the optimal de-
vice characteristics reported by other researchers for the
same device structure [26–28]. The adverse effects of the
ALD Al2O3 layer are attributed to its disrupting the conju-
gation of MEH-PPV, which is evidenced by the blue shift
and the weakened absorption occurring in the UV–Vis
spectrum of MEH-PPV upon the application of the ALD
Al2O3 layer (see Fig. 3). The affected MEH-PPV became
insulating due to the disrupted conjugation, and therefore
the device characteristics deteriorated drastically. By ana-
lyzing the UV–Vis spectra (Fig. 3) of MEH-PPV samples pro-
cessed with different ALD conditions, we determined that
exposure to TMA was the sole cause of the disruption of
conjugation. As can be seen in Fig. 3, the MEH-PPV sample
exposed only to TMA showed identical degradation in its
UV–Vis spectrum to that of the Al2O3-coated sample
(which was exposed to both TMA and H2O), while the
MEH-PPV sample exposed only to H2O did not show
detectable change in its UV–Vis spectrum. The significant
change in the UV–Vis spectrum caused by the ALD Al2O3

layer indicates that the TMA exposure affected not only
the top surface but also the bulk of the MEH-PPV layer.
Maximum luminance (cd/m2) Luminous efficiency (cd/A)

78 1.4 � 10�2

19 9.3 � 10�3

242 3.0 � 10�2

217 2.8 � 10�2

322 4.2 � 10�2

Fig. 3. UV–Vis absorption spectra of MEH-PPV films: pristine (solid lines),
with a 10 Å ALD Al2O3 film deposited with TMA first (filled squares), with
a 10 Å ALD Al2O3 film deposited with H2O first (unfilled triangles), exp-
osed only to H2O (unfilled circles), and exposed only to TMA (unfilled
diamonds).



Fig. 4. IR spectra of MEH-PPV films: (a) pristine (b) TMA-exposed (150
consecutive 0.02-s pulses). The peak at 969 cm�1 corresponds to the vi-
nylene double bonds of MEH-PPV, as illustrated in the margin.

Fig. 6. Images from water contact angle measurements on MEH-PPV
surface: (a) pristine (contact angle = 87�), and (b) IPA-pretreated (contact
angle = 50�).
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This was to be expected from the elevated temperature
used in the ALD process, which accelerated the permeation
of TMA vapors into the MEH-PPV layer.

We further determined that the mechanism of the con-
jugation disruption is through electrophilic addition of
TMA to the vinylene C@C groups of MEH-PPV, which can
be seen by comparing the FTIR spectra shown in Fig. 4 of
an MEH-PPV film before and after TMA exposure: The
TMA-exposed spectrum showed significantly weakened
vinylene absorption band (969 cm�1). This mechanism is
consistent with the fact that TMA, being a strong Lewis
acid, has high reactivity for electrophilic addition to unsat-
urated bonds. The TMA exposure also created a new FTIR
spectral feature at �860 cm�1 corresponding to the Al–O
bond, which was formed by oxidation of the added TMA
by O2 or H2O upon the sample’s exposure to air [29]. It
should be noted that the significant change in the FTIR
spectra upon the TMA exposure indicates again the deep
penetration of the TMA vapors into the MEH-PPV layer.

The TMA attack on the MEH-PPV layer was reduced, but
not eliminated, by introducing H2O before TMA in the ALD
cycles, as can be seen from the smaller blue shift and less
weakening of the UV–Vis spectrum produced by the H2O-
first process than that of the regular TMA-first process
(see Fig. 3). The H2O-first process impeded the TMA attack
by initially providing to the MEH-PPV surface a layer of
adsorbed H2O molecules, which shielded the MEH-PPV
Fig. 5. Schematic drawings of the
layer from TMA in the subsequent process. However, the
shielding effect of the H2O-first process was modest due
to the hydrophobicity of the MEH-PPV surface, which lim-
ited the amount of the initially adsorbed H2O molecules.

The problem of incomplete shielding of the H2O-first
process was resolved by pre-treating the MEH-PPV surface
with isopropyl alcohol (IPA) immediately before the ALD
process. The hydrophobic alkyl groups of IPA ensured its
full adsorption onto the also hydrophobic MEH-PPV sur-
face, while its hydroxyl groups served as reactive sites for
capturing TMA during the ALD process, as illustrated in
Fig. 5. The mechanism proposed in Fig. 5 agrees with the
results of contact angle measurements on the MEH-PPV
surface (see Fig. 6): the water contact angle reduced from
87� to 50� upon the IPA pretreatment, indicating that IPA
effectively converted the hydrophobic MEH-PPV surface
into a hydrophilic one. The IPA pretreatment completely
prevented the TMA-induced damages, allowing ALD-pro-
cessed MEH-PPV films to show identical UV–Vis spectra
to that of the pristine film (Note: spectra of the IPA-pre-
treated, ALD-processed MEH-PPV samples was indistin-
guishable from that of the pristine sample and are not
shown.). Furthermore, OLED devices with a 10-Å IPA-pre-
treated ALD Al2O3 buffer layer indeed showed the expected
benefits of the buffer layer, i.e., decreased turn-on voltage
and increased efficiency compared with the devices with-
out the Al2O3 buffer (see Fig. 7 and Table 1).

The 10-Å IPA-pretreated ALD Al2O3 buffer layer was also
effective in protecting MEH-PPV films through the photo-
patterning process, as evidenced by the identical UV–Vis
IPA-pretreated ALD process.



Fig. 7. (a) Current density and luminance vs. applied bias, (b) luminous
efficiency vs. current density for the OLED devices: without the ALD bu-
ffer and not patterned (squares); with the ALD buffer and patterned (ci-
rcles); with the ALD buffer but not patterned (triangles), and with the ALD
buffer and high-conductivity PEDOT:PSS and patterned (stars). Note that
the ALD buffer was deposited with the IPA pretreatment.
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spectra of the photo-patterned MEH-PPV films to that of
the pristine film (Note: the patterned spectra were indis-
tinguishable from the pristine and are not shown.). More
important, the OLED devices fabricated with the photo-
patterned, ALD-coated MEH-PPV films showed higher
luminous efficiency and lower turn-on voltage than the
control devices which were not photo-patterned and
without the buffer (Fig. 7 and Table 1). The above results
confirm that the ALD-buffer-assisted photo-patterning
process is capable of both patterning and improving OLED
devices. It should be noted that the photo-patterning pro-
cess did compromise part of the improvement yielded by
the ALD buffer, but the net effect was still positive (Fig. 7
and Table 1).

The EL efficiency could be further improved (by 50%)
and turn-on voltage further lowered (by 28%) by increasing
the conductivity of the hole injection layer (HIL), PED-
OT:PSS, as shown in Fig. 7 and Table 1. The conductivity
of the HIL was increased by �2 orders of magnitude by
adding 5 wt.% of glycerol into the PEDOT:PSS solution
[30]. The mechanism of this further improvement is ex-
plained as follow. In hole-dominated OLEDs such as the
MEH-PPV-based devices studied here, a large portion of
holes reach the cathode without participating in radiative
recombination with electrons, thus resulting in loss of
luminous efficiency. When an insulating buffer is used,
holes are prevented from quenching at the cathode, and
they in turn accumulate at the EL–buffer interface. The
accumulated holes create interfacial dipoles that enhance
electron injection from the cathode by lowering the injec-
tion barrier, while their proximity to the cathode enables
them to readily capture and recombine with the injected
electrons; consequently, the turn-on voltage is lowered
and the EL efficiency is improved [31–33]. Increasing the
conductivity of the HIL increases the accumulation of holes
at the EL–buffer interface, thereby strengthening the bene-
fits of the insulating buffer layer. We expect that more
improvement can be realized with HIL with even higher
conductivity, which is the subject of our on-going effort.

4. Conclusion

We demonstrated a practical solution to the heretofore
unavoidable problem of patterning-induced degradations
for OLEDs. OLEDs with MEH-PPV as the EL material were
photo-patterned without degradation by using an ultra-
thin (10 Å) ALD Al2O3 film overcoated on the EL layer to
protect against damages induced by the solution-based
photo-patterning process. Besides providing protections,
the Al2O3 film served as an effective buffer layer to im-
prove luminous efficiency (by 100%) and to lower turn-
on voltage (by 19%) of the photo-patterned OLEDs.
Although the ALD precursor, TMA, disrupted the conjuga-
tion of MEH-PPV by electrophilic addition to its vinylene
moiety during the deposition of the Al2O3 film, this reac-
tion was prevented by pretreating the MEH-PPV layer with
IPA immediately before the ALD process, where the pre-ad-
sorbed IPA molecules reacted with TMA to shield the
underlying MEH-PPV surface. The device characteristics
of the photo-patterned OLEDs were further improved by
increasing the conductivity of the HIL, which increased
hole accumulation at the EL–buffer interface to enhance
electron injection.
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