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Abstract. Template-based surface nanopatterning techniques are highly
efficient methods in realizing different surface nanopatterns, which are the
fundamental structures of various nanodevices. We demonstrate a tem-
plate of pyramidal silicon nanopore array (PSNA) for direct surface nano-
patterning. Using the PSNA templates, deposition experiments of platinum
(Pt) and gold-palladium (Au-Pd) particles on chromium-coated silicon sub-
strates were performed. Individual Pt nanocubes and nanocube arrays
with different shapes and feature sizes as small as 82 nm were obtained.
By tuning the gap between the PSNA template and the substrate, Au-Pd
microdot arrays with an average diameter of 7.6 um were also fabricated.
As the nanopore size and shape of the PSNA template can be easily
controlled, the corresponding size and shape of the transferred surface
nanopatterns are tunable. These results indicate the potential of the
PSNA templates for large-scale production of nanopatterns with desired
sizes and shapes. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMM.12
4.041307]
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1 Introduction

Over the past decades, the smallest feature size of integrated
circuits has become smaller and smaller. Nowadays, it has
decreased to 22 nm. During this process, surface nanopat-
terning has become one of the most intensively studied topics
in the fields of material science and engineering. There are
different nanostructuring techniques in patterning various
building blocks (e.g., nanodots, nanopillars, nanorods, nano-
spheres) on the surface of substrates, mainly including litho-
graphic methods,! nanoimprinting’ and replica molding
processes,” scanning probe microscope (SPM) writing tech-
niques,® and template-based methods.>® Among these tech-
niques, surface patterning methods using templates are highly
efficient in preparing surface nanostructures. Compared to
the lithographic methods including normal lithography, elec-
tron-beam lithography, even ArF immersion lithography and
EUV lithography, the template-based methods are time-sav-
ing approaches with low equipment cost in fabricating large-
scale ordered arrays of surface structures because they do not
require any resists.

Among the various templates that have been used to pre-
pare surface patterns on substrates, there are three widely
used templates: ultrathin alumina membranes (UTAMs),”®
monolayer polystyrene (PS) sphere arrays,” and block
copolymer (BCP) patterns.'” These templates have different
morphological features: the UTAM porous template has par-
allel-aligned cylindrical nanopores, the PS template is a
monolayer of closely packed arrays of spheres, and the BCP
template has some special shapes such as lamella. The fea-
ture size of the building blocks of the surface patterns pre-
pared using UTAM, PS, and BCP templates can be adjusted
within the range of about 5 to 500 nm, 50 to 4.5 mm, and 5 to
50 nm, respectively. Considering the smallest feature size,
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the variable size range, the large pattern area (>1 cm?)
and ultrahigh density (10'° to 10'?> cm=2), the UTAM tem-
plate is the most promising option to meet the industrial
requirements of size minimization of surface patterns (device
miniaturization). Using UTAMs as deposition,''™"* etch-
ing,'*!7 and replication masks,'®? diverse surface building
blocks at nanoscale have been prepared.

However, there are two challenging points preventing the
UTAM patterning in synthesizing regularly arrayed quan-
tum-sized structures (<10 to 20 nm). First, when the pore
diameter is less than 20 nm, the pore arrangement will
become irregular. Second, UTAMs used for surface pattern-
ing should have pores with aspect ratio less than 10. For
example, the thickness of an UTAM with 20-nm-diameter
pores should be less than 200 nm. However, UTAMs that
are thinner than 200 nm are difficult to be prepared due
to the large growth rate of UTAMs.® In addition, the shapes
of the building blocks prepared using UTAM templates are
limited. It is almost impossible to fabricate rectangular nano-
structures or nanowires using UTAM templates. In order to
overcome the limitations of the UTAM templates, Altug and
her coworkers proposed a novel template (nanostencil).’!
Using the nanostencils as deposition masks, they fabricated
engineered infrared plasmonic nanorod antenna arrays with a
feature size of 230 nm, which demonstrated comparable per-
formance to that of arrays fabricated by electron beam lithog-
raphy (EBL). Nevertheless, the nanostencils themselves
were fabricated using EBL, which was both slow and expen-
sive as each structure of the nanostencils was lithographi-
cally defined in a serial manner.

In this article, a novel surface nanopatterning template is
demonstrated. The template is a pyramidal silicon nanopore
array (PSNA), which can be fabricated using a combination
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of dry and wet etching, or just a three-step wet etching, as
shown in our previous work.?'** Therefore, the PSNA tem-
plate fabrication steps and costs are significantly reduced. As
the size and shape of the nanopore in the PSNA template can
be easily tuned, the corresponding size and shape of the sur-
face structures transferred from the template are tunable.
Based on such PSNA templates, direct surface nanopattern-
ings of platinum (Pt) and gold-palladium (Au-Pd) on
chromium-coated silicon substrates by deposition were con-
ducted. Individual Pt nanocubes and nanocube arrays with
different shapes and feature sizes as small as 82 nm, as
well as Au-Pd microdot arrays with an average diameter
of 7.6 ym, were obtained.

2 Experimental Details

Figure 1 shows a schematic view of the deposition nanopat-
terning system, which consists of sputtered particles, a PSNA
template, and a substrate. The mechanism of using a template
to create surface patterns is to transfer the structural features
of the template to the surface structures on substrates,
obtaining surface patterns with similar morphological fea-
tures to those of the template. In this deposition system,
the PSNA template was placed on the sample substrate and
had pores of various sizes and shapes through which sput-
tered particles were deposited on the substrate. Therefore,
the nanopores in the template control the shape of the depos-
ited patterns.

Another factor that may influence the morphology of the
deposited patterns is the gap (H) between the template and
the substrate. The template is normally placed directly on the
substrate for patterning and deposition of nanoparticles. This
step is also one of the ordinary resistless shadow masking
methods used in metal patterning. In the case of metal pat-
terning by thermal evaporation, the gap between the template
and the substrate causes a defocusing effect to produce a
blurred pattern larger than the template pore due to the geo-
metrical projection of the beam of vaporized metal. In order
to investigate the effect of the gap between the PSNA tem-
plate and the substrate, two different types of gap built up by
spacers were introduced: one had no spacer (0 ¢m) with the
tip of the pyramidal nanopore directly contacting with the
substrate (hereafter contact mode); the other one had a
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Fig. 1 Schematic illustration of the surface nano-patterning by dep-
osition of platinum particles using the pyramidal silicon nanopore
array (PSNA) as the template.
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500-um-silicon sheet and the pyramidal nanopore was
flipped over (hereafter spacer mode).

The PSNA templates were fabricated in a P-type (100)
double-side-polished single crystalline silicon wafer using
a combination of inductive couple plasma etching and a
two-step anisotropic wet etching, as shown in our previous
work.?>?3 In fact, such templates can also be prepared with
an improved three-step wet etching process to further reduce
the fabrication cost, as shown in our latest work.>* Compared
with other surface nanopatterning templates such as UTAM,
the PSNA template has some unique advantages. First, the
nanopore shape of the PSNA template can be easily con-
trolled by changing the length-width ratio of the wet etching
window. Second, the space between two nanopores of the
PSNA template can be designed freely. Thus, various surface
patterns with different shapes and different spaces can be
created with the PSNA templates. Furthermore, PSNA
templates are always robust enough to be reused because
the thickness of the PSNA templates is always several
micrometers.

The sputtered particles in the deposition experiments were
platinum (Pt) particles and gold-palladium (Au-Pd) particles
generated by a precision etching coating system (PECS 682,
Gatan, Inc., CA). The deposition rate (coating rate) was
8.5 nm/ min when the PECS was operating at 7 keV and
3 x 107° Torr. The substrates were silicon (Si) wafers coated
with a layer of chromium (Cr), whose thickness was 300 nm.
After the deposition experiments, the fabricated surface pat-
terns were investigated using an environmental scanning
electron microscope (ESEM, Quanta 200 FEG, FEI
Company, OR) and a SPM (Nanoman VS, Veeco Company,
NY). The spatial resolution of the ESEM and the SPM in
typical modes was 2.1 and 0.3 nm, respectively.

3 Results and Discussions

3.1 PSNA Templates

As the nanopore morphology of the PSNA templates deter-
mines the sizes and shapes of the deposited surface nanopat-
terns, the PSNA templates were carefully fabricated and
investigated. Figure 2 shows a 22 x 20 PSNA template
and its details, where every black dot represents a nanopore.
The pitch between two nanopores is 10.8 ym, which is much
bigger than the typical space (tens to hundreds of nano-
meters) between two elements in UTAM templates. How-
ever, this problem can be easily solved by reducing the initial
space between the wet etching windows during the template
fabricating processes. Additionally, by placing the PSNA
template on a manipulator, which allows precise three-
dimensional (3-D) orientation of the template independent of
the substrate, step-and-repeat nanopatterning with a space of
several nanometers can be realized, just as Taylor et al. have
done.”

From Fig. 2(b), it can be seen that the size of the nanopore
in the ninth row and the eleventh column of the PSNA tem-
plate is 151 x 189 nm?. Further investigation indicates that
the relative size error of the nanopores within the 22 x 20
array is less than 20%. However, the size uniformity in
the PSNA template gets worse when the investigation area
gets larger, especially when the area is over 1 cm?, as
shown in our previous work.”* The problem of nanopore
nonuniformity is mainly due to the thickness error of the
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Fig. 2 SEM micrographs of a PSNA template and its details: (a) A
22 x 20 nanopore array in the PSNA template and (b) details of
the nanopore in the ninth row and the eleventh column of the array.

common wafer (10 pgm within the 4 in. chip), the size error
of the wet etching window, as well as the wet etching process
errors. The nonuniformity of the PSNA template will surely
transfer to the patterning structures. Therefore, the fabrica-
tion processes of the PSNA template should be carefully
optimized. Silicon-on-insulator wafers will be used to
improve the size uniformity of the PSNA templates in the
near future.

3.2 Nanostructure of Patterns

Based on the assumption of pattern determination mainly by
the gap between the template and the substrate when the size
and shape of the template have been given, smaller patterns
should be obtained with a smaller gap. Thus, the smallest
patterns should be created when the deposition system is
operating in the contact mode.

Figure 3 shows a 2 X 2 nanocube array created by the dep-
osition of Pt particles on the Cr/Si substrate using a PSNA
template operating in the contact mode. From Fig. 3(a), it can
be seen that four nanocubes have been successfully fabri-
cated on the substrate, where the pitch between two elements
is 10.8 pym. Figure 3(b) shows that the size of the nanocube
located in the lower left corner of the array is 169 x 203 nm?,
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Fig. 3 Surface nanocubes created by the deposition of Pt particles on
the Cr/Si substrate using a PSNA template operating in the contact
mode: (a) and (b) SEM images of a 2 x 2 nanocube array and its
details; (c) a AFM image of the array.

which is a little bigger than the size of the corresponding
nanopore in the PSNA template [Fig. 2(b)]. Considering
that some parts of the PSNA template and the substrate
might not contact tightly, the little size difference is reason-
able. Figure 3(c) demonstrates the 3-D topography of the 2 x
2 nanocube array; the average height of the nanocubes is
108 nm with a relative error of 9% while the roughness
of the substrate (Cr/Si) is 7.27 nm. In fact, the adhesion
layer (Cr) is not necessary since PSNA nanopatterning
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Fig. 4 Surface nanocubes created by deposition of Pt particles on the
Cr/Si substrate using PSNA templates operating in the contact mode:
(a) a nanocube with the size of 137 x 441 nm? and (b) a smaller nano-
cube with the size of 82 x 132 nm?.

does not require metal lift-off processes. Without the Cr
layer, the height error of the nanocubes would be reduced.

It is worth noting that the relative error of plane size of the
nanocubes is 14% within the 2 X 2 array, whereas it is about
20% within the 22 X 20 array. This result indicates that the
size uniformity of the nanopatterns gets worse when the
observation area gets bigger. This phenomenon is consistent
with the investigation of the size uniformity of the PSNA
template (shown in our previous work®*), which means that
the poor size uniformity of the PSNA template is the main
contribution to the nanopatterns’ nonuniformity. Therefore,
the size uniformity of the PSNA templates needs to be further
improved to obtain uniform nanopatterns.

By utilizing other PSNA templates with smaller feature
sizes and different shapes, different surface nanocubes
were obtained, as shown in Fig. 4. Figure 4(a) shows a rec-
tangular nanocube with the size of 137 x 441 nm?2, whereas
a smaller nanocube with the size of 82 X 132 nm? is shown
in Fig. 4(b). These results indicate that individual nanocubes
and nanocube arrays with feature sizes of 80 nm can be suc-
cessfully fabricated. Meanwhile, the shape of the deposited
nanocube can be easily controlled by carefully designing the
PSNA template. As pyramidal nanopores with different
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Fig. 5 Surface microdots created by deposition of Au-Pd particles on
the Cr/Si substrate using a PSNA template operating in the space
mode: (a) a 3 x 3 microdot array and (b) details of the microdot in
the lower middle part of the array.

shapes (square, rectangle with different length-width ratio,
even slit) and different sizes have been fabricated in our
group,?'"> it is promising that massive production of surface
nanocubes and nanocube arrays with desired feature sizes
and shapes, as well as synthesized nanodevices, can be
achieved with the method proposed in this article.

3.3 Microstructure of Patterns

Figure 5 shows a 3 X 3 microdot array created by deposition
of Au-Pd particles on the Cr/Si substrate using the upside-
down PSNA template operating in the space mode. It can be
seen that nine microdots have been successfully fabricated
on the substrate, where the pitch between two elements is
10.8 um. However, unlike the rectangular shape of the nano-
pores in the PSNA template [Fig. 2(b)], the shape of the
deposited microdots is a circle. The detailed image of the
microdot in the lower middle part of the array indicates
that the deposited patterns in the space mode, which had
a much larger gap (500 ym) compared to the thickness of
the PSNA template (4.2 ym), were up to 7.6 um and blurred,
as shown in Fig. 5(b). This phenomenon is similar to the
metal patterning by thermal evaporation using templates
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and is the result of the geometrical projection of the metal
particles’ beam. The relative size error of the microdots
within the 3 X 3 array is 8%, which is less than the relative
size error of the nanocubes fabricated in the contact mode
(14%). These results indicate that the deposition with the
PSNA template can form identical microdots by one batch
process, which has potential applications in plasmonic and
photonic fields such as plasmon-based sources and microlens
arrays.

4 Conclusions

A novel template of PSNAs for direct surface nanopatterning
was demonstrated. Using this template, deposition experi-
ments of platinum (Pt) and gold-palladium (Au-Pd) particles
on chromium-coated silicon substrates were conducted.
Individual Pt nanocubes and nanocube arrays with different
shapes and feature sizes as small as 82 nm were obtained. By
changing the gap between the template and the substrate,
microdot arrays with an average diameter of 7.6 ym were
also created. As the nanopore size and shape of the PSNA
template can be easily controlled, the corresponding sizes
and shapes of the transferred surface nanopatterns are tuna-
ble. These results indicate the potential of PSNA templates
for the large-scale production of surface nanopatterns with
desired sizes and shapes, at low cost and reduced steps.
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