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a b s t r a c t

Large area porous gold films can be used in several areas including electrochemical electrodes, as an
essential component in sensors, or as a conducting material in electronics. Here, we report on
evaporation induced crystal growth of large area porous gold films at 20, 40 and 60 1C. The gold films
were grown on liquid surface at 20 1C, while the films were grown on the wall of beakers when
temperature increased to 40 and 60 1C. The porous gold films consisted of a dense network of gold
nanowires as characterized by TEM and SEM. TEM diffraction results indicated that higher temperature
formed larger crystallites of gold wires. An in situ TEM imaging of the coalescence of gold nanoparticles
mimicked the process of the growth of these porous films, and a plotting of the coalescence time and
the neck radius showed a diffusion process. The densities of these gold films were also characterized by
transmittance, and the results showed film grown at 20 1C had the highest density, while the film
grown at 60 1C had the lowest consistent with SEM and TEM characterization. Electrical measurements
of these gold films showed that the most conductive films were the ones grown at 40 1C. The
conductivities of the gold films were related to the amount of contamination, density and the diameter
of the gold nanowires in the films. In addition, a gold film/gold nanoparticle hybrid was made, which
showed a 10% decrease in transmittance during hybridization, pointing to applications as chemical and
biological sensors.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thin metal films with or without porous structures have
unique properties that are different from bulk materials. These
films have many different nanoscale morphologies such as island
films, hillocks films and holey films [1]. The optical and electronic
behavior of thin metal films is associated with the film
morphology [2], for example, thin gold films have excellent
tailorable surface plasmon resonances, surface enhanced Raman
scattering and highly enhanced fluorescence properties, which
allows ultrahigh sensitivity down to single molecule level due to
this dramatic enhancement [3,4].

To fabricate thin porous films, methods like dealloying [5–8],
templating [9–11], wet chemical [12,13], electrochemical deposition
[14] and evaporation induced self-assembly are used [15–17]. Among
these methods, evaporation induced film growth from nanoparticles
are of interest due to its simple method. Generally, the nanoparticles
are self-assembled and form ordered 3D structures [18–21]. But, for
gold nanoparticles, the self-assembled nanoparticles could form
disordered networks of nanowires with [16] or without [17]
surfactants at room temperature.

We reported earlier about the fabrication of porous gold films
using evaporation induced crystal growth at room temperature [17].

However, the growth mechanism is not clear, in particular the
temperature dependency needs to be investigated, since it is an
important parameter during evaporation induced growth of films.
A coalescence process of the gold nanoparticles [22] was discussed
in Ref. [17] as an essential part of the growth mechanism, but more
work is needed to show or mimic the process.

Here, we describe a study of single layer porous gold films at
different growth temperature, as well as their optical and electrical
properties. Moreover, the crystal growth of gold nanoparticles was
investigated in situ by TEM, which showed the coalescence of gold
nanoparticles. Transmittance measurements indicated that the
evaporation speed at different temperature caused the different
film density, and the electrical measurements showed that the
conductivity of the gold film was due to contamination in the film,
the film density and the diameter of the gold wires in the film.
Moreover, a gold film/gold nanoparticle hybrid was fabricated using
hexamethylene diamine (HD) as a linking molecule, suggesting
potential application of these gold films as sensors.

2. Experimental

2.1. Synthesis of gold nanoparticles

1.0 ml 1.0 wt% HAuCl4 (Sigma) solution was added into 99.0 ml
doubly distilled water and heated to boil while stirring, then,
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4.0 ml 1.0 wt% sodium citrate (Sigma) was added [23]. The
solution was kept boiling for 5 to 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 100 ml
beakers with an internal diameter of 6 cm, separately. The beakers
were then covered by a 1000 ml beaker in order to avoid dust
from air. To grow gold films, the beakers were stored at 2072,
4071 and 6071 1C, separately, with humidity of about 3072%.
At the temperature of 60 1C, a single layer porous gold film was
found on the beaker wall after one days growth, while it took 2 to
4 days for the temperature of 40 1C. The film that grown at 20 1C
was found floating on the solution surface, after 4 to 7 days
growth.

2.3. Fabrication of gold film/gold nanoparticle hybrid

The gold film was subtracted by a glass slide, and rinsed with
doubly distilled water for 5 min by re-floating the film on the
water surface. Then the film was subtracted again and floats on
the solution that contains 10.0 wt% hexamethylene diamine (HD)
for 10 min to let the modification of HD on gold wires. After that
the film was subtracted again and rinsed by doubly distilled water
for 10 min to remove the physically absorbed HD. Subsequently,
we subtracted the film and float it on gold nanoparticle solution
that was prepared as above. The hybrid time was also 10 min. At
last the gold film was subtracted and rinsed by doubly distilled
water as described above for further measurements.

2.4. TEM and SEM characterizations

For TEM characterization, 400 Mesh gold grid without carbon
film was put under the floating gold film, and by retracting the
film was deposited on the grid. 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. To investigate the crystal growth of gold nanoparticles,
the electron beam was focused on two neighbor gold nanopar-
ticles for 30 min at beam current densities of 250 to 320 pA/cm2.
SEM and SEM-EDX characterizations were performed on an
EVO50 (Zeiss). The samples for SEM were prepared by coating
the gold film on a SiO2 wafer.

2.5. Transmittance and electric measurements

Transmittance measurements of gold films were done using an
Edmund CCD spectrometer. The films were deposited on standard
glass slides that were rinsed with acetone, H2SO4/HNO3 (v/v, 3:1)
and doubly distilled water.

I/V measurements were performed on a micromanipulator
1800 wafer probe station (Micromanipulator), using two stainless
wires as source and drain electrodes. Sheet resistance measure-
ments were done using a Magne-Tron M800A four-point probe
system.

3. Results and discussion

In an earlier report [17], we found that the gold film floated on
surface of the solution with an area up to several square
centimeters at about 21 1C. This floating film was usually
deposited on a substrate by a simple subtracting procedure. For

example, a glass slide was dipped into the solution and a floating
film was then picked up by retracting the slide.

However, when the evaporation temperature increased to 40
and 60 1C, no such floating film was present, instead the films
were deposited on the walls of the beakers. To deposit these films
on a substrate, we added more water and the films on the beaker
walls detached and floated on the solution surface. Then these
films were deposited by the same simple subtracting procedure.

The reason for this non-floating behavior at higher tempera-
ture might be related to the corresponding higher evaporation
rate of the solution and interplay with surface energies. At 21 1C,
the evaporation speed was slow and the coalescence of gold
nanoparticles was extended to the solution surface. While at
higher temperatures and higher evaporation speeds, the crystal
coalescence of gold nanoparticles could just occur on the wall.

Fig. 1 shows the TEM images of the single layer gold films that
were obtained at different temperature. The average diameter of
gold wires in the films were 100, 70 and 75 nm for the growing
temperature of 20, 40 and 60 1C, respectively. The procedure to
calculate the average diameter was by taking 10 random places in
each image and averaging them.

The widest gold wires were observed at 20 1C. However, the
nanowires on the films that were grown at 60 1C were a few
nanometer wider than those grown at 40 1C, despite the higher
evaporation speed at 60 1C. TEM diffraction pattern also indicated
that a higher temperature caused larger crystallites (see supple-
mentary materials). We note that the 20 1C films were of the
floating type, and as they were surrounded by gold nanoparticles
for a longer time than in those films that were grown on the wall
of beakers, it is not so surprising that they have wider nanowires.
The slight increase in the diameter of the nanowires at 60 1C
compared to 40 1C might be due to increased diffusion rate in the
solution or increased rate of coalescence (see discussion below).
We should also note that the TEM images show floating films that
were picked up from the solution and rinsed with water, and in
the case of growing on the beaker walls, any minor particles,
between the network, sticking to the surface should remain there
and will not appear in the TEM images.

The EISA method is usually used for growing crystals of some
hundred nm large spheres, usually glass, for applications such
as photonic lattices. This EISA growth is layer-by-layer, or
Stranski–Kastanov (SK) growth forming an almost perfect crystal
of spheres.

In the present study, the growth is very different from this SK
growth; instead we have the Volmer–Weber mode of growth, also
called island growth, which formed porous single layers with gold
nanowire networks. Such island growth is present when the
particles stick where they land and have low mobility on the
surface [24]. The network in our experiment is then the result of
growing islands that touch each other and coalesce [25]. In our
case we have three important processes: (1) the diffusion of gold
nanoparticles in the solution, (2) the sticking events when the
particles land on the beaker wall or on already assembled gold-
islands and (3) the coalescence of particles and islands.

The gold nanoparticles in solution diffuse due to Brownian
motion. The particles diffuse to the capillary interface and adsorb
at the beaker wall or to the gold network. This Brownian motion is
depended on the temperature of the solution. The adsorbed gold
nanoparticles can form aggregates during their sticking on beaker
wall, and subsequently coalesced into some islands, and later
form networks. There are several models for similar kind of
growth. The aggregation of gold clusters to form island has been
investigated by Werner et al. [26] showing the diffusion and
fusion of small gold clusters (50 to 300 atoms). Jensen and
coworkers develop a deposition, diffusion and aggregation (DDA)
model [27] to simulate the growth of thin porous film, generating
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fractal structures characteristic of diffusion limited aggregation
(DLA) [28] and cluster–cluster aggregation (CCA) [29]. Here, we
lack the details for any such quantitative modeling, but we note
that the DDA model might fit well, as all relevant processes are
included.

The coalescence process is the basic process for fusing two or
more gold nanoparticles into larger islands. It began with the
contact of two gold nanoparticles, and might be followed by the
orientational alignment of coalescing planes at the contacted
interface [30,31].

The main driving force for the coalescence is the reduction in
surface energy when the area is reduced. When two particles
meet, the gold atoms diffuse on the surface until the combined

surface area, and thus the surface energy, is minimized. In the
case of two particles this is when the particles coalescence into a
single one, while, on a larger surface the small particles will
coalescence into the larger structure and disappear.

Since the coalescence of gold nanoparticles in the growth of
films occurred on a liquid surface or on the wall of a beaker, it was
hard to directly observe the growth process. However, to get some
more information about the growth process, we studied one of the
growth steps, the coalescence of the gold nanoparticles, using
in situ TEM. We focused the electron beam, which is known to
induce coalescence of gold nanoparticles [22], on two neighboring
gold nanoparticles that were absorbed on a gold nanowire.

Fig. 2 shows the in situ TEM images of the gold coalescence under
electron beam radiation. In the beginning, the two gold nanoparticles
were connected, but clearly as two separated nanoparticles. However,
when these two gold nanoparticles were under electron irradiation
for 6 min, it was found that the two nanoparticles coalesced and
became one particle. After 30 min irradiation, these two gold
nanoparticles were totally coalesced into a single particle. In the real
solution growth process, more nanoparticles were present in the
vicinity and causing further growth and extension of length and
width. Fig. 3 illustrates schematically the coalescence of two gold
nanoparticles. Two neighboring gold nanoparticles adsorbed and
connected, exchange atoms with each other and the two particles
coalesce into a single particle. By repeating this process, more and
more gold nanoparticles coalesced and formed gold nanowire
networks (see Fig. 3). Experimentally, we found similar coalescence
process, as shown in Fig. 4. It is clear that there are three big parts that
were connected with several small gold nanoparticles. Fig. 4(B–D)
clearly shows that the small gold nanoparticles coalesced with time
and the three big parts have been grown into one single gold wire.
These observations make the process illustrated in Fig. 3 likely.

Fig. 1. TEM images of single layer gold films that were fabricated at about 20 (A), 40 (B) and 60 1C (C). The black dots in the center are the imaging artifacts.

Fig. 2. In situ imaging of the coalescence process of gold nanoparticles under electron beam irradiation inside a TEM. Images show the initial status of two neighboring gold
nanoparticles (A). After 6 (B), and 30 min (C) of electron beam irradiation. The black dot in the center is an imaging artifact.

Fig. 3. Schematic draw of the coalescence of two gold nanoparticles and the
growth of gold nanowire network.
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There are different mechanisms for the coalescence of two
solid nanoparticles. For particles with a radius lager than 2 nm,
surface diffusion or grain boundary diffusion are dominant, which
can be expressed [32,33] as

t¼
ðx=rÞ6r4RT
CwDssvO

ð1Þ

where t is the coalescence time, x the neck radius, r the initial
particle radius, R the gas constant, T the temperature, C a constant,
O the molar volume, w the surface or grain boundary layer width
(estimated from O1/3) and ssv the solid–vapor surface tension. In
Fig. 5 the coalescence time and (x/r)6 are plotted, and a fit
indicates a linear relationship between these two parameters.
Using Eq. (1), we found the calculated value of C to be about
1.7$10%15 from the slope.

Fig. 6 shows SEM images of gold films that were fabricated at
different temperature. The density of gold nanowires was highest
at the growing temperature of 20 1C. The density of gold
nanowires for the film grown at 40 1C seemed to be higher than
the one grown at 60 1C, but it was not easy to quantify this from
the SEM images. However, transmittance measurements of these
gold films showed larger differences. Fig. 7 shows the transmit-
tance curves of these three kinds of gold films at wavelengths
between 400 and 800 nm. The film grown at 20 1C has the lowest
transmittance, and the film grown at 40 1C was lower than that of
60 1C. As mentioned above in the TEM imaging, the wire diameter
of 60 1C films was larger that of the 40 1C ones. However, in the
optical measurements, the transmittance of the 60 1C film was
higher than for the 40 1C film, indicating that the 60 1C film had a
lower density than that of the 40 1C film. This may be because the
evaporation speed of water for 60 1C was higher than that of
40 1C. Moreover, the water flux inside the solution was also higher
at 60 1C, which could also be a factor influencing the film density.

The electrical properties of these gold films were also
investigated. The sheet resistance of the films was measured by
four points measurements, and at 20, 40 and 60 1C the sheet
resistance (Rs) was 120, 25 and 28 O/sq, respectively. Current–
voltage (I/V) curves these gold films are shown in Fig. 8. The

Fig. 4. TEM images of the coalescence of gold nanoparticles into gold wire, (A) the beginning of the coalescence, and (B) after 2, (C) 5 (D) and 24 min of coalescence.

Fig. 5. Plot of the coalescence time versus (x/r)6.
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resistances for these three gold films were about 135, 45 and
55 O. Sheet resistance and I/V measurements indicated that the
film grown at 40 1C has the highest conductivity, while the film
grown at 20 1C has the lowest. These results could be compared
with a perfect 100 nm thick gold film with bulk resistivity that
should have a sheet resistance of 0.2 O/sq (from Rs¼resistivity/
thickness and bulk resistivity of 22 nO/m), or a deposited
gold film with 42 nm thickness that has a Rs of 1.5 O/sq [34],
or with porous gold film fabricated on a porous aluminum
template that has a 2 of 4–15 O/sq for a film thickness of about
100 nm [35].

If the film grown at 20 1C had the largest nanowire width and
highest density, it should have the highest conductivity, but it was
found to have the lowest. The reason for this could be a result of
contamination of the gold films. The film grown at 20 1C was
floating on the surface of the solution, and sodium citrate
molecules, which still should be in the solution, might contribute
to contamination of the gold films, causing an increase in
resistance. For the floating film this exposure to a contaminating
solution lasts for the entire growth process. In contrast, when the
films were deposited on the beaker walls, as in the high
temperature cases, the exposure to a contaminating solution is
only for a shorter timespan. Fig. S2 in supporting information
shows the SEM-EDX of gold films grown at 20 and 40 1C, and a
small carbon peak is present for the film grown at 20 1C. Such a
carbon peak is what one should expect if the film is contaminated
by citrate. For the films grown at 40 and 60 1C (the graph for 60 1C
was similar to that of 40 1C; not shown here), no obvious carbon
peaks were found. These results suggested that the conductivity
of gold film was influenced by the contamination. Such contam-
ination of carbon might not only exist on the surface of gold wires,
but also at the coalescence interface (as shown in supporting
information Fig. S3). For example, in Fig. 4, small gold nanopar-
ticles coalesce with larger ones, that might lead to trapping of
carbon inside the wire.

Previously [17] we observed that the size of the gold films on
water surface could be several square centimeters at a growth
temperature of 20 1C. While in the current experiments, the area
of the gold films at 40 and 60 1C could be as large as the area of
the wall that used for deposition, since the films were found
covering all the wall area in our experiments. That means, the
area of the gold films can be controlled by the surface area of
liquid at 20 1C and the area of the wall deposition at 40 and 60 1C.
We believe that the method could be extended and used for large
area deposition (say a square meter) and then the 20 C method
might be most feasible one.

Since the contamination of the films deposited at 40 and 60 1C
was almost the same, the two main factors accounting for the
difference in conductivity should be the film density and
the diameter of the nanowires. From the larger wire diameter in
the 60 1C film, one should expect a higher conductivity, which is
not the case. Instead, it is the density that is dominating the
conductivity properties. The larger density, found by microscopy
and transmittance measurement, in the 40 1C films lead to a
higher conductivity of these films compared to the 60 1C films.

To demonstrate a simple application of these gold films, we
made a hybrid of gold film/gold nanoparticle. The nanoparticles
were linked to the film by hexamethylene diamine (HD). Fig. 9(A)
shows the TEM image of the hybrid, which shows how the gold
nanoparticles are covering the gold wires. The deposition of
gold nanoparticles on gold wires increased the diameter of the
gold wires, thus, the transmittance should decreased. Fig. 9(B)
illustrates the transmittance curves of the original gold film and
gold film/gold nanoparticle hybrid. As is shown, the average

Fig. 6. SEM images of gold films grown at 20, 40 and 60 1C. Scale bar:1 mm.

Fig. 7. Transmittance of gold films grown at different temperature.

Fig. 8. I/V measurements of the gold films grown at different temperature.
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transmittance decreased by almost 10% after the assembly of gold
nanoparticles.

The results suggest that these single layer porous gold films
could be used as biosensors, for example, as a DNA hybridization
sensor or an immune sensor. Compared with other film deposition
techniques that are used for optical biosensors, the gold films here
have large surface areas. Moreover, the large surface area is also of
importance in, for example, electrochemical determinations, where
a large area is needed for low concentration analysis. Also, since the
gold film can float on water surface, it is easy to combine
electrochemical methods with spectroscopic method simulta-
neously for characterization of chemical and biomolecules.

4. Conclusions

In summary, we investigated the behavior of the growth of
porous single layer gold films at different temperature. The
densities of these films were highest for the lowest growth
temperatures, as revealed by transmittance and electron micro-
scopy. To mimic the growth process, which was hard to observe in
the real process, we studied the coalescence of nanoparticles
in situ by electron irradiation in a TEM. The in situ TEM
measurement showed a linear relationship between time and
(x/r)6 as expected. Sheet resistance and I/V measurements showed
that films grown at 40 1C had the highest conductivity. The
conductivities of the gold films were mainly determined by the
level of contaminations in the gold films, the diameters of the gold
wires and the densities of the films. The transmittance changes
during the hybridization of gold nanoparticles to the gold film
suggest potential application of these gold films as sensors.
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