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ABSTRACT

Films that are nanostructured in two- or three-dimensions, such as porous ones, are made by several
methods including templated growth and self-assembly. Here, we report on a new method that is
based on evaporation-induced growth of nanoparticle gold films on a water surface. The film growth
was done in a similar way to the well-known evaporation-induced colloidal crystal growth method,
but in contrast, we did not directly deposit the film on a solid substrate. The films were instead cre-
ated on top of a water surface. After the growth process, the films were deposited directly on sub-
strates by a simple pick-up procedure. The deposited porous gold films were uniform with a
thickness of 100 nm and had a sheet resistance of 100 Q/sq. There are several advantages with our
method, including simplicity of the protocol, large film area, flexibility in the choice of substrate to
be coated, and the ability for multilayer coatings. The latter points to opportunities for fabrication
of multilayer 3D porous structure, which may have wide applications in sensors and electrochemical

determinations.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Nanostructured materials with high surface area have attracted
much attention due to their applications in many areas such as in
sensors [1], catalysis [2], optics [3] 2D and 3D porous metal films
have recently been interested since they permit easy fabrication
of devices or electrodes [4]. Porous gold nanomaterials are the
most well studied of the metal materials. To fabricate porous gold
films or networks, several methods have been used, such as deal-
loying [5-10], templating [11-13], electrochemical deposition
[4], and wet chemical methods [14,15]. These methods rely on var-
ious protocols; the dealloying methods depend on the reactivity of
two components, which permit selective dissolution [5]. The tem-
plating methods need several steps, including template deposition,
target materials cover, and template removal [9]. The templating
method may, for example, be started with a film of Au/Ag mixture,
and then porous gold film is obtained by removing the Ag nanopar-
ticles [16]. Electrochemical deposition contains an oxidation-
reduction procedure that starts from a bulk gold electrode in HCI
solution [4]. Wet chemical methods for synthesizing gold nanowire
networks are performed by adjusting the amount of citrate [14].

All these methods are performed in several steps and for most of
them; the porous gold films are fabricated by removing compo-
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nents from the gold containing films. However, there are simpler
protocols, where the gold nanoparticles themselves self-assemble
into porous structures. For example, there are reports on 2D films
obtained by self-assembly of gold nanoparticles in the presence of
surfactants [17] or alkyl dithiol/alkanethiol links [18,19]. Another
recent example is the self-assembled growth method of gold nano-
whiskers films, using a diffusion-limited aggregation method [20].
One important method along this self-assembly route is evapora-
tion driven convective assembly that have been investigated during
the last decade [21-24]. The observed films using evaporation dri-
ven convective assembly are well ordered 3D film, since both face
centered-cubic (fcc) and hexagonally close-packed (hcp) structures
could form good films. For this evaporation type of assembly both
theory [25] and review [26] papers are published.

The reported gold films are all deposited on substrates unless
there are surfactant participates [17], however a free standing gold
film on top of water without any surfactant molecules may be de-
sired, since such a film could be easily transferred to many
substrates.

Here, we report on a new simple method that is similar to evap-
oration driven convective assembly, but the film is floating at the
liquid surface without any surfactant. These single layer porous
films were uniform in thickness. An advantage of such a floating
film is that it can be deposited on any suitable substrate, simply
by placing the substrate beneath the film and subtract it. The
method should thus allow a number of applications, such as elec-
tronics, surface coating and so on.
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2. Experimental
2.1. Synthesis of gold nanoparticles

A 1.0ml 1.0wt%¥ HAuCl, (Sigma) solution was added into
99.0 ml doubly distilled water and heated to boil while stirring,
then, 4.0 ml 1.0wt% sodium citrate (Sigma) was added [27]. The
solution was kept boiling for 5-10 min, until the solution turned
to a red wine color.

2.2. Self-assembly of gold film

The synthesized colloid gold solution was stored in a 100 ml
beaker with a diameter of 6 mm. The 100 ml beaker was covered
by a 1000 ml beaker in order to avoid dust from the air. The solu-
tion was kept in the lab with the temperature of 21 +1°C and a
humidity of 30 £ 2%.

2.3. TEM characterization

For TEM characterization, a 400 M gold grid without carbon film
was put under the gold film, and then deposited by retracting the
grid from the solution. The grid was dried at room temperature for
20 min. TEM imaging was done using a JEOL 2000FX transmission
electron microscope at 160 kV accelerate voltage.

2.4. SEM characterization

SEM characterizations were performed on an EVO50 (Zeiss). The
samples for SEM were either the same as used for TEM, or prepared
by coating the gold film on a SiO, wafer. The latter samples were
also used for AFM and I/V measurements.

2.5. AFM characterization

AFM imaging was carried out on a dimension AFM (Digital
Instruments) using tapping mode. The sample for AFM imaging
was the same as that used for SEM characterization, which was a
gold film deposited on SiO, wafer.

2.6. Current/voltage (I/V) measurements

I/V measurements were performed on a micromanipulator 1800
wafer probe station (Micromanipulator), using two stainless wires
as source and drain electrodes.

2.7. Surface tension measurements

Surface tension tests were performed in another parallel sample
of the colloid gold solution, which were at the same condition as
the one that we used to collect films.

3. Results and discussion

In our experiments, gold nanoparticles were synthesized by the
reaction of HAuCl, and sodium citrate [27]. A TEM image of the
synthesized gold nanoparticles was given in Supplementary mate-
rial as Fig. S1. The obtained solution was kept at ambient condition
for 4-7 days in a beaker. After that, a thin film with golden color
appeared at the water surface and with an area of up to several
square centimeters (see photo in Supplementary material,
Fig. S2). One could deposit the film on any substrate by hand or
using a method similar Langmuir-Blodgett technique [26]. In our
experiment we took out the film using oxidized Si wafers or TEM
grids (400 M, gold grids, without carbon film).

Fig. 1 shows scanning electron microscope images of the ob-
tained film at low and high magnification. Some defects on the film
can be found in Fig. 1A, and that might be due to the thermal dis-
turbance of the water flow or some mechanical vibration in the
room. Yet at higher magnification, as shown in Fig. 1B, the struc-
ture is quite uniform, indicating a monolayer of gold nanowires.
In the SEM images (Fig. S3 in Supplementary material) it is also
apparent that the resulting film is relatively uniform in height.
For comparison, SEM images of the gold film after 3 and 5 days
evaporation are shown in Supplementary material as Fig. S4.

Fig. 2 shows a transmission electron microscope image of the
gold film. The diameters of the wires were in the range of 40-
100 nm, and the distance between adjacent gold nanowires were
in the range of 80-300 nm. Furthermore, at the surface of the
nanowires, some smaller particles could be found. These gold
nanoparticles were the original synthesized nanoparticles with a
size of 9+ 1 nm. These absorbed nanoparticles indicate that the
growth of the nanowires were due to aggregation of particles that
sintered together and formed larger nanowires. Formation of nano-
wires by sintering of nanoparticles has also been observed using
the surfactant method [17], which indicate that the sintering of
gold nanoparticles is due to the increase of surface pressure. In
contrast, as reported previously, the evaporation-induced convec-
tive assembly is able to fabricate nanoparticle layers but the nano-
particles do not coalescence into larger particles [25,26].

An atomic force microscope (AFM) image of the obtained film
on an oxidized Si surface is shown in supplementary material,
which indicated the average thickness of the film was about
100 nm (Supplementary material Fig. S5). In the AFM image larger
spherical aggregates are visible that resulted from the sintering of
the original 9 nm nanoparticles. This is consistent with the TEM
image in Fig. 2 where the spherical aggregates are also visible,
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Fig. 1. SEM images of single layer gold film at low (A) and high (B) magnification.
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Fig. 2. TEM image of the gold nanowire film. The insert image shows the diffraction
pattern of the gold nanowires. (The black dot in the center of the images is an
imaging artifact).

but in addition the TEM image also show how they are actually sin-
tered together in a net.

Electrical characterization was done by measuring current—
voltage (I/V) curves using two electrical probes at different places
on a 100 nm thick film, with the same distance between the elec-
trodes. The I/V curves, obtained from four different places, were all
linear (see Supplementary material, Fig. S6). The average resistance
from 10 I/V curves was 24.7 Q with a STD of 0.9 with a probe sep-
aration distance of 1 mm. The low spread shows that the conduc-
tance of the gold film was quite uniform at different places. We
can make a rough estimate of the sheet resistance (R;) using a cor-
rection [28] of Pi/ln2 =4.53 to the resistance and assume zero
resistance at shorter distances, giving an R of about 100 ©/sq. This
could be compared with a perfect 100 nm thick gold film with bulk
resistivity that should have a sheet resistance of 0.2 Q/sq (from
Rs = resistivity/thickness and bulk resistivity of 22 nQ2/m), or with
porous gold film fabricated on a porous aluminum template that
have a R; of 4-15 Q/sq for a film thickness of about 100 nm [29].

Since the gold films are floating on top of the solution, it should
be easy to fabricate double layers or multilayers of gold films by
two or more steps. This layer-by-layer fabrication may serve as a
procedure to construct 3D porous gold films, which may have wide
applications in sensors and catalysis due to the unique properties
of gold nanowires. We did such multilayer deposition and Fig. 3
shows a SEM image of a double layers gold film (a SEM image of
three layers gold film was shown in Supplementary material as
Fig. S7). These 3D porous structures have large surface area, and
might provide a nice platform for molecules absorption or for
increasing detection signals in sensors.

Fig. 4 shows schematic processes of the evaporation-induced
gold film growth. When water starts to evaporate from the colloid
gold solution the gold nanoparticles assembled on the wall of the
beaker, which is a well-investigated procedure [25,26]. For the
assembly and crystal growth of gold wires with gold nanoparticles,
mechanisms were reported elsewhere [30,31]. When the water
continued to evaporate, the concentration of gold nanoparticle in-
creased, and this induced a growth of the gold film on the solution
surface and formed the single gold nanowire layer. When the
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Fig. 3. SEM image of double layer porous gold film. The insert shows the contrast of
the film on the sample line.
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Fig. 4. Schematic processes of the growth of different porous gold films. (A) During
the first 4-7 days; (B) after one additional week for (A).

nanoparticles sinter with each other and forming larger structures
the hydrophobicity will increase, helping the gold film to float on
the water surface. The golden color of the floating film that we ob-
served, indicate that the film had the surface properties of bulk
gold, which is hydrophobic.

We also checked the surface tension as a function of time. When
the density of the solution increased the surface tension also in-
creased slightly from 71.8 mN/m to 73.0 mN/m (see Supplemen-
tary material, Fig. S8). This increase in surface tension might also
contribute to making the gold film float.
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Fig. 5. SEM images of porous gold films after 14 days of growth. (A) and (B) show

the low and high magnification image, respectively. The highly porous structure is
visible in (B).

After a week of evaporation, the gold film was more or less cov-
ering the surface and when the process was continued for yet an-
other week the film started to grow in thickness instead of area.
The film grew in 3D with a more porous structure (as shown in
Fig. 5). Since the gold nanoparticle concentration was very high
at this stage, and the surface of the solution was occupied by the
previous grown film, the gold nanoparticles started to aggregate
on the already assembled gold film. The growth mechanism is
however different in this case. Instead of the ordering and sintering
on the surface as in the first single layer growth, the nanoparticles
stick to the assembled film from below and this process leads to a
more disordered, porous structure. This 3D growth is shown sche-
matically in Fig. 4B.

4. Conclusions

In summary, we studied evaporation-induced growth of porous
gold films. Our results demonstrate that the evaporation-induced
colloidal crystal growth could be grown at the surface of a liquid,
not only at some solid interfaces as reported previously. The aggre-
gated gold nanoparticles first formed a single layer on the water
surface. Furthermore, the gold nanoparticles could form 3D porous
structures grown on the single layer gold film, when the evapora-
tion time was extended and the gold nanoparticle concentration

increased. This floating film could be deposited on a surface and
characterization showed a 100 nm single layer porous film of uni-
form thickness with a sheet resistance of about 100 Q/sq. Multilay-
ers were formed by repeating the deposition procedure, pointing to
opportunities for fabrication of multilayer 3D porous structure,
which may have wide applications such as for sensors. In addition,
since gold is a good electrode material, this large area porous gold
film with good conductance may be used for electrochemical
determinations.
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