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ABSTRACT: Organic electronic devices require a passivation
layer that protects the active layers from moisture and oxygen
because most organic materials are very sensitive to such gases.
Passivation films for the encapsulation of organic electronic devices
need excellent stability and mechanical properties. Although Al2O3
films obtained with plasma enhanced atomic layer deposition
(PEALD) have been tested as passivation layers because of their
excellent gas barrier properties, amorphous Al2O3 films are
significantly corroded by water. In this study, we examined the
deformation of PEALD Al2O3 films when immersed in water and
attempted to fabricate a corrosion-resistant passivation film by using a PEALD-based Al2O3/TiO2 nanolamination (NL)
technique. Our Al2O3/TiO2 NL films were found to exhibit excellent water anticorrosion and low gas permeation and require
only low-temperature processing (<100 °C). Organic thin film transistors with excellent air-stability (52 days under high
humidity (a relative humidity of 90% and a temperature of 38 °C)) were fabricated.

KEYWORDS: plasma-enhanced atomic layer deposition (PEALD), Al2O3, TiO2, encapsulation, organic thin film transistor (OTFT),
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1. INTRODUCTION

Organic electronic devices have attracted considerable attention
because of their advantageous properties, including low-cost
and simple mass production, as well as their compatibility with
flexible substrates.1 Extensive research has been performed with
the goal of commercializing organic electronic devices, i.e.,
organic thin film transistors (OTFTs), organic light-emitting
diodes (OLEDs), and organic photovoltaic cells (OPVs).2−12

However, the intrinsic vulnerability of organic semiconductor
materials to H2O and O2 means that an effective permeation
barrier is required that can prevent the penetration of these
gases into organic devices.13−16

Thin film encapsulation, in which a barrier film is directly
deposited onto a device, is considered indispensable for flexible
electronics and has been performed with various deposition
techniques, such as plasma enhanced chemical vapor deposition
(PECVD),17 atomic layer deposition (ALD),18−20 sputtering,21

thermal evaporation, inkjet printing,22 and spin coating
processes.23,24 ALD can produce densely packed, pinhole-free,
highly uniform, and conformal films that can act as high quality
gas permeation barriers for organic devices. In particular, the
plasma-enhanced ALD (PEALD) technique, which provides
growth characteristics that are similar to those of typical

thermal ALD, enables rapid room temperature deposition by
using an O2 plasma instead of water vapor.25 Al2O3 films
deposited with PEALD have been widely investigated as gas
permeation barrier films for optoelectronic devices because
their barrier properties are excellent even for thicknesses on the
scale of a few tens of nanometers.26 Recently, Jung et al. have
reported high quality PEALD-based Al2O3 moisture barrier film
and shown a low water vapor transmission rate (WVTR) value
of 2.6 × 10−4 g m−2 day−1 at 100 nm thickness.27 A large
number of properties of PEALD-based Al2O3 film, such as
thermal stability, amorphous structure, and high conformality,
can be possible to obtain an excellent gas barrier film.28

However, amorphous Al2O3 films are susceptible to corrosion
by water,29 which means that they are not suitable barriers for
conditions of high humidity or water immersion. A new
method is therefore required to prevent water corrosion of such
films. Abdulagatov et al. have reported the encapsulation of
copper with a TiO2-top and Al2O3-bottom bilayer with a total
thickness of approximately 20 nm for resistance to water
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corrosion by using thermal ALD.29 TiO2 is known to display
good resistance to water corrosion, and the combination of
TiO2 and Al2O3 was found to prevent water corrosion at the
barrier surface and to protect the copper layer in water.
However, a TiO2/Al2O3 bilayer structure is not the best
strategy for the long-term stability of passivation films with
respect to water corrosion, because TiO2 is not an effective gas
barrier and thus could allow water molecules to diffuse into the
Al2O3 layer.
In the present study, we aimed to prepare Al2O3/TiO2

nanolaminate (NL) films consisting of alternately stacked
atomic sublayers with excellent water anticorrosion, low gas
permeation, and low-temperature processing. Recently, several
researchers have attempted to prepare NL films with various
functionalities by using ALD processes.30,31 However, further
studies are still required to optimize the processing of such
films with respect to their applications in optoelectronic organic
devices. In addition, well-controlled Al2O3/TiO2 NL films have
not previously been fabricated with PEALD. We determined
the structural characteristics of the Al2O3/TiO2 NL films and
investigated the physical properties of the films as barriers to
water corrosion and gas permeation. In particular, the 50 nm
thick nanolaminate films were used in OTFTs as encapsulation
layers, and then, the reliabilities of the devices were evaluated as
functions of time upon exposure to high humidity air.

2. EXPERIMENTAL SECTION
Al2O3 and Al2O3/TiO2 NL Film Preparation and Character-

ization. Al2O3 and Al2O3/TiO2 NL films were deposited on either a Si
(100) wafer or a p-type pentacene-based OTFT by using PEALD
(LTSR-150, Leintech). The Si wafer was used to investigate the
chemical and physical properties of the oxide films. The Si wafer was
washed with acetone and then isopropyl alcohol in an ultrasonic bath
for 20 min and then dried with a N2 blower. In order to remove any
dust and to obtain a hydroxyl-rich surface before the PEALD process,
the Si wafer substrate was exposed to UV radiation for 10 min.
The precursor used in the PEALD of the Al2O3 films was

trimethylaluminum (TMA, Lake LED Materials), and for the Al2O3/
TiO2 NL films, both TMA and tetrakis(dimethylamino)-titanium
(TDMAT, EG Chem) were used. TMA and TDMAT were injected
into the reaction chamber without a carrier gas. O2 plasma was used as
the oxygen source, and the PEALD substrate heater was operated at a
constant temperature of 100 °C. All samples were placed onto the
PEALD substrate for 30 min before deposition to thermal equilibrium
between samples and the ALD substrate. The temperature of the TMA
source was maintained at room temperature, and the base pressure and
processing pressure inside the reactor were 0.01 and 0.5 Torr,
respectively. The sequence of pulses for one cycle deposition of an
Al2O3 film was as follows: TMA feeding (0.1 s), Ar purging (10 s), O2
feeding (1.5 s), O2 feeding with 200 W RF plasma power (3 s), and Ar
purging (5 s).

The temperature of the TDMAT source was maintained at 60 °C
with a heating system because of its low vapor pressure at room
temperature, and the base pressure and processing pressure inside the
reactor were retained at levels identical to those used in the Al2O3 film
deposition process. The sequence of pulses for one cycle deposition of
an Al2O3/TiO2 NL film was as follows: TMA feeding (0.1 s), Ar
purging (10 s), O2 feeding (1.5 s), O2 feeding with 200 W RF plasma
power (3 s), and Ar purging (5 s) for Al2O3 monolayer deposition and
then TDMAT feeding (1 s), Ar purging (10 s), O2 feeding (1.5 s), O2
feeding with 100 W RF plasma power (3 s), and Ar purging (10 s) for
TiO2 monolayer deposition.

The thicknesses of the films were measured by using a spectroscopic
ellipsometer (J.A. Woollam, M-2000). To investigate the structural
characteristics, chemical compositions, and morphologies of the
deposited films, we used X-ray photoelectron spectroscopy (XPS,
4D beamline at the Pohang Accelerator Laboratory in Korea), atomic
force microscopy (AFM, VEECO Dimension 3100), scanning electron
microscopy (SEM, JEOL JSM-7401F), and high resolution trans-
mission electron microscopy (HR-TEM, JEOL JEM-2100F). The
water vapor transmission rate (WVTR) values were measured by
performing calcium tests.

OTFT Fabrication and Passivation. A 30 nm layer of ethylene-
norborene cyclic olefin copolymer (Polyscience) was spin-coated onto
a precleaned n-type Si (100) wafer covered with a 100 nm layer of
SiO2 as a gate dielectric and insulator to provide a high performance
bilayer gate dielectric for the OTFTs.32 The samples were heated on a
120 °C hot plate for 30 min to remove any residual solvent.
Subsequently, a 50 nm pentacene layer was patterned through a
shadow mask by evaporation to form an organic semiconductor layer
with an organic molecular beam deposition (OMBD) system. A 50 nm
thick gold layer was added to the pentacene layer by using a vacuum
thermal evaporator with a deposition rate of 3 Å s−1 and vacuum
conditions of 10−5 Torr to provide the source/drain electrodes. The
channel length (L) and width (W) of the shadow mask used in gold
deposition were fixed at 100 and 1500 μm, respectively. Then, a 200
nm silicon monoxide (SiO) layer was deposited onto the OTFTs in an
evaporation chamber (SUNIC SUNICEL 0603) under a 10−5 Torr
vacuum as a buffer layer to prevent any plasma damage during the
PEALD process.33 50 nm Al2O3 or Al2O3/TiO2 NL films were
deposited with the method discussed above onto the prepared OTFT
devices as passivation layers.

Device Characterization. The electrical properties of the OTFTs
were characterized by using a home-built combination of Keithley
2400 and 236 source/measure units. The field effect mobilities (μ) of
the OTFTs were calculated from the slopes of plots of the square-root
of the drain current (ID

1/2) versus the gate voltage (VG). The long-
term stabilities of the OTFTs were tested by storing them at 38 °C in
a 90% relative humidity (RH) conditioned environmental chamber.
The electrical characteristics were measured as a function of time.

3. RESULTS AND DISCUSSION

Chemical and Physical Properties of the Al2O3/TiO2
NL Films. The chemical composition of the Al2O3/TiO2

Figure 1. X-ray photoemission (XPS) spectra of single Al2O3 and TiO2, as well as Al2O3/TiO2 NL films for (a) Al 2p and (b) Ti 2p core levels.
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interface was investigated in detail with XPS. Each NL film
consists of 12 alternating layers of Al2O3 and TiO2 on a Si
substrate; each layer was prepared in a single PEALD
deposition cycle. The nominal thicknesses of the Al2O3 and
TiO2 layers were finely controlled on the atomic scale during
the processing, with values of 1.8 and 0.75 Å, respectively. In
addition, to avoid charging effects during the XPS measure-
ments, the film thicknesses of the samples investigated here
vary by less than 3 nm. Figure 1 shows the Al 2p and Ti 2p core
level spectra for single Al2O3 and TiO2 films and for a Al2O3/
TiO2 NL film. The core level peaks of neat Al2O3 and TiO2
(the black square dotted lines at the bottom of the figure
panels) are at 75.2 eV (Al 2p), 461.7 eV (Ti 2p 1/2), and 456.0
eV (Ti 2p 3/2), which is in agreement with the binding energy
reported for Al2O3 and TiO2.

34 In the case of the Al2O3/TiO2
NL film, the Al 2p core level is shifted toward a lower binding
energy (74.5 eV) and the Ti 2p core level is shifted toward a
higher binding energy (462.0 eV for Ti 2p 1/2 and 456.3 eV for
Ti 2p 3/2) relative to the reference peaks mentioned above.
The electro-negativities of Al (1.61) and Ti (1.54) mean that Al
and Ti tend to attract and donate electrons, respectively.
Therefore, the observed core level shifts for Al and Ti could
result from Al−O−Ti bonding processes between the Al2O3
and TiO2 atomic sublayers. Similar core level shifts in a Al2O3/
ZrO2 NL film prepared in a thermal ALD system have recently
been reported.30 The formation of thermodynamically stable
bonds between Al2O3 and ZrO2 results in shifts in the Al 2p
and Zr 3d core levels toward lower and higher binding energies,
respectively, as is in accord with their electro-negativities (Al:
1.61 and Zr: 1.33).30

In order to characterize the overall morphology of the
Al2O3/TiO2 NL films, cross-sectional TEM-EDS were carried
out on 50 nm thick NL films grown on a Si wafer. The films
were prepared by using 196 cycles of PEALD deposition at 100
°C, and the growth rate of the Al2O3/TiO2 NL films was
approximately 2.55 Å/cycle, which means that the nominal
thicknesses of the layers deposited during one cycle were 1.8 Å
(Al2O3) and 0.75 Å (TiO2). In the cross-sectional TEM and
EDS images (Figure 2), it can be seen that Al and Ti atoms are
uniformly distributed over the NL film with no significant phase
separation or crystallites (see the Supporting Information
Figure S1, XRD spectrum clearly shows that PEALD-based NL
film has full amorphous morphology). In spite of the sequential
deposition of Al2O3 and TiO2, the atomic-scale thicknesses of
the layers result in the emergence of an amorphous alloy-type
film morphology, instead of a simple multistacked morphology.
Grain boundaries arising from polycrystalline structure as well
as interfaces between heterogeneous layers can act as
permeation pathways for gases, thereby deteriorating the

passivation efficiency of the film and limiting its effectiveness
as a gas barrier.
Figure 3 shows the leakage current density versus electrical

field characteristics measured using the device configuration

shown in the inset. Single Al2O3 and Al2O3/TiO2 NL films
were interposed between a heavily doped Si wafer and a 200
nm Al electrode. Although the breakdown of the two samples
did not occur within the measured electric field range (up to 1.8
MV cm−1), the leakage current density of the NL sample (1.18
× 10−7 A cm2) is approximately 2.5 times lower than that of the
Al2O3 film (3.34 × 10−7 A cm2). Generally, a lower leakage
current density is related to an increase in film density and a
decrease in the number of voids or defects in the film. These
results confirm that our nanolamination method can produce
densely packed films.

Gas Permeation Barrier and Water-Resistance Proper-
ties of the PEALD Films. Figures 4 and 5 show FE-SEM and
AFM images, respectively, of the surface of the single Al2O3 and
Al2O3/TiO2 NL films before and after immersion in water at 90
°C. Both films were deposited at 100 °C with a thickness of
approximately 50 nm. Before water immersion, the Al2O3 film
has a very smooth and clean surface (the 10 nm spurs on the
surface in Figure 5 are platinum grains that were deposited onto
the sample surfaces to enhance the focus of the FE-SEM).
However, after only a 30 min immersion in water at 90 °C, the
surface roughness increases and petal structures are formed
(see Figures 4b and 5b) that have been referred to as

Figure 2. (a) Cross-sectional TEM and (b) TEM-EDS mapping images showing amorphous structure of Al2O3/TiO2 NL film without any interfaces.

Figure 3. Breakdown voltages of single Al2O3 and Al2O3/TiO2 NL
dielectric layers. The inset shows a schematic image of the breakdown
voltage measurement setup.
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“flowerlike” structures.35 Such destruction of the Al2O3 surface
could be due to the corrosion of Al2O3 by water as described in
chemical reactions 1 and 2,36 which implies that prolonged
exposure to moisture at room temperature can produce the
barrier failure of the Al2O3 film (see the Supporting
Information Figure S2 for film thickness and refractive index
change by immersion time of single Al2O3 and Al2O3/TiO2 NL
films at room temperature).

+ + →+ +Al O (s) 6H (aq) 3H O(l) 2[Al(H O) ] (aq)2 3 2 2 3
3

(1)

+ + →− −Al O (s) 2OH (aq) 3H O(l) 2[Al(OH) ] (aq)2 3 2 4
(2)

In contrast, there is no significant change in the Al2O3/TiO2
NL films even after the long immersion time of 24 h, as shown
in Figures 4d and 5d. In addition, the Al2O3/TiO2 NL films
have better gas permeation barrier properties than the single
Al2O3 and TiO2 films. Figure 6 shows the plots obtained from

the calcium corrosion tests, which were used to obtain the
WVTR values of single Al2O3 and TiO2 films and a Al2O3/TiO2
NL film; the results are summarized in Table 1. All oxide films
were deposited with a thickness of 50 nm on 200 μm PEN
(polyethylene naphthalate) by means of PEALD. In the calcium
corrosion test, 120 nm thick aluminum was deposited on glass
substrates as electrodes in order to measure the conductance of
the calcium during oxidation by water. Then, a 250 nm thick
calcium layer (20 × 20 mm2) was deposited on the glass in
partial overlap with the aluminum layer. Finally, calcium-
deposited glass was encapsulated by barrier-coated PEN film
with UV-cured sealant (Figure 6a). The WVTR values were
calculated with the following equation:37

ρ σ= − · · · · ·n M M R t S SWVTR ( / ) [d(1/ )/d ] ( / )H O Ca Ca Ca2

where n is the molar equivalent of the degradation reaction.
MH2O and MCa are the molecular weights of H2O and calcium,
respectively, and ρCa and σ are the density and resistivity of the
calcium, respectively. SCa is the area of calcium, and S is the

Figure 4. FE-SEM photographs for the surface of single Al2O3 and Al2O3/TiO2 NL films (a, c) before and (b, d) after immersion in water at 90 °C.

Figure 5. AFM images for the surface of single Al2O3 and Al2O3/TiO2 NL films (a, c) before and (b, d) after immersion in water at 90 °C.
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transmission area of the water vapor. The rate of change in the
conductance, d(1/R)/dt, can be extracted from the slope of the
calcium test plot. As shown in Figure 6b, the calcium corrosion
rates gradually decrease and the WVTR values in Table 1 also
decrease in the following order: single TiO2 (6.32 × 10−4 ±
2.04 × 10−5 g m−2 day−1), Al2O3 (3.75 × 10−4 ± 3.51 × 10−5 g
m−2 day−1), and Al2O3/TiO2 NL (1.81 × 10−4 ± 8.64 × 10−5 g
m−2 day−1).
The effectiveness of the passivation provided by the NL films

(such as water anticorrosion and the lowest WVTR value) is
due to two main factors: the dense film morphology and the
introduction of TiO2 into the Al2O3 backbone. In general,
defects in oxide films facilitate the formation of hydroxyl
groups, which increase the solubility of the films in water and
offer pathways for gas diffusion. In addition, tight Al−O−Ti
bond formation might decrease the hydrolysis of the Al2O3
bond in water.38,39

Characteristics of an OTFT Device Passivated with an
Al2O3/TiO2 NL Film. A 50 nm thick single Al2O3 film and an
Al2O3/TiO2 NL film were each applied to pentacene-based
OTFTs, and the air-stabilities of the resulting devices were
evaluated in high humidity air. The investigated OTFTs were
fabricated on 100 nm thick thermally grown SiO2/Si substrates,
with bottom-gate and top-contact device architecture, as shown

in Figure 7a. Hydrophobic ethylene-norborene copolymer
(COC) was spin-cast onto the SiO2 dielectrics to enhance the

growth of the pentacene films and to minimize the number of
interface trap states due to surface hydroxyl groups. Prior to the
PEALD of the Al2O3 and Al2O3/TiO2 NL films, 200 nm thick
silicon monoxide layers were deposited onto the OTFT devices
by performing thermal evaporation to protect them from
plasma damage during PEALD.13,33

The field-effect mobilities (μFET) of the OTFTs were
obtained from the slopes of plots of the square root of the
drain current (ID) versus the gate voltage (VG) in the saturation
current region by using the equation: ID = (WCi/2L)μ(VG −
Vth)

2,40 where ID is the drain current and Ci is the capacitance
per unit area of the dielectric, which for our COC/SiO2
dielectrics is approximately 10 nF cm−2. The initial average
μFET and the threshold voltage (Vth) for the OTFT devices

Figure 6. (a) Overall test-bed scheme of the calcium corrosion test.
(b) Normalized conductance of single Al2O3 and TiO2, as well as
Al2O3/TiO2 NL barrier film at 60 °C 90% RH condition.

Table 1. Water Vapor Transmission Rate (WVTR) Values of PEN Bare and 50 nm Thick Al2O3, TiO2, and Al2O3/TiO2 NL
Passivated PEN Film

passivation materials PEN bare TiO2 Al2O3 Al2O3/TiO2 NL

WVTR 5.18 × 10−1 6.32 × 10−4 3.75 × 10−4 1.81 × 10−4

(g m−2 day−1) ± 3.26 × 10−2 ± 2.04 × 10−5 ± 3.51 × 10−5 ± 8.64 × 10−5

Figure 7. (a) Schematic diagrams of pentacene-based OTFT with
COC-SiO2 bilayer gate dielectric. (b) Transfer and (c) output
characteristics of as-fabricated OTFT device.
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were 0.610 cm2 V−1 s−1 and −7.61 V, respectively. The air
stabilities of the pentacene OTFT devices passivated with single
Al2O3 and Al2O3/TiO2 NL films were investigated by
performing time-dependent electrical performance measure-
ments in a chamber under constant environmental conditions:
38 °C, 90% RH, and dark. The unpassivated pentacene OTFT
was also stored in the same environmental chamber as a
reference device.
Figure 8 shows the time-dependent ID

1/2 versus VG

characteristics of the pentacene OTFTs, one as-fabricated,
and the devices with two types of passivation (see the
Supporting Information Figure S3 for time-dependent device
characteristics only with SiO layer OTFT). The evolutions of
the normalized μFET values for the corresponding devices are
summarized in Figure 8d. As shown in Figure 8a, there is a
dramatic reduction in the maximum drain current of the
unpassivated device, with a shift in Vth in the negative VG

direction after 52 days of measurement. Water molecules that
diffuse into the pentacene film are likely to degrade the device
performance by interacting with pentacene molecules and
forming traps at the grain boundaries, thereby reducing μFET
and the on-current.41−44 In contrast, the device performance of
the OTFT passivated with a single Al2O3 film was maintained
for 22 days; μFET and Vth degrade with time. The corrosion of
Al2O3 films in humid air will be slower than when they are
immersed in hot water, so the passivation layer will protect the
device from the air during the early stages of the air-stability
measurements. However, long-term exposure to humid air is
likely to result in the destruction of the Al2O3 passivation film
due to its water-corrosion behavior (see Figure 9c), thereby
leading to the degradation of device performance. In contrast to
the other samples, the OTFT device passivated with an Al2O3/
TiO2 NL film was found to exhibit excellent air-stability even
after prolonged exposure to humid air, as expected (Figures 8c
and 9d).

4. CONCLUSION

In summary, Al2O3/TiO2 nanolaminated films were tested as
passivation layers for OTFT devices. Each Al2O3/TiO2 NL film
has a very smooth surface and exhibits a large breakdown field,
water anticorrosion, and very low WVTR values, which are
superior to those of the other investigated passivation films:
PEALD-based single Al2O3 and TiO2 films. The OTFT
passivated with an Al2O3/TiO2 NL film (50 nm) was found
to have a prolonged lifetime exceeding 52 days. Therefore, the
water-resistant Al2O3/TiO2 NL film coating has great potential
for practical applications, particularly as a capping material for
OPVs, OLEDs, and OTFTs.

Figure 8. Time-dependent ID
1/2 versus VG characteristics of (a) bare and (b) 50 nm Al2O3 and (c) 50 nm Al2O3/TiO2 NL film passivated OTFTs.

(d) Time-dependent field-effect mobilities of PEALD films.

Figure 9. Optical microscopy images of the channel regions of OTFTs
passivated with single Al2O3 and Al2O3/TiO2 NL film (a, b) before
and (c, d) after 125 day storage in 38 °C 90% RH chamber.
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