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The DNA origami technique provides an intriguing possibility to
develop customized nanostructures for various bionanotechno-
logical purposes. One target is to create tailored bottom-up-based
plasmonic devices and metamaterials based on DNA metallization
or controlled attachment of nanoparticles to the DNA designs. In
this article, we demonstrate an alternative approach: DNA origami
nanoshapes can be utilized in creating accurate, uniform and
entirely metallic (e.g. gold, silver and copper) nanostructures on
silicon substrates. The technique is based on developing silhou-
ettes of the origamis in the grown silicon dioxide layer, and sub-
sequently using this layer as a mask for further patterning. The
proposed method has a high spatial resolution, and the fabrication
yields can approach 90%. The approach allows a cost-effective,
parallel, large-scale patterning on a chip with fully tailored
metallic nanostructures; the DNA origami shape and the applied
metal can be specifically chosen for each conceivable
implementation.

During the past three decades a great variety of different nano-
scale objects have been constructed using DNA as a program-
mable building material."* One of the most promising and
robust methods for bottom-up fabrication with DNA is the so-
called origami technique,® which is based on folding a long
single-stranded DNA scaffold into a desired shape with the
help of a set of synthetic “staple” strands. It was originally
designed for flat 2D single-layer structures, but since then the
method has been generalized for partially double-layered
tiles,” hollow 3D objects,” multilayer 3D origamis,® and struc-
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tures containing customized curvatures and twists.”® Lately,
methods allowing 3D meshing of DNA structures’ and
scaffold-free origamis'®'" have been demonstrated. The tech-
niques include powerful software for designing'®> and
simulating’>™*® the shapes of the user-defined structures.
These methods together form a versatile tool-kit for the
designers. Recent progress in the field of structural DNA nano-
technology'®'” has yielded a plethora of intriguing bionano-
technological applications, such as artificial ion channels,'®
nanoreactors,'® gatekeepers for nanopores*°> and drug deliv-
ery vehicles.>*

In addition to the aforementioned applications, the
superior spatial addressability of the self-assembled DNA
structures can be utilized in nanoscale patterning. Reliable
nanoparticle patterning on the DNA architectures is a key
feature for miniaturizing electronics®®*” and developing
photonic metamaterials,*® as well as for novel plasmonic nano-
structures and devices.>* ' The reported assemblies include
various types of DNA scaffolds decorated with complex or
chiral nanoparticle geometries** > and DNA-templated growth
of metallic nanoshapes.**"® Lately, hollow origamis have been
used as “molds” for casting metal nanoparticles, ie., for
guiding the growth of the encapsulated metallic “seed” par-
ticles into the desired nanoshapes.’**° Furthermore, single
DNA molecules or structures can be directed and anchored to
the selected areas of lithographically fabricated substrates in
order to form desired patterns,* ™ or alternatively, the DNA
objects can be directly tiled together into well-ordered large-
scale assemblies.***>

In this communication, we expand the toolbox of bottom-
up-based methods by presenting a novel technique for creating
uniform custom-shaped metallic nano-objects directly on the
silicon chip by exploiting the high spatial accuracy of DNA
origami nanoarchitectures (see Fig. 1). We believe that the
method can readily open up new opportunities in nanolitho-
graphic sample fabrication aiming towards metamaterials and
nanoplasmonics. Through further optimization, the technique
could be generalized for other substrates, as well as for larger
and more complex DNA-based assemblies.
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Fig. 1 Fabrication of gold nanostructures. Step 1: DNA origami structures (“Seeman tiles"* (ST) and “Rothemund rectangles”® (RR)) are deposited
onto the silicon (Si) substrate. Note that due to the highly twisted shape of RR, some rectangles might appear slightly squeezed or rolled-up on the
substrate. Step 2: Silicon dioxide (SiO;) layer is grown in a chemical vapor deposition (CVD) process on the Si chip. The oxide layer grows selectively,
and thus “DNA origami silhouettes” are created. Step 3: The “silhouettes” are used as the openings in etching of the silicon underneath the SiO,
layer. The reactive ion etched (RIE) wells in the silicon are clearly visible beneath the silhouettes. Step 4: Gold is deposited onto the chip using an
ultra-high vacuum (UHV) electron beam evaporator. Step 5: The SiO, layer (with the metal on top) is removed in a HF : HCl-based lift-off procedure.
This leaves the DNA origami-shaped gold nanostructures on the silicon chip. The scale bars in the insets are 50 nm.

Briefly, our method relies on the selective growth of a thin
silicon dioxide layer®® on top of the silicon substrate (with the
native oxide) that supports the deposited DNA origami shapes
(Fig. 1: steps 1 and 2). The SiO, primarily grows on top of the
silicon, and thus the process leaves the “DNA origami silhou-
ettes” as openings in the formed SiO, layer (step 2). The afore-
mentioned layer can be used as a mask for plasma etching
(RIE) the silicon beneath the opening (step 3). The procedure
allows forming smooth and rounded wells in the silicon,
which have the SiO, window with the origami-shaped opening
on the top (step 3). The origami silhouette can be sub-
sequently used as a mask for depositing metal by evaporation
onto the chip (step 4). Finally, the SiO, layer can be removed
by hydrofluoric acid (HF) and hydrochloride (HCI)-based wet
etching, leaving just the origami-shaped metallic nano-
structures on the silicon chip (step 5).

We have demonstrated the fabrication of the metal
nanoshapes using three different metals (gold, copper and
silver) and two structurally different DNA objects: single-layer
“Rothemund rectangle” (RR) (92 nm x 72 nm) and partially
double-layered cross-shaped “Seeman tile”* (ST) (two 95 nm x
30 nm layers crossing each other) (step 1, Fig. 1). The origami
designs were fabricated in 1x TAE (40 mM Tris, 19 mM acetic
acid, 1 mM EDTA) buffer with 12.5 mM Mg'" using 5-20 nM
scaffold strand concentration and 10x excess of staple strands
(IDT). The side strands for both structures were left out in
order to avoid blunt-end stacking of the objects. The annealing

11268 | Nanoscale, 2015, 7, 11267-11272

ramps for the folding of the structures are the same as
reported previously.>* The quality of the folding was verified
with agarose gel electrophoresis and AFM imaging (tapping
mode, Veeco Dimension 3100). The structures can be option-
ally purified (excess amount of staple strands removed/buffer
exchanged) by spin-filtering (see ESIT). However, we observed
that the purification step is not necessarily needed in the suc-
cessful fabrication procedure.

For the substrate, we used a slightly boron-doped p-type
silicon chip (6 x 6 mm), which was cleaned with hot acetone
and isopropanol followed by a brief sonication (2 min) and a
RIE-based (Oxford Plasmalab 80 Plus) oxygen plasma treat-
ment (oxygen flow 50 sccm, plasma power 200 W, temperature
30 °C and time 20 min). The plasma treatment was carried out
in order to induce hydroxyl (-OH) group formation on the
silicon surface (negatively charged and hydrophilic substrate),
and therefore to help immobilize DNA origami via Mg'" ions.
5 pl of DNA origami solution in 1x TAE buffer with 100 mM
Mg"" was pipetted onto the silicon chip right after the plasma
treatment. The sample was incubated in a closed chamber for
5 min, washed 3 times with 50 pl of double-distilled (dd) H,O
and finally gently dried under a N, gas flow (step 1, Fig. 1).

The Si chip with the immobilized DNA origami structures
was placed in a 1.5-liter glass desiccator for 16 hours together
with two small glass vials containing tetraethyl orthosilicate
(TEOS, >99.0%, Sigma-Aldrich) and ammonium hydroxide
(NH,OH, 25% NH; in H,O, Baker Analyzed). In addition,

This journal is © The Royal Society of Chemistry 2015
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80 grams of silica gel, which was conditioned overnight in a
humidity chamber (Weiss Climatic test chamber, 80% relative
humidity, room temperature), were positioned at the bottom
of the desiccator in order to improve the quality of the grown
silicon dioxide layer. The aforementioned chemical vapor
deposition (CVD) treatment reliably created precise origami
silhouettes in the 5-10 nm thick silicon dioxide layer (step 2,
Fig. 1), since the oxide predominantly grows on the bare areas
of the chip.*

The sample with the formed silhouettes was etched using
RIE (step 3, Fig. 1). First, in order to expose the Si surface
beneath the grown silicon dioxide layer (including the formed
native oxide layer), 2-4 nm of SiO, was etched away (CHF; flow
25 scem, Ar flow 25 scem, plasma power 100 W, temperature
25 °C and time 12-24 s). Subsequently, 57 nm of Si was etched
(SFe flow 100 sccm, O, flow 8 scem, plasma power 50 W, tem-
perature 30 °C and time 30 s) resulting in the rounded silicon
wells beneath the SiO, windows.

The following metal deposition (gold, copper or silver) was
carried out using an electron beam evaporator (step 4, Fig. 1)
in an ultra-high vacuum chamber (UHV). 20 nm of metal was
perpendicularly evaporated onto the sample surface at a rate of
0.04 nm s~ ' (for copper) or 0.06 nm s~ (for gold and silver).
After the metal deposition, the SiO, mask together with the
metal film on top of it was removed in a lift-off procedure
using HF (38%)/HCI (38%) (12 : 1) solution for gold or 4% HF
in H,O for copper and silver. Finally, the sample was washed
with ddH,O and dried under N, flow (step 5 with gold struc-
tures is presented in Fig. 2 and 3).

Fig. 2 Step 5 for ST origami. SEM image shows the high yield of pat-
terning; 86 + 3% of all the observed particles are correctly formed met-
allic cross-like structures. Subfigures (a)—(d) show the close-up images
of the typical well-formed gold nanostructures on the silicon chip.
Subfigure (e) is a tilted SEM image of the metallic cross in the silicon
well. The scale bars in (c)-(e) are 50 nm. The dimensions of the gold
nanostructures are slightly (7-25%) smaller than the dimensions in the
original DNA origami design.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Step 5 for RR origami. SEM image of the gold rectangular shapes
on the Si substrate. The particle size distribution is much wider than in
the ST case, which can be attributed to the highly twisted conformation
of the RR structures in the Si chip. However, by taking this into account,
the yield for the fabrication is acceptable: 65 + 2%. Subfigures (a)—(d)
show the close-up images of the desired shapes. The scale bars are
50 nm.

Fig. 4 SEM images of the ST shapes made out of gold (Au), copper (Cu)
and silver (Ag). The scale bars are 50 nm.

Fig. 4 shows the feasibility of the proposed fabrication
method: it illustrates ST patterns made out of different metals,
i.e. gold, copper and silver. It is noteworthy to mention that
the shape of the metallic ST structure becomes slightly
rounded in the case of silver and copper deposition due to the
native oxidation of these metals. The ready samples were
imaged with AFM (Veeco Dimension 3100) or SEM (Raith
eLine).

Nanoscale, 2015, 7, 11267-11272 | 11269
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For ST-patterning (Fig. 2), 86 + 3% of all the observed par-
ticles were correctly formed metallic (gold) crosses, and the
yield for the RR-based objects (Fig. 3) was 65 = 2% (see the
ESIT for the details). The adopted solution shapes for both ori-
gamis are twisted to some extent (especially RR, see the ESIT),
but the twisted origamis can be straightened when they land
onto the substrate. However, some structures do not adopt the
desired orientation on the silicon substrate after their depo-
sition, and thus the yield accordingly decreased. By choosing
twist-corrected and more rigid origami structures for pattern-
ing one could presumably increase the success rate.

In addition, it was observed that RR-based gold nano-
structures had an average width of 37 + 10 nm and an average
length of 80 + 6 nm (see the ESIf for the statistics of the
dimensions). For the gold ST-patterns the average length in
both directions was 89 + 6 nm and the average width of the
arm was 23 + 7 nm. The length of ST-patterned metallic struc-
tures is close to the length of the origami (on average only
~7% smaller), but the width is about 25% smaller compared
to the original origami design. In the case of the RR-based
metallic structures, the length corresponds to that of the
origami structure (~15% smaller), but the width is on average
about 48% smaller than designed, mainly because the twisted
RR origami tends to roll up around its longer axis on the
silicon substrate. Moreover, there are two plausible expla-
nations for the slightly reduced dimensions of the gold
nanoshapes. One is that although the silicon dioxide layer
mainly grows perpendicular to the Si substrate, it can also
grow on the walls of the silhouettes, thus resulting in a
decreased size of the opening. The other is that the evaporated
gold may adhere or cluster onto the edges of the mask, which
moderately reduces the size of the silhouettes. Nevertheless,
the obtained yields indicate that the proposed technique is
highly reproducible (additional SEM images of the gold nano-
structures in the ESIT).

Conclusions

As a conclusion, we report a novel high-throughput technique
for fabricating uniform and tailored metallic nanostructures
on a silicon chip. The fabrication method exploits the high
spatial addressability of the tailored DNA nanostructures. We
have demonstrated the feasibility and modularity of the tech-
nique by utilizing two structurally different scaffolded DNA ori-
gamis for creating the origami silhouettes, and three different
metals for deposition (gold, copper and silver, Fig. 4). The
advantage of the method is that, in principle, one can use any
kind of origami shape (dimers, multimers and even larger
arrays are equally accessible) and any metal that survives HF or
HF/HCI etching. However, the fabrication of large and complex
structures might require more anisotropic etch profiles of
silicon, which can be achieved by utilizing advanced litho-
graphic techniques such as a deep reactive ion etching
(DRIE).>*
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In general, one has to pay extra attention to the actual solu-
tion shape of the DNA origami in order to avoid non-uniform
size distribution of the fabricated metal nanostructures. One
intriguing possibility to increase the impact of the method
would be to use scaffold-free origamis'®*! for fabricating any
desired patterns in a cost-effective manner, i.e. by utilizing just
one set of staple strands. We believe that our method could be
equally extended to other substrates — such as sandwiched Si-
based multilayered substrates — by completely removing the
silicon layer once the metal pattern has been formed. The
aforementioned approach could readily facilitate the fabrica-
tion on the transparent surfaces and thus the characterization
of plasmonic properties of the created nanoshapes.

In contrast to previously reported DNA-templated metallic
shapes,**™® our method is easy, cost-effective and it allows
uniform, regular and accurate structures. Compared to the
recently reported innovative DNA mold approach,*>*® our
method allows the use of a variety of metals and still it pro-
vides a similar patterning resolution. In addition, it might
allow an easier route to fabricate specific nanoshapes or even
larger origami-based arrays. However, our technique is sub-
strate-based and thus, creating nanoparticles in a solution-
phase is not accessible. Despite that, well-ordered large-scale
parallel patterning could be realized e.g. by exploiting electric
fields for directing the origami shapes on the chip,*” and sub-
sequently transferring the created array to the target
substrate.>

To date, DNA- and substrate-based molecular lithography
approaches have not fully contemplated the possibilities of
fabricating metallic nanoshapes. Rather, previous studies
cover either a positive- or negative-tone decoration of silicon
and silicon oxide,>****” or DNA-assisted graphene pattern-
ing.>® However, our straightforward method offers a novel and
attractive way to combine bottom-up-based molecular self-
assembly with standard top-down lithographic techniques.
As a result, the proposed method facilitates the user-defined
fabrication of metallic nanoshapes for a great variety of
applications.
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