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Abstract
Spatially patterned ion beam implantation of 190 keV Co+ ions into a SiO2 thin film on a Si
substrate has been achieved by using nanoporous anodic aluminum oxide with a pore diameter
of 125 nm as a mask. The successful synthesis of periodic embedded Co regions using pattern
transfer is demonstrated for the first time using cross-sectional (scanning) transmission
electron microscopy (TEM) in combination with analytical TEM. Implanted Co regions are
found at the correct relative lateral periodicity given by the mask and at a depth of about
120 nm.

1. Introduction

In addition to the distinct advantages of nanoparticlebased materials due to size effects alone, it is particularly
useful and desirable to generate periodically ordered arrays
of nanodots or nanoparticles, e.g. to achieve patterned
data storage elements or to narrow the line width in
luminescence experiments. Periodicity could only be achieved
until now by using programmable deposition methods (such
as ion/electron beam induced deposition), which are slow, or
by exploiting self-organized bottom-up techniques involving
organic self-assembling precursors [21, 22]. Ion implantation
is a wide beam technique which can expose wafer-size
substrates in one go; however, these normally lack any
periodicity or spatial patterns [23, 24]. Irradiation through
masks has so far been applied for sputter induced patterning
of substrates [25]; however, implantation through masks is
different, especially as the documentation and analysis of the
result is very demanding, with only transmission electron
microscopy (TEM) of sub-surface cross-sections providing
the necessary depth, lateral and chemical resolution.

Metallic nanoparticles dispersed on or in an insulating matrix
have attracted high levels of interest due to their interesting
magnetic [1], optical [2] and mechanical properties [3].
In the magnetic application field, particles below the bulk
domain size but above the superparamagnetic limit are most
sought after as nanodot devices for use in data storage,
sensing, medicine or signal-processing devices [4–7]. Optical
applications of metallic particle arrays include, e.g., surface
plasmon enhanced coupling of light [8, 9], while the
mechanical properties, e.g. fracture strength, of host materials
can be changed accordingly [10].
There are many methods for the fabrication of
particles on thin films, including chemical and physical
vapour deposition [11–13], sol–gel [14], and beam induced
deposition [15–17]. However, ion beam implantation [18–20],
as proposed here, benefits from exclusive advantages:
(i) almost any ions may be implanted into any substrate,
(ii) the highest levels of purity can be achieved, and (iii) the
depth at which the embedded particles are to be synthesized
can be controlled.
0957-4484/12/045605+04$33.00

2. Method
Here we applied self-organized anodic aluminum oxide
(AAO) [26, 27] as the mask and used ion implantation to
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generate a periodic distribution of Co, thereby combining
bottom-up with top-down nanostructuring. A cross-sectional
analytical TEM/STEM study was carried out afterwards to
verify the modulated implanted pattern inside the SiO2 film.
When AAO is considered as a mask to be used for ion
implantation, its thickness, pore diameter, pore straightness
and wall thickness are all to be carefully controlled. The AAO
membrane and its walls should be thick enough to prevent
either ions directly going through the mask or overlapping
implantation through adjacent pores due to lateral straggling.
A relatively low aspect ratio (mask thickness/pore diameter)
such as 5 is required [28], as the higher the aspect ratio is
the smaller the acceptance angle for the ions is in the case
of mistilt. A high pore straightness also requires a minimum
thickness of the membrane in order to have the lateral
order of the pores developed after the initial random pore
distribution stage. Therefore, the total thickness of the AAO
membrane should be within 200–500 nm with an aimed pore
size of around 100 nm. Due to the mechanical difficulty of
homogeneously transferring large pieces of AAO membranes
(at least 10 × 10 mm2 ) with such small thickness, we chose to
directly prepare the AAO membrane on the Si substrate rather
than transferring it.

3. Results and discussion
The AAO was made of a 550 nm thermally evaporated Al
thin film on an oxidized n-type Si wafer. The oxide layer
was grown by a wet thermal oxidation process at 1000 ◦ C
for 58 min which was sufficient to grow an about 300 nm
thick SiO2 layer. A 1 × 3 cm2 piece of Al/SiO2 /Si was cut
as a sample. The anodic oxidization process was carried out
at room temperature in 0.05 M H3 PO4 at 100 V until full
oxidization of the Al film was achieved. A −50 V potential
was applied immediately afterwards for 20 min to reduce
the continuous oxide barrier layer at the bottom side of the
AAO membrane [29] and then the sample was immersed into
0.5 M H3 PO4 for 100 min to further reduce the barrier layer
and to open the pores further. Figure 1(a) is a field-emission
scanning electron microscope (FE-SEM, InspectF, FEI) image
of the top surface of the AAO membrane with an average
pore distance of ∼260 nm and pore diameter of ∼125 nm.
Figure 1(b) shows clearly the fully opened bottom side of the
AAO membrane, while a cross-sectional view of the whole
structure is shown in figure 1(c). The thicknesses of both the
AAO and SiO2 layers are confirmed as about 550 and 300 nm
respectively.
The implantation process was carried out with 190 keV
59 Co+ with a fluence of 3 × 1016 ions cm−2 . The average
scanning ion beam flux was about 3 × 1012 ions cm−2 s−1 .
The AAO/SiO2 /Si sample was coated with a few tens of
nm thin carbon layer on the AAO surface to avoid the
charging effect during ion implantation. The sample was kept
at room temperature and was mounted normally with respect
to the beam with a misalignment error of less than 1◦ . The
depth profiling was carried out by Rutherford backscattering
spectrometry (RBS) with a 3.046 MeV 4 He+ beam. An
asymmetric tail to the left of the Co peak in the RBS spectrum

Figure 1. (a) Top view and (b), (c) side views of the AAO/SiO2 /Si
structure.

indicates the existence of Co in both the AAO mask and
the SiO2 matrix. The specimen was also characterized using
high angle annular dark field STEM (HAADF-STEM) and
energy-dispersive x-ray spectroscopy (EDX) techniques in
a JEOL 2010F TEM operating at 200 keV. Cross-sectional
TEM (XTEM) samples were prepared by using standard
mechanical thinning and dimple grinding followed by argon
ion milling with 3.5 keV energy. The AAO layer was largely
removed by using 1 M NaOH prior to XTEM sample
preparation.
Figure 2 is an XTEM bright field image of the AAO
etched Co implanted SiO2 /Si sample. The thickness of the
thermally grown SiO2 layer shows again as 300 nm as seen
with SEM. Any contrast difference due to the presence of
periodic Co implanted regions could not be observed in this
imaging mode. EDX spectra were collected at different depths
below the SiO2 surface. The Cu peaks in the EDX spectra are
from the copper alloy ring holding the XTEM specimen. In
the region close to the surface, the presence of Co is clearly
2
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Figure 3. (a) ADF-STEM image of the cross-sectional sample.
(b) The image line profile and EDX line scan following the dashed
line through the centre of the Co implanted region inside the SiO2 .
Contrast-limited adaptive histogram equalization was performed on
the SiO2 zone in (a) for display reasons, while the profiles in (b) are
based on the original image. Background subtraction and averaging
have been performed for the image line profile (dashed spectrum
in (b)) of the HAADF-STEM image.

Figure 2. Bright field XTEM image of the Co implanted
AAO/SiO2 /Si sample with EDX spectra taken at different depths A
and B. Region A is near the surface.

with EDX line scan have been performed and the results
are shown in figure 3. Figure 3(a) is the HAADF-STEM
image of the same sample as in figure 2. A lateral periodic
distribution of high contrast regions is clearly visible inside
the SiO2 layer at a depth of about 120 nm below the surface.
As the scattering amplitude in HAADF-STEM is proportional
to some power of the atomic number of the element, those
high contrast regions correspond to Co rich regions from the
implantation. It is to be noted that the depth of these Co
regions is less than 148 nm as predicted by SRIM simulation.
This suggests the thermal out-diffusion of Co atoms towards
the surface during the implantation. EDX line scans were also
carried out in STEM mode with a beam spot size of less than
2 nm. The EDX spectrum shown in figure 3(b) was recorded
while the beam was scanning along the dashed line drawn in
figure 3(a). From the spectrum it is clearly evident that the
high contrast regions in the HAADF-STEM image are indeed
Co created by Co implantation through the AAO template.
The line profile of the same dashed line in figure 3(a) is also
shown in figure 3(b). Both these plots match and complement

evident; however, in the lower half of the SiO2 layer and below
there is no signature of Co, which confirms the absence of
Co below half of the SiO2 layer. This is in agreement with
the projected range of 190 keV Co+ inside SiO2 simulated
by the SRIM [30] code. The concentration and density of
the implanted Co are too low to generate visible contrast in
bright field TEM in spite of the atomic number difference. It
is to be noted that the implantation was carried out at room
temperature and because of the mask used only a fraction
(less than 36% based on the open area of AAO calculated
from figure 1(a)) of the total implanted ions were embedded
inside. The lack of any diffraction contrast is evidence that
the Co ions are still in atomic form. Annealing experiments to
study the formation of Co particles is work in progress to be
published elsewhere.
While RBS and wide beam EDX can reveal the depth
profile of implantation, the crucial aspect of our work is to
confirm the lateral elemental modulation caused by the mask.
To present site specific evidence of Co rich regions, STEM
3
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each other. The width and centre-to-centre distance of Co
regions are about 125 nm and 260 nm respectively, which are
in agreement with the pore diameter and inter pore distance
of AAO shown and measured in figure 1(a). A few AAO
fragments can still be seen buried inside the glue and these
are believed to be the left over fragments after etching by
NaOH. We have no evidence of other elements other than
Co becoming implanted, although in principle Al and O
from the mask and C from the thin anti-charging layer could
have been sputter-transferred by the fast Co ions, however at
presumably too low concentration to be detectable by EDX,
and also at low energy so as to end up near the surface and
not disturb the in-depth Co accumulation. Examination of
sputter effects and damage to the mask constitute ongoing
research to be published elsewhere. The ion dose used in this
work was adjusted to keep the AAO membrane intact after the
implantation experiment.
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4. Summary
In this work we achieved lateral patterning of implanted Co
into a SiO2 thin film on a Si substrate using an ultra-thin
2D nanoporous membrane of AAO. For the first time,
the modulation of the Co implantation was characterized
cross-sectionally by means of TEM/STEM and analytical
TEM. The pattern of the AAO membrane was well transferred
into the substrate, making this technique a promising future
tool for wide-area nanopatterning of embedded nanoparticles
of various kinds of materials.
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