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Abstract
Ordered gold nanoparticle arrays with high lateral density of 6.87 × 1010

nanoparticles cm−2, which are stable up to temperatures of 600 ◦C, were
fabricated. To this end, nanoparticles formed by thermal vacuum evaporation
of Au were immobilized within the pores of nanoporous silicon wafers
prepared by block copolymer lithography coupled with dry plasma etching.
Even after high-temperature treatment the degree of order imposed by the
block copolymer template was retained. Optionally, a nanoporous silicon
nitride mask can cover the nanoporous silicon.

1. Introduction

Gold (Au) nanoparticles [1–3] have been used for various
applications in nanoscience and nanotechnology. It is highly
desirable to arrange them into well-ordered arrays. This may
be accomplished by self-assembling block copolymer (BCP)
films coupled with plasma etching and the use of thin porous
alumina masks [4, 5]. Non-epitaxial systems with large Au
clusters that are incommensurate with the underlying substrate
show an extremely high diffusivity [6, 7]. For example, Au
clusters on graphite surfaces have a mobility comparable to that
of single adatoms. Even large islands formed from numerous
clusters are still mobile. This behaviour is more pronounced at
elevated temperatures [8]. Tan et al demonstrated that arrays
consisting of Au particles with sizes ranging from 55 nm up
to a few hundreds of nanometres and interparticle distances
>100 nm fabricated by nanosphere lithography retain their
order upon annealing at high temperatures [9]. However,
Au mobility destroys any order imposed by lithographic
processes when the particle size is decreased and the lateral
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density increased. This limits the usability of dense Au
nanoparticle arrays for applications in the fields of plasmonics,
sensor technology, catalysis and synthesis of nanowires. It
still remains a challenge to fabricate Au nanoparticle arrays
characterized by high lateral density of the particles and
stability at high temperatures. Consequently, the mobility
or coalescence of Au nanoparticles on a surface must be
prevented without influencing the performance.

Here we report on Au nanoparticle arrays with a lateral
density of 6.87 × 1010 nanoparticles cm−2 that retain their
initial degree of order over a wide temperature range up to
600 ◦C. We discuss a configuration where an ordered porous
layer of silicon nitride (Si3N4) on a Si wafer, formed by BCP
templating, has potential use as an inert mask for the growth
of dense, ordered arrays of Si nanowires by the vapour–liquid–
solid method [10–13]. BCPs self-assemble into ordered arrays
of nanoscopic domains, the nature of which depends on the
composition of the BCP, having a characteristic period and
size [14–24]. By removing one component, films of BCPs
can be used as templates to pattern the underlying substrate.
We used BCP lithography [25–30] coupled with dry plasma
etching [31, 32] to generate ordered nanoporous Si. A liquid
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eutectic Si/Au phase forms at temperatures above 363 ◦C.
However, the growth of Si nanowires requires temperatures
higher than the eutectic temperature. The pores within the
Si substrate act as defects that pin the Au nanoparticles and
the eutectic Si/Au droplets, respectively. The methodology
presented here can be modified to meet the requirements of
other device architectures. For other applications, such as
catalysis and sensing, the Au nanoparticles or probes based
on them must be exposed to a flowing medium. In such
cases it would be advantageous to have pores with ∼1:1 aspect
ratio. The process described is shown to be applicable to this
case also.

2. Experimental details

2.1. Preparation of nanoporous silicon nitride-coated silicon
wafers decorated with Au dot arrays

We used BCPs of polystyrene and polymethyl methacrylate
(PS-b-PMMA) with a PS volume fraction of 0.7, a weight-
average molecular weight (Mw) of 73 kg mol−1, and a number-
average molecular weight (Mn) of 67 kg mol−1 (Polymer
Source Inc.) to produce the lithographic masks. A typical
procedure to generate ordered arrays of pores decorated with
Au nanoparticles is shown in figure 1. (100)-oriented Si
wafers were coated with a 35 or 60 nm thick layer of Si3N4

by low-pressure chemical vapour deposition. By grafting
a hydroxyl-terminated random copolymer of styrene and
methyl methacrylate, P(S-r-MMA), on the surface, according
to a procedure reported by Mansky et al [33], interfacial
interactions of PS and PMMA were balanced. 1 wt% solutions
of PS-b-PMMA in toluene were spin-coated onto these treated
substrates to produce 35–40 nm thick films (determined by
ellipsometry). The BCP films were heated for 2 days at
165 ◦C in an Ar atmosphere to orient the cylindrical PMMA
domains normal to the film surface (figure 1(a)). The PMMA
cylinders were selectively removed by UV irradiation followed
by rinsing in acetic acid to produce a cross-linked PS film
with 6.87 × 1010 pores cm−2, having an average period of
42 nm, and a hole diameter of 25 nm [34–36]. The PS
was stained with ruthenium tetroxide (RuO4) [37] to increase
the etch contrast of the nanoporous film on the substrate
(figure 1(b)). The staining procedure produces an insoluble PS
mask containing Ru atoms, which exhibits improved chemical
and thermal stability. The pattern of this mask was transferred
into the underlying Si3N4 by dry plasma etching for 44 s with
a mixture of 10 vol% CHF3 and 90 vol% Ar in an inductively
coupled plasma (ICP) reactor (Oxford PlasmaLab System 100)
equipped with 2.1 MHz ICP380 and 13.56 MHz RF sources.
The positions of the holes etched into the substrate were
determined by the positions of the pores in the BCP template
(figure 1(c)). A 20 nm thick Au layer was then deposited
onto the patterned substrate by thermal vacuum evaporation of
Au for 20 s (deposition rate 1 nm min−1) using an Edwards
306 system (figure 1(d)). To obtain pore walls consisting of
hydrogen-terminated Si, we removed the native silica layer that
forms under ambient conditions by etching with hydrofluoric
acid prior to the decoration with Au. The lift-off of residual,
Au-coated polymer film on the sample surface was performed
with sharp blades. The stained PS mask could easily be
removed because of its brittle consistency (figure 1(e)).
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Figure 1. Schematic diagram of the fabrication procedure for
high-temperature resistant Au nanoparticle arrays. (a) A film
consisting of asymmetric PS-b-PMMA containing PMMA cylinders
oriented normal to the film plane is formed on a Si wafer coated with
Si3N4 and P(S-r-MMA). (b) An ordered porous PS film obtained by
selective removal of the PMMA is stained with RuO4. (c) The pore
pattern is transferred into the wafer by dry plasma etching with a
CHF3/Ar mixture. (d) The sample is decorated with Au by thermal
evaporation in high vacuum. (d) The polymer layer and the residual
Au on the surface are lifted off.

(This figure is in colour only in the electronic version)

2.2. Preparation of bare nanoporous Si wafers decorated with
Au dot arrays

A porous PS film was directly prepared on a bare (100)-
oriented Si wafer. Further procedures followed those described
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for the Si3N4-coated samples, except that the porous PS film
was not stained and a mixture of 10 wt% c-C4F8 and 90 wt%
Ar was used for the dry plasma etching (duration 40 s). The
lift-off was performed by sonification in N -methylpyrrolidone
for about 5 min.

2.3. Electron microscopy: scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and
preparation of specimens

SEM was performed using a JEOL JSM 6300 F operated at
an accelerating voltage of 5 kV. Cross-sectional specimens for
TEM were prepared as follows: two pieces of the sample
were glued face to face with epoxy resin and sliced with a
diamond wire saw into approximately 400 µm thick sections.
The sections were ground and polished to a thickness of
approximately 80 µm, upturned, dimple-ground and further
polished to a thickness less than 15 µm. The samples were
then thinned to electron-transparency by ion milling from both
sides with Ar (PIPS, Gatan). TEM was performed using a JEM
1010 operated at 100 kV.

2.4. Image analysis

Image analysis of the SEM images of the BCP films and Au dot
arrays was performed using the program Digital Micrograph
2.5 (Gatan Inc.). A Fourier transform with an image size
of 512 × 512 pixels was taken from the bottom part of the
SEM image seen in figure 3(b). In the right-hand part of the
diffraction pattern (see the inset) the modulus of the Fourier
transform was azimuthally averaged. In a second step, a
frequency profile was obtained by taking a line scan through
the centre of the diffraction pattern thus treated. The branch
representing the azimuthally averaged part of the diffraction
pattern was used for the evaluation of the nearest neighbour
relations.

3. Results and discussion

Figure 2(a) shows an SEM image of nanoporous Si. We used a
wafer with a thin silica interlayer between the Si and the Si3N4.
Etching the silica with aqueous hydrofluoric acid partially
peels off the Si3N4 layer so that the underlying Si substrate
is uncovered. On the left, the nanoporous PS template is
shown, the uncovered Si3N4 layer is shown in the middle, and
the patterned Si wafer underneath is seen on the right. Pores
having diameters of ∼20 nm are shown easily penetrating
through the Si3N4 layer. The indentations into the underlying
Si are discernible at the bottom. Typical TEM images of cross-
sectional specimens cut parallel to the long axes of the pores
are shown in figure 2(b) (before Au deposition) and figure 2(c)
(after Au deposition). The decoration with Au results in the
formation of Au nanoparticles with diameters of ∼15 nm at the
bottoms of the pores (figure 2(c)). The Au is in direct contact
with the Si, since the native SiO2 layer was removed prior to
deposition by dipping the samples into an aqueous hydrofluoric
acid solution.

To determine whether the Au nanoparticles are immo-
bilized under conditions typically used for the growth of Si
nanowires [38, 39], we annealed a sample under vacuum for

(a)

(b)

(c)

Figure 2. Electron microscopy images of nanoporous Si3N4-coated
Si wafers after the dry plasma etching step, but prior to the thermal
treatment. (a) SEM image showing the Au-coated porous PS film (on
the left), the intermediate Si3N4 layer (in the middle), and the
underlying Si wafer (on the right). ((b), (c)) TEM images of
cross-sectional specimens of nanoporous arrays cut parallel to the
long axes of the pores prior to and after the deposition of Au,
respectively.

30 min at 450 ◦C. Since this temperature is above the eutec-
tic point of Si/Au, a eutectic liquid forms during the heating,
and Au recrystallizes upon cooling. An image, taken prior to
the thermal treatment, is shown in figure 3(a). At the top, a
nanoporous PS film uniformly covered with Au is seen, which
covers the underlying Si3N4-layer. The bare Si wafer, which
shows cylindrical wells containing Au nanoparticles, can be
seen at the bottom. Etching away a thin SiO2 interlayer sepa-
rating the Si and the Si3N4 exposed this area. The Au nanopar-
ticles appear brighter than the surrounding Si. During the an-
nealing, the Au on the PS film formed large islands several
tenths of a micron in size. However, on the patterned Si the
ordered arrangement of the Au nanoparticles was conserved
(figure 3(b)).

We determined the nearest neighbour distance in the array
of annealed Au dots seen in the lower part of figure 3(b) by
analysis of a Fourier transform taken from a quadratic image
section (edge length approximately 1300 nm). The modulus
profile (figure 3(c)) of the Fourier transform (figure 3(c),
inset) shows a distinct peak corresponding to a distance of
41 nm in the real space, which can be attributed to the nearest
neighbour distance in the Au nanodot array. The spacing of
the Au nanoparticles thus corresponds to the period of the BCP
template used.

The Au nanoparticles can also be immobilized within
pores having small aspect ratios. A porous PS film was directly
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Figure 3. SEM images of wafers after dry plasma etching and
decoration with Au. Au-coated porous PS films (at the top) and Au
nanoparticles within the pores of ordered nanoporous Si (at the
bottom) (a) prior to the thermal treatment and (b) after annealing at
450 ◦C for 30 min. (c) Modulus profile of the averaged Fourier
transform (inset, right) obtained from a square section of the lower
part of figure 3(b). The modulus profile was taken along the line
indicated in the inset (zero-coefficient out of plotted range).

prepared on a bare (100)-oriented Si wafer, and the sample was
further processed as described in section 2.2. The Si wafers
thus obtained exhibited indentations with a diameter and a
depth of approximately 20 nm, corresponding to an aspect ratio
of one. After the deposition of Au, the samples were annealed

(a)

(b)

Figure 4. TEM images of cross-sectional specimens cut normal to
the sample surface of nanoporous Si wafers, which were decorated
with Au nanoparticles and then annealed at 600 ◦C for 30 min.
(a) Overview; (b) detail.

under vacuum for 30 min at 600 ◦C. Cross-sectional TEM
specimens, cut normal to the surface of the wafer, are shown
in figure 4. The Au nanoparticles are seen to be located still
within the indentations. Also, their initial diameter of 20 nm
did not increase. Therefore, coalescence and diffusion of Au
nanoparticles at high temperatures can be efficiently prevented
by the approach presented here.

4. Conclusion

In conclusion, Au nanoparticles can be immobilized on Si at
high temperatures within ordered dense arrays of nanopores
prepared by using BCP templates. The procedure described
also enables the fabrication of robust, temperature-resistant
hybrid systems for applications in fields ranging from nanowire
growth, sensor technology and plasmonics to catalysis. The
long-range order as well as the lateral density of 6.87 ×
1010 Au nanoparticles cm−2 can be altered and improved by
manipulating the BCP used as a lithographic mask. Recent
advances in assembling BCP films [40] make it possible
to extend the approach presented here to a broad range of
substrate materials. We assume that this method can also be
applied to nanoparticles consisting of other metals, such as
silver, platinum and palladium, since corresponding precursors
could be reduced inside the nanopores.
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