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Colloidal particle foams: Templates for Au nanowire networks?
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Spin coating a dilute solution of thiol-passivated Au nanoparticles onto silicon produces
nanostructured cellular networks. Photoemission measurements, coupled with atomic force
microscopy imaging and a statistical crystallography analysis, show that although annealing in the
500-600 K range removes the thiol surfactants surrounding the nanoparticles, the cellular
morphology of the nanocrystal foam is preserved following annealing. Thus, self-assembled
nanocrystal arrays may be exploited as templatesfare Au nanostructures on Si. Although
appreciable particle diffusion during annealing does not occur, significant sintering of Au
nanocrystals within the cellular network branches is observed.20@2 American Institute of
Physics. [DOI: 10.1063/1.1526924

A fundamental goal of nanoscale science is the developages shows that there are only minor changes in the network
ment of protocols to control the interactions, and thereby theell distribution before and after annealing.
ordering, of nanoparticles on solid substrates. The synthesis A suspension of thidleither dodecanethiol (GH,5S) or
of long-range-ordered monolayers and films of colloidalCsH,;S]-passivated Au nanocrystals of 2 nm core dianfeter
nanocrystals has been a particular fotUsHowever, it is in toluene was diluted appropriately in order to produce sub-
becoming increasingly clear that due to the rich physics aneéhonolayer coverages. 1@ of the nanocrystal solution was
chemistry underlying the formation of nanoparticle arraysspin coated onto either a native-oxide covered1Hi)
from colloidal suspensions, the likelihood of structures othesample or a hydrogen-passivated13il) surface prepared
than close-packed networks forming during solvent evaporawith well-established HF etching techniquesM-AFM was
tion is very high. For example, pioneering work by Pileni carried out using a Digital Instruments D3100 system. The
et al* and Ge and Brushas shown that both hydrodynamic photoemission measurements were taken on beamline 4.1 of
instabilities and spinodal decomposition can produce a dithe Synchrotron Radiation Source, Daresbury, U. K. using a
verse variety of nanocrystal patterns. Scienta SES200 hemispherical electron energy analyzer. All

We have very recently demonstrated that nanostructuredinding energies were referenced to the Fermi edge of the Ta
cellular networks or “nanofoams” may form when Au sample holder. Due to the photon energy cutoff of the beam-
nanocrystals are spin coated onto a Si substratstatistical  |ine (190 eV), C 1s spectra were acquired using a conven-
crystallography analysis illustrated that although the nano-tional unmonochromatized x-ray anode.
foams shared features in common with prototypical cellular  T\M-AFM images of a cellular network taken before and
networks such as soap froths and biological tissues, they digter annealing at 500 K are shown in Figga)land Xb),
not obey a fundamental law of statistical crystallographyrespectively. Note that the nanocrystal overlayer~i8.6
(namely Lewis' laWy’ and were far from statistical equilib- +0.6 nm(i.e., the diameter of a pentanethiol-coated 2 nm Au
rium. This is due to the imposition of a well defined corre- particle thick in Fig. 1a). This increases to a value of 7.0
lation length during the spinodal decomposition protésat  +3.0 nm in Fig. 1b) due to the particle sintering discussed
underlies the formation of the cellular network. below. While the “foamlike” morphology of the nanocrystal

In this letter, we show that simply by annealing a nano-gyerjayer both before and after annealing is clear from a
crystal cellular network at temperatures between 500 angyrsory qualitative examination of the images shown in Fig.
600 K, it is possible to remove the thiol surfactants surround comprehensive quantitative structural analysis is pos-
ing the Au nanoparticles, yet preserve the cellular structurgjp|e using the techniques of statistical crystallography.
of the overlayer. Thus, _the nanocrystal overlayer acts as @ The first step is to construct the Voronoi tessellation
template for the formation of a network of Au nanowires (gquivalent to the Wigner—Seitz construction familiar from
which, as we also show, may be chemically bound to thejig-state physigsassociated with the centers of the net-
underly_lng Si surface. A statlsucql crystallography qnalysg,vork cells[inset of Fig. 1c)]. We use aABVIEW program to
of tapping mode atomic force microscopyM-AFM) im-  ggject the coordinates of the cell centers. These coordinates
are passed to theHuLL utility *° which returns the vertices of
3Electronic mail: philip.moriarty@nottingham.ac.uk the polygons comprising the Voronoi tessellation. A second
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FIG. 2. Au4f spectra fir=190 eV) from G thiol-passivated 2 nm Au
| 3 : ! nanocrystals on a native-oxide covered Si substrate before and after anneal-
4 5 6 7 8 9 1 ?ng at 500 K(normalized to unit heig_l)nl Inset(a), a 1 um square TM-AFM‘
Number ofpolygon sides, n image, shows the morphology of this sample—note that the coverage is

monolayer. Insetb) shows the shift in the Fermi edge position following

. . annealing r=21.2 eV.
FIG. 1. A statistical crystallography analysis of nanostructured cellular net-

works formed by a submonolayer coverage of pentanethiol-terminated 2 nm

Au nanoparticles on native oxide terminated1%l). (@) and (b) TM-AFM rvstals hav reciable diffusion lenath n bstrat
images before and after 500 K annea). Histograms of polygon sidedness crystals have appreciable usion lengins on a substraie

before and after annealingnset: section of a typical Voronoi tessellation only in the presence of a solvent.
for a nanocrystal foajn For a native-oxide-terminated Si substrate, annealing a
coverage of Au nanocrystals at temperatures in the 500—600
LABVIEW program then draws the tessellation and calculateX range induces relatively minor—though important—
the relevant statistical quantities. changes in the Aufispectra(Fig. 2). {Note that the spectra
Quantitative measures of the structural properties of thén Fig. 2 were from a different samplsee inseta) of Fig. 2]
cellular network shown in Fig.(&4) may be derived from an to that shown in Fig. 1 Following the anneal the Auf4
analysis of the distribution of polygon sidednéggn), Fig.  spectrum shifts by~0.3 eV to lower binding energyBE).
1(c)]. First, the mean value of the number of polygon sidesWe also observe a dramatic reducti®3% in the integrated
(both before and after annealingn), is 6.00, exactly that intensity of the C § peak, accompanied by a substantial in-
expected in the limit of an infinite networkOur data set is, crease in the Sig signal(not shown. The 63% reduction in
therefore, large enough to rule out statistical anomalies duthe C 1s signal arises from the removal of the thiol groups
to insufficient sampling. More importantly, the variange,  encapsulating the Au nanocrystélemperatures in excess of
=3p(n)(n—(n))?, and entropy,S=—3,P,InP,, of the 1200 K are required to remove C from the near-surface re-
side distribution from Fig. (c) are ~0.94 and 1.38, respec- gion of Si samples We also note that previous thermal de-
tively, much lower than the values expected for a Poissorsorption measurements of thiol monolayers on single-crystal
distribution of pointg(1.77 and 1.71, respectivély This ob-  Au surfaces have shown that chemisorbed thiolate desorbs
servation indicates that the positions of the cells are spatiallpetween 500 and 620 ¥.
correlated. The correlation arises from the presence of a spe- The shift of the Au4 peaks to~0.3 eV lower BE fol-
cific spinodal wavelength during foam formatibn. lowing annealing is accompanied by a similar shift of the
Following annealing under ultrahigh vacuufHV) Fermi edgd see insetb) of Fig. 2.2 This shift is explicable
conditions at 500 K for 10 mirithe temperature was moni- by assuming that, prior to the removal of the thiol groups and
tored using an IR pyrometgra number of TM-AFM images on the time scale of the photoemission process, there is a
were acquired at macroscopically separaten’s) regions  slow rate of neutralization following the emission of a Al 4
of the sample surface. Although Fighbl was not acquired at photoelectron. This leads to Coulomb charging of tlusv
the same region of the sample as Figp)lit is wholly rep-  capacitancenanoparticle, as discussed by Werthaitral 1
resentative of the morphology of the network following Annealing not only removes the electrically isolating thiol
annealing—the properties of the foam vary little across thegroups, but—due to sintering—also produces a continuous
surface. Significantly, a tesselation analysis as described béu film for which Coulomb charging is not expected.
low yields very similar statistical quantities for the annealed  The loss of thiol groups on annealing is more strikingly
network (w,=0.88,S=1.33. In addition, radially averaged highlighted when a H:$111) surface is used as a substrate.
Fourier transformgnot shown yield identical intercellular As shown in Fig. 3, the Au# line shape for 2 nm
correlation lengths of~300 nm. Thus, even at relatively high dodecanethiol-passivated clusters on HF-treated silicon
temperatures, there appears to be negligible nanocrystal dibroadens considerably following annealing at 50QFgs.
fusion, supporting previous assertidrishat colloidal nano-  3(a) and 3b)]. The Au-Si syster is highly reactive: Au sil-
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FIG. 3. (a) and (b) Au 4f spectra from dodecanethiol-passivated 2 nm Au

nanocrystals on H:§111) before and after annealing at 500 K, respectively.
(c) Au 4f spectrum from thick Au film deposited on a clear13il)-(7X7)
surface. biv=190 eV for all spectra.

icide formation is observed fanom-temperatureleposition
of Au on clean Si111) surfaces® A Au4f spectrum for a
thick gold film deposited on §111)-(7X7) under UHV con-
ditions is shown in Fig. &). Each of the spin—orbit split
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robust nanostructured Au cellular networks on silicon. In-
deed, it should be possible to exploit the variety of nanocrys-
tal patterns that form during solvent evaporafidhto syn-
thesize a diverse range of nanostructured films.

Although, as discussed above, the statistical properties
of the cellular network do not change following a 600 K
anneal, annealing produces significant sintering of the par-
ticles [Fig. 4(@)]. This leads to breaks in the Au network,
severely compromising electrical conductivity. However,
higher nanocrystal coveraggsig. 4(b)] may be used to re-
tain a percolating, though still cellular, Au networfdlote
that the voids in Fig. &) are reminiscent of those formed
due to “fingering instabilities” in polymer film<® This point
will be addressed in a future pager.

Concluding, we have shown that it is possible to form
Au cellular networks on silicon substrates using a self-
assembled array of thiol-passivated nanoparticles as a tem-
plate. In addition to having potential catalytic and sensor
applications in its native state, the bare Au network may be
functionalized to direct the adsorption of further species. The
electrical and optical properties of these networks are cur-
rently under investigation.
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