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ABSTRACT

We demonstrate a novel method to produce high aspect ratio nanopores in fused silica (SiO;) using
basic cleanroom techniques and high temperature. We found that gold nanoparticles on silicon oxide
(Si0,) move perpendicularly to the surface into the substrate when heated at 1050°C, creating cylindrical
nanopores that can reach extreme aspect ratios (diameter = 25 nm, length up to 800 nm). Fabrication of
single nanopores as well as of freely patterned nanopore arrays is straightforward by prior Au surface
patterning without the need for conventional nanolithographic techniques. We demonstrate
manufacturing of arrays of 10° dead-end pores and manufacturing of membrane through-holes.
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INTRODUCTION

Closed-end pores are for example useful as a mold for atomic force microscope (AFM) tips. Ma-
chined as through holes, nanopore arrays or single pores are of great practical use for applications in
high-throughput DNA sequencing, molecular sensing and molecular separations. An array of 10° circular
gold patches of 18 nm thickness and 1 um diameter on a substrate of fused silica glass (SiO;) was heated
for several hours at 1050°C. After initial dewetting, hexagonal Au nanocrystals formed that became sur-
rounded by an increasingly thick and high silica ridge from which a Au bulge protruded (Fig. 1a). The
Au particles then moved into the SiO, (Fig. 1b and Fig. 2a) at a velocity of ~ 100 nm/hr while remaining
connected to the substrate surface by a nanopore as shown in Figs. 1c,d. Experiments at 1050°C with the
gold facing up and down showed a similar penetration, ruling out an influence of gravity.

Figure 1: high resolution scanning electron microscope (HRSEM) pictures at four stages of heat
treatments. (a) formation of a SiO, ridge and gold cap after 36 hours at 900°C, (b) Gold nanoparticle
(GNP) penetrating into the fused silica after 10 minutes at 1050°C and (c) GNP penetration into the
glass and pore formation after 1 hour at 1050°C (d) penetration after 3 hours at 1050°C. Scale bars rep-
resent 100nm. Figures (b-d) were produced after fracturing the substrate.

THEORY

The creation of nanopores is explained by dissolution of the ceramic along the interface with the met-
al and transport of ceramic to the air/particle/ceramic triple line where it precipitates, allowing the system
to remodel around the triple line to minimize the total interfacial energy. [1,2] Energy at the triple line is
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minimized when the Smith equation is satisfied stating _yAG = Jas  _ _Vsc , where y is the

snf, sinf; sinb,

interfacial energy (J/m?) and @ the angle occupied by the respective phases — here air (A), SiO, (S) and
gold (G). [3] We will argue that the structures observed by us can be explained by continuous mainte-
nance of local equilibrium at the triple line in combination with a continuous evaporation of the GNP Au,
where the latter is well documented at these temperatures. [4] It should thereby be kept in mind that local
triple-line equilibrium together with Au evaporation can explain the structures obtained, but that they do
not represent global equilibrium since only the ceramic in the Au/SiO, interface is mobile. Thus the
growth of nanopores with large surface-area can result from this process.

EXPERIMENTAL

We observed the formation of nanopores up to a depth of 840 nm and a final diameter of
approximately 25 nm, see figure 2a after 9 hours of heating at 1050°C. Figure 2b shows the nanopore
length over time for the 1050°C heat treatment. Electron microscopy pictures of the system did not show
any morphologic differences between the bulk SiO, and the SiO, surrounding the pore and local X-ray
spectroscopy showed no evidence of Au diffusion into the SiO,. The process has also been carried out on
a thin SiO, film in order to obtain nanopore through holes. Creating pores with a diameter of 50 nm.
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Figure 2: Pore formation over time. (a) A STEM cross-section of a structure formed after 3 hours at
1050 °C. On top it shows the ridge surrounding the nanopore entrance and at the bottom the GNP. (b) In
black the measured nanopore length versus heating time at 1050 °C. Error bars represent standard
deviation with n = 6.

RESULTS AND DISCUSSION

The proposed mechanism is schematically shown in Fig. 3 and can be related to Figs. 1a-d and Fig.
2a. Substituting the interfacial energies [5,6,7] in the Smith equation yields an equilibrium Au angle &; at
the triple line of 167°, Si0O, angle &5 of 103° and air angle &, of 90°. The Au initially forms a slight bulge
(Figs.1a,b and Fig. 4), in accordance with the €, ~ 90° satisfying the Smith equation. In course of time,
continued Au evaporation and SiO, transport from below the GNP cause the GNP to move into the SiO».
To satisfy the Smith equation for an embedded GNP, the triple line moves to the top of the particle,
narrowing the pore formed. On deeper embedding the triple line does not close, since this would imply a
Au angle 6; of 180°. Application of the Smith equation instead yields that the triple line position must be
at the edge of a pore of radius d sin(6,,) for a spherical GNP of diameter d (Fig. 3g). Pore diameter d,, at
this stage becomes linearly dependent on the pore length with the pore narrowing rate equalling d(d,)/dy
= -3/2sin’(6;), where y is the surface-normal coordinate. Via this mechanism, the Au progressively

moves into the SiO,, leaving a pore with a volume equal to the evaporated volume of Au and a narrowing
diameter due to the decrease in d.
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Figure 3: A cross-sectional schematic representation of the pore formation process at 1050°C. a)
Gold dewetting, directly followed by b-c) ridging of SiO,. d-f) Continuous Au evaporation and transport
of SiO, along the SiO,/Au interface to the triple line creates an increasingly narrow pore facing into the
substrate. g) At the pore end the triple line is positioned on the GNP surface where the Au angle s
equals its equilibrium value of 167 °. Now the relation between particle diameter d and pore diameter d,
= dsin0. Pore narrowing rate with depth y is given by d(d,)/dy = -3/2sin’(0y).

CONCLUSION

We present a new nanopore manufacturing method. Any metal/ceramic combination with a metal an-
gle slightly smaller than 180° where the metal promotes surface diffusion of the ceramic and where no
reactions between metal and ceramic or metal and atmosphere take place, will be suitable for this ma-
chining method.
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