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We demonstrate a convenient fabrication of Au nanourchins (NUs) on Si substrates via a surfactant-as-
sisted galvanic reduction process. This synthetic method not only grows Au NUs on Si in a one-step pro-
cess but also effectively controls the lengths of the branches on the NUs. The widths are about 100-120 nm
and the lengths can be extended from 200 nm to 5 um by lengthening the growth time. With the advantage
of a hierarchical surface structure, Au NUs exhibited excellent electron field emission (FE) performance
(turn-on voltage, 6.3 V/um; B, 1150). In addition, the wetting behavior examination shows that the water
contact angle can be as high as 158° on Au NUs after the material is treated by 1-hexadecanethiol.
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INTRODUCTION

Gold nanourchins (NUs), composed of a central nano-
core and several protruding tips, have been attracting re-
search interests, due to their potential applications in mo-
lecular detections' biosensing,”* and immunoassay.’°
The nanostructure has been alternatively named as nano-
flowers,” nanostars® and multi-branched nanoparticles
(NPs).”"" Similar to other anisotropic NPs, such as nano-
rods, nanosheets, and nanocubes, they exhibit strong elec-
tromagnetic field enhancement capability upon irradia-
tion.'? Therefore, they are important for surface enhanced
Raman scattering (SERS) spectroscopy and imaging."'*'*
Although electron field emission (FE) properties of metal-
lic nanowire (NW) arrays have been reporte
unable to find similar investigations on NUs. Compared

d,15'19 we are

with semiconductor FE arrays, metallic NW arrays, such as
Cu NWs and Au NWs, may generate efficient electron
emissions due to their low resistivity, low work function,
and high refractivity.'>*' On the other hand, anisotropic
metallic nanomaterials with high surface roughness and
potential for surface modifications have been demonstrated
to form superhydrophobic surfaces.””?” The property has
various applications, such as self-cleaning paint and anti-
wetting fabrics.”*** Recently, we reported the growth of Au
NWs on Si.* In this study, we discover that by proper con-
trol of the reaction conditions, Au NUs could be obtained.
The synthetic method, that avoids hard templates, expen-
sive instruments, and complicated processing, is relatively

facile compared with the conventional approach to fabri-
cate multi-tips on surfaces.'>?” Therefore, the refined ex-
periments associated with the morphological control and
length modulation of branches on Au NUs are presented.
The as-prepared hierarchical NUs have dense, sharp branches
and good electrical contact with Si. These provide poten-
tials for electron FE and superhydrophobic surface applica-
tions. Our discoveries will be discussed below.

RESULTS AND DISCUSSION

Recently, we reported a simple method which com-
bined the growth and immobilization of high-aspect-ratio
Au NWs in large scale on preroughened Si substrates (an
example can be seen in Figure S1 in the supporting infor-
mation) in a one-step process.”> The reaction was a gal-
vanic reduction of HAuClyq) by Sny) attached to the sub-
strate (Figure S2 in the supporting information) in the pres-
ence of CTAC ,q) and NaNOj;(,q). We suggested that both
CTAC molecules and NO; ions were essential ingredients
to shape the highly symmetric fcc Au crystals into the 1D
morphology.

Therefore, we adjusted the experimental conditions
by shortening the reaction time. This controlled the length
of the NWs effectively. Au NUs were obtained. Basically,
the NUs were branches extended from central cores (Figure
S3 in the supporting information). In order to clarify the ef-
fects on the growth conditions, NO;™ ions and CTAC mole-
cules were not added in some reactions. In these cases, Au
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microparticles and nanothorns were obtained respectively.
The growth parameters for each product are summarized in
Table 1.
Characterization of nanostructures

Figure 1 shows the low and high magnification scan-
ning electron microscopic (SEM) images of the AuNUs on
Si substrates at various stages of the growth. After grown
for 6 h, flower shaped clusters are formed (Figure 1A). The
surface coverage of the nanoflowers were presented in Fig-
ure S4 in the supporting information. The size of each clus-
ter is estimated to be about 2 um in diameter. An enlarged
view (Figure 1B) shows lots of short spurs less than 200 nm
long protruding from the core. The image in Figure 1C re-
veals the morphology of the clusters after 12 h. They main-
tain similar coverage on the substrate with no apparent
change in their dimensions. However, a detailed image in
Figure 2D displays that rod-like nanobranches form and
protrude radially. This differs from the image shown in Fig-
ure 1B. The diameter and the length of the branches are
about 100 nm and up to 300 nm, respectively. After 18 h,
densely covered straight Au NWs with diameters 100-120
nm and lengths up to 5 um extended radially from the core,
as shown in the NU shaped structures in Figure 1E. Figure
1F shows a side-view image of a NU on the substrate, with
the NWs growing upward in a hemispherical arrangement.
The bottom of the NU is located on a cavity of the pre-
roughened Si surface apparently. This may correspond to
the initial nucleation stage. Figure 2 shows a couple Au
branches with tips constructed from pentagonal shaped
surface steps. This observation suggests that these branches

Fig. 1. Side and top view SEM images of Au NUs
grown on pre-roughened Si at different growth
time. (A) and (B) 6 h. (C) and (D) 12 h. (E) and
(F) 18 h.
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Table 1. Summary of growth conditions of Au nanostructures.

HAuCl; CTAC NaNO;

Sample Time Temperature

(mM)  (mM) (mM) (b XK)
Urchin-6h 5 9 20 6 303
Urchin-12h 5 9 20 12 303
Urchin-12h 5 9 20 18 303
Urchin-27h 5 9 20 27 303
Microparticle 5 9 0 18 303
Nanothorn 5 0 20 18 303

may have a penta-twinned crystal structure, as demon-
strated in previous studies.”>®

An XRD pattern of the NUs grown on Si is shown in
Figure 3. The peaks at 20 = 38.1°, 44.3°, and 64.5° are as-
signed to Au (111), (200), and (220) reflections, respec-
tively (JCPDF 89-3697). Lattice constant a is estimated to
be 0.408 nm, close to the reported value of Au, 0.4079 nm
(JCPDF 89-3697). The XRD study confirms that the NUs
have an fcc structure.

When the growth time was extended to 27 h, ultra
long Au NWs were densely covered on the Si substrate.
This agreed with our previous report.>> The diameter and
the length were 100 nm and up to 10 pum, respectively. In
some areas with low Au NW coverage, the NU structures
could still be found.

Fig. 2. High magnification SEM images of Au branches
on NUs showing tips constructed from pentago-
nal shaped surface steps.
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Fig. 3. XRD of Au nanourchin grown on Si.
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The presence of adequate amounts of both CTAC
molecules and NOj3™ ions played a crucial role in the growth
of the NUs. Without NO;’, micro-sized particles (diameter
1 um) were deposited on the Si substrate, as shown in Fig-
ure S5 in the supporting information. Most particles grew
isotropically and fused together on the substrate. Individ-
ual stand-along particles were few. Compared to the NUs,
the microparticles had smooth surfaces. In the absence of
CTAC, nanothorns were obtained. Figure S6 revealed that
each of the Au NTs had a height 1-2 um, a side width 300-
500 nm at the bottom, and a tip about 20 nm at the apex. Ap-
parently, different growth conditions provided different
crystal structures in the products.

Field emission properties

With lots of rigid and straight branches pointing out-
ward on the Si substrate, Au NUs may show interesting FE
properties. The investigations were conducted in the home-
made vacuum chamber with a base pressure 1 x 107 torr at
the room temperature. The FE properties and the corre-
sponding Fowler-Nordheim (F-N) plot are illustrated in
Figure 4A and B, respectively. The turn-on field Eg is des-
ignated as the interceptions of the straight lines extrapo-
lated from the low-field and the high-field segments of the
F-N plots. Samples Nanothorn, Urchin-12h, and Urchin-
18h show E, of 13.3, 10.2, and 6.3 um'l, respectively.
Above this field strength, the emission current densities in-
crease dramatically. Plots of In(J/E?) versus 1/E show
straight lines in the high fields. These indicates that the
field emission characters follow the model described by
Fowler-Nordheim (FN) equation J = A(B*E*/®)exp(-B®*?/
BE).*” In the equation, in addition to J and E mentioned
above, @ is the work function of Au (5.00 eV), while A and
B are constants, 1.56 x 107'° (A V2 eV) and 6.83 x 10° (V
eV um™), respectively.'® B is the field enhancement fac-
tor, a general index which depends on geometry and mor-
phology of the nanostructure, crystal structure of the mate-
rial, and density of the emitting points. Here, 3 values of
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Fig. 4. (A) Emission current density as a function of

applied electric field on Au nanostructures. (B)
Corresponding Fowler-Nordheim plots.
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Nanothorn, Urchin-12h, and Urchin-18h are calculated
to be 410, 822, and 1150. In contrast, Urchin-6h does not
show significant J within the E applied. Obviously, the FE
performance correlates strongly with the anisotropic sur-
face nanostructures. The NUs display better electron FE
performances than the nanothorns do. In addition, with in-
creasing lengths of the NU branches, the enhancement effi-
ciencies improve as well. The improved ? appears to be
from the positively enhanced local electrical field created
by the increase in the ratio of length to radius. In addition,
compared to the electron FE performances of the metal
nanostructures reported in literature, as shown in Table 2, 3
of Au Urchin-18h is superior to most of the other 1D Au
and Cu nanostructures.'>'#404!
Contact angle measurements

In the experiments, a measured amount of H,O (5 puL)
was dropped on the surfaces of various Au samples with
and without 1-hexadecanethiol treatments. Their corre-
sponding contact angles at the H,O/Au interface are mea-
sured from the images shown in Figure 5. Figure 5A and B
show that the contact angles on a flat Au sputtered film in-
crease slightly from 88° to 106° after the surface modifica-
tions. Figure SC-F suggest that even after the surface modi-
fications, the contact angles from the microparticles and
the nanothorns do not improve much from the small values.
In these cases, both Au nanostructures did not cover the Si
substrates below completely, as shown in the SEM images.
We suggest that the exposed silicon oxide layer still con-

Table 2. Comparison of electron field emission performance of
metal nanostructures

Materials F?\?{Ef}?(t)iion (Vi(t)m) B Reference

Au Urchin-18h  Galvanic 6.3 1150  This study
reduction

Au Urchin-12h  Galvanic 10.2 822  This study
reduction

Au Nanothorn  Galvanic 133 410  This study
reduction

Au NWs ITM*ECD® 9 632 16

Cu dendrites ECD® 75 1094 40

Cu nanopillars Galvanic 12.4 713 41
reduction

Cu NWs CVD¢ 4.62 443 15

Cu nanobats CVD¢ 4 3900 19

CuNWs ITM*ECD" 6 245 17

Cu NWs AAOYECD® 44 400 18

© 2012 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 5. Contact angle measurements on different Au
nanostructures. Sputtered Au film, (A) original
and (B) 1-hexadecanethiol modified surface;
Au microparticles, (C) original and (D) 1-hexa-
decanethiol modified surface; Au nanothorns,
(E) original and (F) 1-hexadecanethiol modi-
fied surface; Au NUs, (G) original and (H)
1-hexadecanethiol modified surface.

tacted the water droplet effectively. These probably re-
sulted in the observed hydrophilic surfaces. Figure 5G
shows the contact angle, 71°, of the sample with original
NUs. After the surface modification by 1-hexadecanethiol,
the contact angle increases significantly to 158° (Figure
5H). According to Cassie equation, cosf, = ficos0, — f3,
roughening a surface would increase the apparent water/
surface contact angle 0,..*? 9, is the contact angle from the
smooth surface without the roughening. f; is the fractional
interfacial area between the water droplet and the rough-
ened surface while f; is the remaining area from the wa-
ter/air interface. The sum of f; and f; equals 1. Based on the
equation alone, 0, should not vary significantly for the sam-
ples shown in Figure 5G and H because the surface mor-
phology did not change before and after the 1-hexadecane-
thiol treatment. Thus, the observed contact angle difference
is attributed to the different properties of the molecules
covering the Au surface. The original NU sample was cov-
ered by CTAC, the residual surfactant molecules which as-
sisted the nanostructure growth and adsorbed on the Au
surface. This caused the sample to be more hydrophobic
than it was expected and to display a small 0,, 71°. After the
1-hexadecanethiol treatment, the CTAC molecules ad-
sorbed on the Au surface were replaced by the hydrophobic
thiol molecules with aliphatic hydrocarbon chains. Conse-
quently, the contact angle increased to 158°. Here, f; is esti-
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mated to be 0.89. Based on f5, it is proposed that a high frac-
tion of air was generated on the surface after the surface of
the Au NUs was changed from hydrophilic to hydropho-
bic.”**° The modification of the surface property provided
the superhydrophobic behavior. The superhydrophobic
performance of the Au NUs is comparable to the results re-
ported recently for many anisotropically structured nano-
metals, such as nanosized cauliflower-like Au, NW arrays
of Cu, Pt and Ni, and nanodendrites of Ag.22'27 They dis-
played contact angles 153°-174°, after various hydrophobic
surface treatments.

CONCLUSION

In conclusion, Au NUs can be grown directly on Si
through a surfactant-assisted electrochemical method. Each
NU comprises dense and straight NWs that expend out-
ward from the core. Their lengths increase with increasing
the growth time. FE measurements show that the nano-
urchins grown for 18 h emit electrons under relatively low
electric field strength and show high 3 values compared to
the other Au and Cu nanostructures reported in literature.
The Au NUs surface modified with 1-hexadecanethiol lead
to the formation of a superhydrophobic surface. We antici-
pate that the nanourchin structure could be employed for
various FE and anti-wetting applications in the future.

EXPERIMENTAL
Pre-treatment of silicon substrate

A n-type Si (100) wafer (TSR High Purity Si) was
pre-roughened by an electroless etching process for facili-
tating Au nucleation in the process of growing Au nano-
structures. After cleaned with acetone, the Si substrate, cut
into 0.5 cm X 0.5 ¢cm in size, was immersed into a Teflon
bottle containing an etching solution, which was a mixture
of AgNO; (0.07 g, Fisher), HF (48% w.t., 2 mL, Merck)
and deionized water (10 mL) for 5 min. After the etching
step, the substrate was washed with concentrated HNO; (J.
T. Baker) and followed by deionized water to remove Ag
precipitates formed in the etching process. Finally, the pre-
roughened Si was dried under a N, stream.
Fabrication of Sn-pasted silicon

A piece of Sn metal (1 mm x 1 mm, Aldrich), used as
the reducing metal, was pasted on the backside of the pre-
roughened Si substrate by conductive Ag glue (Toyobo).
Then, the combined piece was dried in the oven at 383 K
for 1 h. Figure S2 in the supporting information displayed
its cartoon configuration.

J. Chin. Chem. Soc. 2012, 59, 983-988
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Growth of Au nanourchins

In a glass vial, a mixed growth solution containing
HAuClyq) (5 mM, SHOWA), CTAC ,q) (9 mM, Taiwan
Surfactant) and NaNOjs,q) (20 mM, Shimakyu’s Pure Chem-
icals) was prepared. It turned yellowish cloudy after mix-
ing. Then, the Sn-pasted Si was immersed into the growth
solution (4 mL), maintained at 303 K without stirring dur-
ing reaction process. The growth time was properly con-
trolled (6, 12, 18 and 27 h), so that the morphology evolu-
tion can be observed as the function of time. Gradually, the
solution near the wafer turned pink and the Si surface be-
came golden. The final sample specimen was removed
from the solution, rinsed with deionized water, and then
dried under a N, stream before further investigations.

Additionally, microparticles and nanothorns were
also prepared using the same electrochemical method. The
only difference was the absence of NaNO; or CTAC in the
reaction solution. The concentration of each component
and the growth condition are summarized in Table 1.
Instruments for characterization

The SEM images and the energy dispersive spectro-
scopic (EDS) data were taken from a Hitachi S-4000 (25
keV) and a JEOL JSM-7401F (15 keV). X-ray diffraction
(XRD) data were obtained from a Bruker AXS D8 Ad-
vance.

Electron field emission measurement

The electron FE properties of the samples were mea-
sured in a home-made instrument with a vacuum chamber
(base pressure 1 x 107 torr) at the room temperature. A
stainless-steel probe (diameter 1 mm) was used as the an-
ode. The sample-to-anode distance was adjusted properly
by a micrometer on the manipulator. The current-voltage
(I-V) characteristics were measured using a Keithley 2410.
A positive voltage sweep up to 1 kV with a step of 50 V was
applied to the anode.

Wettability measurement

For a typical preparation of superhydrophobic sur-
face, the samples were immersed in an alcohol solution
containing 1-hexadecanethiol (2 mM, Alfa Aesar) for 24
hours. After that, the samples were cleaned with alcohol
and dried under a N, stream.

The contact angles of the samples before and after the
surface modification were acquired using a KRUSS uni-
versal surface tester (model GH-100). A designated amount
of water (5 pl) was dropped on the samples for measure-
ments.
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