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ABSTRACT: A solution-dipping process consisting of 2 steps, including (i) a
catalytic treatment of the substrate and (ii) an immersion of the catalytically
treated substrate into an aluminum precursor solution of AlH3{O(C4H9)2}, is
suggested for the low-cost and simple preparation of aluminum thin film. This
process can be applied to electric devices in the way of not only various film
geometry including large area (□ 100 mm (W) × 100 mm (L)) or patterned
structure but also the diverse substrate selectivity including rigid or flexible
substrate. More interestingly, preparations of aluminum film in this study can
be unprecedentedly accomplished at room temperature with the help of
chemical catalyst to decompose AlH3{O(C4H9)2} into Al, 1.5H2, and
O(C4H9)2. Beyond the previously reported processes, the prepared Al films
via solution-dipping process are comparable or even superior to Ag, Au, and Al
films prepared by other solution processes and furthermore are found to be
excellent in mechanical durability against external deformation.
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1. INTRODUCTION

Aluminum (Al) is the most excellent metal for the value of high
electrical conductivity at low cost and very low in work
function, indicating that Al is likely the best material for highly
electrical conductive features as well as for ohmic contact
electrodes.1−3 The deposition of a highly conductive Al film on
a specific substrate is generally performed by a vacuum
deposition process due to the extremely active reaction of Al
with oxygen and moisture. Its application is mostly limited to
electrodes for ohmic contact, such as cathodes of OLEDs and
organic solar cells as well as metal electrode of thin film
transistors (TFTs). Although this vacuum deposition process
has been regarded to be a useful tool for the deposition of
metallic thin film, it incurs a large cost because of the expensive
equipment, including vacuum chambers and devices, the
consumption of a large amount of energy for the vacuum
chamber at a low pressure, and the great loss of source
materials (more than 70% of the source materials are typically
deposited in undesirable areas). Moreover, even when a
vacuum chamber is modified for the preparation of large-area
metallic film, it results in an enormous increase in the cost of
the vacuum process.
In this sense, a solution process has become attractive as an

alternative tool for the cost-effective preparation of electronic
devices with large-area thin films on both rigid and flexible
substrates.2−12 Thus, intense interest and many research
attempts have been focused on the development of a
solution-based process involving the highly conductive and
inexpensive material Al. However, attempts to complete the

solution-based deposition of Al have failed because of the
sensitive activity of Al with oxygen and moisture, until an
electroless aluminum plating method and a catalyst-assisted
solution processes were recently introduced.2,3,13−15

The solution-stamping process2,3 was demonstrated for
highly conductive Al thin films on both rigid and flexible
substrates. However, a few limitations still remained; (i)
uniform and large-area thin film is difficult to obtain because of
unavoidable temperature deviation in stamping method and (ii)
large amounts of H2 generated during decomposition of Al
precursor deteriorates the film homogeneity.
Shen et al.13 suggested a solution process for the selected

deposition of high-quality aluminum film, which is optimized
for the preparation of a locally patterned Al film. Furthermore,
its process is complicated and expensive because it consists of
the three steps using Pt as a catalyst.
Electroless plating method, where the reduction agent, i.e.,

LiH or LiAlH4, and the catalyst such as Pd were required, was
also utilized for preparation of Al films on rigid substrates;14,15

however, this process is complicated and expensive since quire
a long time is consumed for preparation of water-free Al ionic
solution at inert and dry atmosphere. Furthermore, the
electroless plated Al film consists of large sized Al grains, so
that the prepared Al film exhibit the significant surface
roughness. Therefore, the aforementioned processes are not
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proper for the cost-effective fabrication of large area,
homogeneous Al thin films with high density and excellent
surface smoothness on both rigid and flexible substrates.
In this study, therefore, we propose an astonishingly simple

and novel solution-dipping (SD) process for the low-cost
preparation of large and patterned Al films without any
deteriorating electrical and mechanical properties. This
approach was demonstrated to be very effective for the
preparation of large-area and specifically patterned Al films
on both rigid and flexible substrates at room temperature.

2. EXPERIMENTAL SECTION
Figure 1 shows a schematic diagram of the SD process for fabricating a
large-area or patterned Al film on a substrate. A chemical preparation
of Al is achieved by the decomposition of AlH3{O(C4H9)2} into
Al{O(C4H9)2} and 1.5H2 and the subsequent decomposition of
Al{O(C4H9)2} into Al and O(C4H9)2.

2,3,16−19 This decomposition
reaction commonly occurs at ∼165 °C; therefore, the chemical
preparation of Al cannot be performed at room temperature without
using a catalyst to accelerate the decomposition rate. Thus, the
catalytic treatment of the substrate is a crucial step for fabrication of an
Al film on a substrate at room temperature. To develop the new
solution-based method, therefore, we undertook a simple catalytic
treatment that involve exposing the substrate to a catalytic atmosphere
of Ti(O-i-Pr)4 and subsequently immersing the catalytically treated
substrate into the Al precursor solution of AlH3{O(C4H9)2}. Herein,
the Al precursor solution of AlH3{O(C4H9)2} was prepared by an
ethereal reaction of AlCl3 with LiAlH4. A further explanation of the SD
process is described in the Supporting Information, section S1.

3. RESULTS AND DISCUSSION

Figure 2 shows Al films formed on soda lime glass (SLG) by
the SD process. As expected, we successfully demonstrated that

a highly conductive Al film was formed on the surface of the
substrate with the assistance of a catalytic treatment.
Herein, to obtain Al film with uniform thickness, we

attempted to optimize the optimum dipping time of catalytic
treated substrate into Al precursor solution by experimentally
assessing the effect of the dipping time on the thickness and
electrical resistance of the SD-processed Al film thickness. The
results are summarized in Figure 3. The SEM micrographs
(Figure 3a) of the Al films with dipping times of 10−480 min
show the mechanism of Al film growth on substrate via the SD
process. Al film starts to form in ∼2 min (not shown here) and
covers the entire surface of the substrate within ∼10 min. The
thickness of Al film at dipping time of 10 min (Figure 3a-i) is
∼15 nm with a small STD (standard deviation); and Al islands
in an irregular shape start to appear from dipping time of 40
min (Figure 3a-iii), they continue to grow up with a dipping
time. Further the micrograph of dipping time of 480 min
(Figure 3a-vi) shows the Al surface is fully covered with

Figure 1. Scheme of the solution-dipping process for preparation of large area and patterned Al thin film with a highly electrical conductivity on
substrates.

Figure 2. Al films formed SLG substrates by the solution-dipping
process performed at room temperature.
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submicrometer-sized Al grains. As the dipping time increases,
the increases of STDs are shown both in thickness and
electrical resistance (Figure 3b), indicative of the Al film
inhomogeneity by increasing a dipping time. Aside from the
issue of the film inhomogeneity, the strong crystallinity in Al
film is found to worsen the mechanical durability especially for
the film on flexible substrate. Therefore, it is reasonable to
immerse the catalytic-treated substrate into Al precursor
solution for less than ∼40 min to obtain a highly conductive
Al film with a uniform thickness.
We fabricated a large-area Al film as wide as 100 mm (W) ×

100 mm (L) to check the applicability of this method to such a

large-area Al film; a large-area SLG substrate that had
undergone the catalytic treatment was immersed into the Al
precursor solution for 20 min (the optimized dipping time of
the catalytically treated substrate into Al precursor solution).
The Al film shown in Figure 4a was found to be ∼20 nm thick
when formed on a SLG substrate by the SD process at room
temperature. Moreover, the fabricated Al film was found to be
uniform without any bubble-type defects. Figure 4b demon-
strates that such a patterned Al film on a substrate can be
achieved by the SD process when the surface of the substrate is
selectively exposed to a catalytic atmosphere. For this patterned
Al film, we masked the SLG with a PET film with a specific
pattern and then exposed the masked SLG to the fumed
catalyst. We then dipped the SLG into the Al precursor ink for
20 min. Al film forms only in the unmasked area, which is
exposed to the catalytic fume. Therefore, in this case, the letters
“KIMS” and simple electric circuits consisting of Al films were
formed on the SLG substrate by the decomposition of the Al
precursor ink with the help of the catalytic treatment.
Sound electrical properties of Al film are necessary for the

applicability of a film to electrodes of electronic devices. Thus,
we measured the electrical specific resistivity of the fabricated
Al films and compared them with those of Ag, Au, and Al films
prepared by different solution methods, as shown in Figure 4c.
As no metal electrodes were manufactured by a solution
process performed at room temperature, the SD-processed Al
films were compared with Ag,4,20,21 Au,22 and Al2 films
prepared by solution processes with at firing temperature
ranging from 70 to 150 °C. Although Ag is known to be a metal
with the lowest electrical specific resistivity of 1.59 μΩ cm, all of
the Ag films fabricated by the printing and subsequently firing
of the Ag nanoink had electrical specific resistivity values that
exceeded 20 μΩ cm. In the case of the Au films prepared at
firing temperatures that were lower than 150 °C, they were
found to be electrically nonconductive, even beyond the
description in Figure 4c. On the other hand, all of the Al films
fabricated by the SD process at room temperature, showing
superior electrical conductivity compared to Ag and Au films,
were nearly identical to the solution-stamping processed Al
films; however, as mentioned above, the SD process has more
powerful advantages than the solution-stamping process in

Figure 3. (a) Surface and cross-section SEM images and (b) thickness
and electrical sheet resistance of the solution-dipping processed Al
films on SLG substrates with dipping time of the catalytically treated
substrate into Al precursor solution. Microstructures of SD processed
Al films with dipping time of (i) 10, (ii) 20, (iii) 40, (iv) 60, (v) 120,
and (vi) 480 min.

Figure 4. Large area and patterned Al films prepared on SLG substrate by SD process and their electrical specific resistivity. (a) Large area (100 mm
(W) × 100 mm (L)) and (b) patterned Al films (“KIMS” and simple electric circuits shown as blackish color) prepared on SLG substrate by the
solution-dipping process; and (c) comparison of electrical specific resistivity of Al films prepared by the solution-dipping process with those of Al,
Au, and Ag films prepared by different solution processes performed at a temperature range of 70−150 °C (SS process, solution stamping process;
NS process, normal solution process).
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terms of its ability to fabricate large-area films. Although a
temperature range of 100−150 °C is too low to remove the
organic surfactant surrounding the Ag and Au colloidal
nanoparticles and to enhance the contact area among them
by melting the surface of the nanoparticles, the Al film created
by the SD process is formed by the direct decomposition of the
Al precursor and the growth of nanocrystalline Al on SLG.
Therefore, this proposed simple SD process can be applied not
only to large-area films but also to patterned Al thin films to
offer excellent electrical conductivity.
Along with the good electrical properties, the various levels

of mechanical durability should be guaranteed to apply the SD-
processed Al thin films to electronic devices. Thus, a 3 M
Scotch tape test2,3 and a cyclic bending test3,23 were performed
to investigate film adhesion to the substrate and durability
against damage such as scratching and bending deformation,
and the methods of Scotch tape and cyclic bending test are
well-described in the Supporting Information, section S2. Al
films on SLG and PET substrates were used for the Scotch tape
and the cyclic bending tests, respectively. During the Scotch
tape test, the Al films did not peel off from any of the
substrates, and the SD-processed Al film did not show the
significant difference in electrical sheet resistances before (4.695
± 0.171 Ω/□) and after (4.710 ± 0.190 Ω/□) the tape test,
indicating that the SD-processed Al film exhibits strong
adhesion to the substrate and durability against scratching
and peeling. Figure 5 shows the normalized electrical resistance

evolution of the Al film on a PET substrate during a cyclic
bending test of 10 000 bending trials. The electrical resistance
of the Al film formed on the PET substrate was found to
increase by a factor of ∼1.23 (from 2.6 to 3.2 Ω/□) after 10
000 cycles of bending deformation; however, the increased
resistance of 3.2 Ω/□ after the durability test in the harsh
environment is still feasible for application when compared to
other pristine conductive films (Figure 4c). These findings
indicate that the SD-processed Al films on the substrate possess
excellent electrical and mechanical properties that are readily
applicable to high-performance rigid and flexible electronics.
Figure 6 depicts the performance of the SD-processed Al thin

films in simple electronic devices to demonstrate the
applicability of the current approach for actual high-perform-
ance electronic devices. Figure 6a and b show LED lamps

mounted onto patterned Al films formed on rigid SLG and
flexible PET substrates, respectively. The LED lamps in both
cases flashed under DC bias, even working on bent Al films on
a flexible PET substrate. Therefore, the SD-processed Al films
are sufficiently feasible for rigid and flexible electronic devices.

4. CONCLUSION
We proposed a simple and novel solution-dipping process with
only two steps, (i) catalytic treatment of the substrate and (ii)
immersion of the catalytically treated substrate into an Al
precursor solution of AlH3{O(C4H9)2}. This process allows the
direct deposition of highly conductive Al thin films on rigid and
flexible substrates at room temperature. The SD process was
experimentally demonstrated to be very applicable not only for
the preparation of large-area Al films but also to the patterned
deposition of Al films on substrates. Furthermore, the SD-
processed Al films on both rigid and flexible substrates were
excellent in terms of electrical conductivity and mechanical
durability against external deformation. Therefore, we expect
that the SD process will be easily applicable to the production
of large-area and patterned Al films for low-cost rigid/flexible
electronics such as electric circuit boards, radio frequency
identification (RFID) tags, electromagnetic interference (EMI)
shields, and electrodes for energy-conversion and -storage
devices.
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Figure 5. Normalized electrical resistance evolution of the SD-
processed Al film on PET substrate during the 10000 times cyclic
bending test.

Figure 6. Digital pictures of the LED lamps on the solution-dipping
processed Al line patterns on SLG and PET substrates. Flashed on
LED lamps connected to (a) the flat line patterned Al films formed on
SLG and (b) bent line patterned Al films on PET substrates.
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