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University of Pittsburgh, 2018

Predictable and programmable Watson-Crick base pairing between DNA strands makes DNA
not only a hereditary material, but also an ideal building block for designing nanometer-scale
structures. Since Seeman opened the door to the era of DNA nanotechnology in 1982 by
introducing the idea of utilizing DNA to build a mechanically robust four-arm junction structure
to the scientific community, there has been an explosive growth in both structural DNA
nanotechnology and DNA-based nanofabrication in the past few decades.

This dissertation focuses on the nanoscale patterning of soft and hard materials with
DNA nanostructures. Chapter two specifically presents an advanced nanoimprint lithography
method to construct polymer stamps with negative tone patterns using one- to three-dimensional
DNA nanostructures to transfer patterns with high fidelity. The resulting polymer stamps further
serve as molds to transfer the patterns to positive imprints on other polymer films. Chapter three
presents a method to increase the stability of DNA nanostructure templates through conformal
coating with a nanometer-thin protective inorganic oxide layer created using atomic layer
deposition. Chapter four presents a new method of direct high contrast pattern transfer from
DNA nanostructures to a silicon substrate by reactive ion etching with the help of calcium
chloride. This study is the first report on high contrast pattern transfer from unmodified DNA
nanostructures to silicon. We hope this dissertation could encourage future work to reveal the

true power of DNA-based nanofabrication.
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Figure 33. Comparison of the height differences between the maximum peaks of the histograms
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200 cycles of ALD of Al,Os. White lines on the AFM images indicate where the cross-sections
were determined. (e) Height and (f) FWHM of the DNA nanotubes in four different locations of
the images from a to b. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4 in the cross-section
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(071 ([0 o SRRSO 109
Figure 40. Pattern transfer from DNA nanotubes to a silicon wafer with RIE. AFM height images
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the DNA nanotubes on the silicon wafer after (bottom) RIE. To DNA nanotube solutions, (a)
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Figure 42. Negative tone pattern transfer from DNA nanotubes with addition of CaCl, to a
silicon wafer with RIE. AFM height images with corresponding cross-sectional analysis in the
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sections were determined. Scale bars represent 3 um. The left (top) image is also shown in
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Figure 43. Removal of polymer residues on an etched DNA nanotube substrate with UV/O3
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location of negative replicas of DNA nanotubes before (left) and after (right) UV/Oz treatment
for 1 h and washing with deionized water. AFM height images with corresponding cross-
sectional analysis in the same location of the areas in the (b) blue and (c) yellow dashed boxes in
image a. Red lines on the AFM images indicate where the cross-sections were determined.
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zoomed-in views of the areas in the blue dashed boxes in the middle row. Red lines on the AFM
images indicate where the cross-sections were determined. Scale bars represent 3 pum (top,
middle) and 500 NM (DOTEOM). ....cveeiiiieiiee e et sr e enes 117
Figure 45. Direct comparison of a DNA nanotube substrate with 125 mM CaCl, before and after
RIE and UV/Os3 treatment at the same location. AFM height images with corresponding cross-
sectional analysis of a silicon wafer with DNA nanotubes (a) before and (b) after RIE, UV/O3
treatment for 1 h, and washing with deionized water. To the DNA nanotubes in 10 x TAE/Mg?*
buffer solutions, 125 mM CaCl, solution was added. Red lines on the AFM images indicate
where the cross-sections were determined. Scale bars represent 3 M. .......cccoceveevienienenieeneens 118
Figure 46. Surface analysis of a DNA nanotube substrate after RIE and UV/O3 treatment. Photo
image of DNA nanotube substrates after RIE and UV/Os treatment. To the DNA nanotubes in 10
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added. Silicon wafers had an area of 1 x 1 cm?. “<’” marks on the substrates were drawn with a
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Figure 48. Analysis of a silicon substrate incubated with 250 mM CaCl, after RIE and UV/O3
treatment. (a) Optical microscopic and (b) AFM height images with corresponding cross-
sectional analysis of a silicon wafer incubated only with 250 mM CaCl; after RIE, UV/O3
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1.0 INTRODUCTION

1.1  STATE-OF-THE-ART LITHOGRAPHIC TECHNOLOGY

The desire for smaller and faster electronic devices has been a primary driving force for
shrinking the pattern size of an integrated circuit. Since Moore, the cofounder of Intel
Corporation, predicted in 1965 that the number of transistors in an integrated circuit would
double approximately every 24 months,! the size of features in a chip has been reduced to
nanometer scale during the past half century.? Currently, photolithography and its derivatives are
state-of-the-art technologies employed in the semiconductor chip manufacturing industries.?

Photolithography transfers patterns from a photomask to a photo-reactive photoresist
layer, then to a semiconductor substrate. The sharpness of a projected image onto the substrate is
governed by two factors: the critical dimension (CD), also called the smallest feature size or the
resolution, and the depth of focus (DOF) of the pattern on the substrate, both of which are
determined by the following equations:

CD = ki1 * M/NA
Equation 1. Critical dimension

DOF = k2 « M(NA)?
Equation 2. Depth of focus

where ki and kz are the process related coefficients, A is the wavelength of the imaging light and

NA is the numerical aperture of the projection lens.
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Between decreasing the wavelength and increasing the numerical aperture for smaller
feature size, it is more beneficial to reduce the wavelength of the light because it minimizes the
depth of focus less according to Equations 1 and 2.* While the critical dimension is preferred to
be a smaller value, the depth of focus is limited in that it should be greater than the roughness of
the photo-reactive photoresist layer. During the early stages of the chip fabrication industry, a
mercury arc lamp was the dominant source of light. The wavelength utilized in photolithography
progressed from 436 nm ("G-line™) to 365 nm ("lI-line™) of the spectral lines of the mercury arc
lamp. Excimer laser lithography was first demonstrated by Jain et al. in 1982 and used a KrF
laser to access the deep ultraviolet region. Consequently, the excimer laser came to replace the
mercury lamp. The wavelength of the excimer laser shifted from 248 nm for a KrF laser to 193
nm for an ArF laser. The ArF laser has become a primary light source in deep ultraviolet
lithography (DUV) and has been used in the current state-of-the-art integrated circuit
manufacturing. Intel started the mass production of 45 nm chips in late 2007, using DUV with a
double patterning method and a 193 nm ArF laser source.®

Immersion lithography (IL) can be used to further reduce the feature size below 45 nm by
increasing the numerical aperture value. IL is a derivative of DUV where the space between the
last lens and the photoresist layer on the substrate in DUV is filled with a liquid whose refractive
index is greater than that of air. Compared to DUV, IL increases the numerical aperture
according to the following equation:

NA=n-esin0
Equation 3. Numerical aperture

where n is the refractive index of the liquid and 0 is the angle of incidence or refraction. Both the

critical dimension and the depth of focus in IL are reduced.



In 2013, Intel successfully built a laptop equipped with a 14 nm codenamed Broadwell
processor utilizing IL with an ArF laser source at 193 nm wavelength and a multiple patterning
technique.® As technology progressed from a 22 nm Haswell chip to a 14 nm Broadwell chip, the
power consumption was reduced to 70%.” 8 In addition, the size of the chip significantly
decreased to be installed in a tablet PC and the performance of a graphic processing unit
increased up to 60%. Intel is now in the large volume production of the 14 nm transistor, with
semiconductor fabrication plants currently located in Oregon, Arizona, and Ireland.®

While IL with water immersion and multi-patterning techniques has been the current
state-of-the-art 10 nm technology, it is not suitable for reducing the critical dimension below 10
nm due to the higher cost and lower throughput from process complexity of the multi-patterning
procedure.’®*! For the shrinkage of the feature size below 10 nm within the near future, electron-
beam lithography (EBL) and extreme ultraviolet lithography (EUV) have become next-
generation lithography techniques. While EUV uses a 13.5 nm ultraviolet wavelength from laser-
pulsed Sn plasma, reflected from a mask into a resist layer (Figure 1), EBL directly draws a
pattern onto a resist layer using an electron beam without passing through any masks.!? Although
EBL achieved arbitrary patterning at the 1 nm length scale,*%* it is yet to replace IL due to
EBL’s extensive writing times for large and complex patterns.t® To reach the sub-10 nm regime,
Samsung recently demonstrated the use of EUV with complementary metal-oxide—
semiconductor fin field effect transistor technology to fabricate a 7 nm node.*® Integrated circuit
manufacturers have waited to utilize EUV for the mass production of integrated chips because it
IS expected to reduce the production cost by removing the complex multiple patterning steps of
IL.”1"18 EUV, however, is difficult to commercialize for mass production, which would make it

hard for this method to replace the IL method already in use. The commercialization of EUV is



limited by many factors, some of which include the source power, the maintenance of vacuum
condition, the aggregation of polymer resist, and the proximity effect of secondary electrons.®-?
These problems ultimately contribute to low throughput. Furthermore, the cost to build a new
fabrication plant is extremely capital intensive. Intel is investing 7 billion dollars to construct a
new plant in Arizona to process future 7 nm products.?

Moreover, a wide variety of methods have been developed to offer nanoscale even with
sub-10-nm features. These methods include, but are not limited to: dip-pen nanolithography,?2
indentation lithography,?® nanosphere lithography,?* block copolymer lithography,>2® and
chemical lift-off lithography.?®3! Soft lithography techniques were further employed to offer
features with sub-nanometer or molecular-scale resolution by utilizing other relief structures
such as crystallographic steps and cracks®?-3® and single-walled carbon nanotubes.3*3 However,
the patterns were restricted to simple linear or basic geometric shapes sometimes with a
height/depth of a monolayer of molecules. Overall, there has been a high demand for an
alternative patterning method which satisfies high throughput and low cost with diverse

nanoscale features and high spatial resolution.
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Figure 1. Schematic representation of extreme ultraviolet lithography. Reprinted with
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1.2 DNA NANOTECHNOLOGY

DNA, an abbreviation for deoxyribonucleic acid, is a molecule selected by nature to convey
genetic information in all living organisms with RNA, an abbreviation for ribonucleic acid. DNA
is a polymer and its monomer is a nucleotide which consists of a base, a sugar, and a negatively
charged phosphate group.®” The alternating sugar and phosphate groups form the backbone of
DNA. The base is connected to the sugar and there are four types of bases; adenine (A), cytosine
(©), guanine (G), and thymine (T). These bases are classified either purines (A and G) or
pyrimidines (C and T) and what makes DNA special is Watson-Crick base pairing between
them: One particular type of purines binds to one particular type of pyrimidines such that
adenine always pairs with thymine and guanine always pairs with cytosine by hydrogen bonding.
Watson-Crick base pairing allows the hybridization of DNA to be precise and predictable.

The programmable self-assembled nature of DNA strands makes DNA not only a
hereditary material, but also an ideal molecule for designing nanometer-scale structures.®® A
DNA helix has a diameter of 2 nm, and turns a full circle every 10 base pairs with a linear length
of 3.5 nm. Combined with its precise and predictable molecular recognition through Watson-
Crick base pairing, DNA can provide enormous variability for fabricating arbitrarily-shaped
multi-dimensional DNA nanostructures with a theoretical resolution of 2 — 3 nm.*>* Compared
to other self-assembled structures, for example, made by peptide/protein assemblies*¢ and
block copolymers,*”-#® this degree of control over shape and size is unprecedented. Also, the fast
growth of biomedical research lowers the current market price of custom synthetic
oligonucleotides down to $ 17.5 per base per 10 umol.*® With this commercial price, it costs less
than $ 6 to cover an area of 1 m? of a substrate with a monolayer of DNA. Given these

advantages in precision and cost, DNA nanostructures have received attention as a patterning
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template for ultra-high resolution to replace the expensive current state-of-the-art
photolithography. Since Seeman pioneered the idea of utilizing a sequence of DNA to build
mechanically robust nanostructures in 1982, the field of structural DNA nanotechnology has
evolved remarkably from immobile Holliday junctions to complex shapes fabricated from
‘single-stranded tiles’ in the past 30 years.>? The fabrication of DNA nanostructures with their
properties and applications has become an important research area, and are briefly reviewed in

the following sections.
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Figure 2. DNA nanostructures. (a) Schematic representation of a four-arm branched DNA
molecule with sticky end tails to form larger arrangements (left). AFM images of crystalline
hexagonal DNA 2D array self-assembled from three-point-star motifs with sticky ends (middle,
top) and its zoomed-in view (middle, bottom). Individual raw cryo-electron microscopic images
and corresponding projections of 3D DNA dodecahedron structure reconstructed from the cryo-
electron microscopic images (right). (b) AFM images of DNA origami shapes (left). AFM (top)
and TEM (bottom) images of a nanoflask (middle). AFM image of origami checkerboard lattices
on a single mica surface (right) (c) Complex shapes designed using a molecular canvas made of
DNA single stranded tiles (left). Computer-generated models and TEM images of shapes made
from a 3D molecular canvas made of DNA bricks (middle). One- and two-dimensional DNA
crystals made of DNA bricks (right). Reprinted with permission from: reference 51 Copyright ©
2010 Annual Reviews, Inc (a, left), reference 59 Copyright © 2005, American Chemical Society
(a, middle), reference 65 Copyright © 2008, Springer Nature (a, right), reference 39 Copyright ©
2006, Springer Nature (b, left), reference 43 Copyright © 2011, American Association for the
Advancement of Science (b, middle), reference 71 Copyright © 2014, Springer Nature (b, right),
reference 44 Copyright © 2012, Springer Nature (c, left), reference 73 Copyright © 2012,
American Association for the Advancement of Science (c, middle), reference 74 Copyright ©
2014, Springer Nature (c, right).



1.2.1 DNA Nanostructures

1.2.1.1 DNA Tiles

In 1982, Seeman first introduced the concept of DNA nanostructures to the scientific community
by presenting the idea of utilizing a sequence of DNA to build a mechanically robust four-arm
junction structure.®® The four-arm junction consists of four complementary DNA single strands
with unpaired sticky end tails (Figure 2a, left). This structure is often called a Holliday junction
due to its structural resemblance to the Holliday recombination intermediates,> and is classified
as a tile structure due to its possibility to be assembled into a two-dimensional array as a
repeating unit. Afterwards, several DNA tiles were synthesized, but the intrinsic flexibility of the
core region of the junction only allowed the tiles to be oligomerized.>** To overcome these
problems, in 1993, Fu et al. and Zhang et al. developed more inflexible double-crossover tiles
containing paired four-arm junctions in their structures.®®>" Since then, a wide variety of tile
structures have been fabricated and assembled into extended two- and three-dimensional
nanostructures including, but not limited to, hexagonal arrays (Figure 2a, middle),>®>° nanogrids
and nanoribbons,®® nanotubes,® cubes,%? icosahedrons,®® crystals,®* tetrahedrons, dodecahedrons

(Figure 2a, right), and buckyballs.®®

1.2.1.2 DNA Origamis

The DNA origami method, first introduced by Rothemund et al. in 20086, is especially important
to bottom-up approaches for nanofabrication.®® The origami method makes it possible to create
almost any arbitrarily shaped two-dimensional DNA nanostructures with high yield. In this
method, a long scaffold strand is folded in place with over 200 short synthetic oligonucleotide

staple strands in a self-assembled manner. To fabricate a DNA origami structure, single stranded
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7,249-nucleotide M13mp18 genomic DNA was selected as the scaffold strand. The sequences of
the staple strands were determined according to Watson-Crick complements of the scaffold DNA
to fold the scaffold strand into the designated shape. Some short remainder strands were also
designed to complement the unused sequence of the scaffold strand. The staple and remainder
strands were artificially synthesized. The synthesis was a one-pot annealing process in which the
scaffold strand was mixed with a 100-fold excess of the staple and remainder strands at room
temperature, and the mixture was thermally annealed from 95 °C to 20 °C in less than 2 hours.
The DNA origami method has been so successful that it has been widely accepted and applied to
construct various two- and three-dimensional structures even with curvatures (Figure 2b, left and
middle).4°‘42' 66-67

The DNA origami method with M13mp18 scaffold yields individual origami structures
with diameters of ca. 100 nm.*® For practical use in integrated circuits, the microscale
organization of DNA nanostructures with more features is needed. Several groups have focused
on this problem. Endo et al.®® and Rajendran et al.%® designed “2D DNA jigsaw pieces” which
are rectangular nanostructures folded using the DNA origami method. The jigsaw piece is
furnished with a tenon, a mortise, and single stranded overhangs to promote selective
connections via w-stacking interaction, and sequence- and shape-complementarity. Furthermore,
Woo et al. demonstrated two methods to assemble DNA origami structures into a more extended
structure in microscale. In the first method, the geometric arrangement of blunt-end stacking
interaction was suggested using both binary code and shape complementarity to connect
individual DNA structures.’ In the second method, the two-dimensional lattices of DNA origami

rectangles were formed based on the stepwise manipulation of surface diffusion by changing the
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concentrations of Mg?* and Na* between the DNA origami and the mica substrate (Figure 2b,

right).”*

1.2.1.3 DNA Single-stranded tiles and Bricks
In 2012, Wei et al. developed a method of creating one- or two-dimensional complex shapes
from the simplest DNA tile form, a so-called “single-stranded tile”.** The single-stranded tile is
different from the tile suggested by Seeman such that it is a single-stranded 42-nucleotide DNA
without a junction, as its name indicates. Furthermore, while the central design feature is a long
scaffold in the DNA origami method, the single-stranded tile method exploits artificially
sequenced and synthesized DNA oligonucleotides allowing greater possibility for choices of
both sequence and material. In this method, all uniquely sequenced tiles are identically shaped in
a desired structure. Each tile has four consecutive domains and binds to four local neighboring
tiles through Watson-Crick base pairing interaction between the domains. As a result, a tile is
two 21-nucleotide antiparallel helices joined by a single phosphate linkage, and arranges into a
rectangular lattice in a “brick-wall” pattern. The lattice can be regarded as a “molecular canvas”,
where each tile becomes a “molecular pixel”. A nanostructure is then fabricated by excluding the
subsets of strands corresponding to the pixels not included in the desired shape in a one-pot
annealing process. Although DNA nanotubes with various circumferences were previously
synthesized using the same approach,’ this was the first time when more than 100 sophisticated
two-dimensional shapes were fabricated (Figure 2c, left).

The single-stranded tile method was extended to construct complex three-dimensional
nanostructures which in turn were further assembled into a microscopic organization as reported

by Ke et al.”*"* To move from two- to three-dimensional structures, a tile is now modified to
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contain 32-nucleotides. The tile again has four consecutive domains which are 8 nucleotides
long. In this case, the tile binds to four local neighboring tiles in a 90° dihedral angle. Each tile
becomes a modular component, and the concept of “tile” was generalized to “brick” due to its
resemblance of that of LEGO®. Each 8-base pairing between the domains of the neighboring
bricks was defined as a voxel, and a collection of bricks with dimensions of 10 by 10 by 10
voxels can be regarded as a molecular canvas. The undesired subsets of bricks were omitted from
the molecular canvas in a one-pot annealing process, and more than 100 complex three-
dimensional nanostructures were fabricated with sophisticated both surface and interior features
including cavities and tunnels (Figure 2c, middle). The resulting nanostructures can be further

gathered into a one- or two-dimensional macroscopic DNA crystals (Figure 2c, right).
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1.2.2 Current Limitations on DNA Nanostructures

Although DNA nanostructures are considered to be an ideal template for the fabrication of a
nanoelectronic device, the application of DNA nanostructures in patterning still has a long way
to go. To be implemented at an industrial scale, the following issues must be overcome: limited

stability and deterministic assembly of DNA nanostructures.”

1.2.2.1 Limited stability of DNA nanostructures

The limited stability of DNA nanostructures is a major disadvantage in the transfer of their
nanoscale patterns. DNA is a soft material and the stability of DNA nanostructures is still
limited.”® For example, typical methods to etch and deposit inorganic layers involve harsh
chemical environments such as plasma enhanced etching, which might remove DNA
nanostructures before their patterns are transferred to the inorganic substrates. Herein we briefly
summarize the stability of DNA nanostructures deposited onto a substrate because the deposited
ones are more relevant to the bottom-up nanofabrication than the dissolved ones and allow the
multistep processing of the DNA nanostructures, such as the patterning of the substrate. This
summary also only focuses on the overall preservation of shape of DNA nanostructures because
the geometry, rather than the chemical integrity, of DNA nanostructures often plays the most
important role for most DNA-based nanofabrications.

Choosing DNA origami triangles as a model, the stability of DNA nanostructures
deposited onto a SiO» substrate were examined under a wide range of chemical and physical
environments (Figure 3).”® The shape of the DNA origami triangles can be maintained at up to
200 °C under both argon and air atmospheres. On the heating beyond 200 °C, the DNA

nanostructures decomposed. Pillers et al. also reported the thermal stability of DNA origami
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rectangles deposited on mica.”” Their work showed that the DNA origami structures were still
intact after 10 minute heating at 150 °C while they degraded after heating at 250 °C. The DNA
origami triangles were stable in common organic solvents such as hexane, ethanol, and toluene
for at least 24 hours. In deionized water and 0.01 M — 0.2 M NacCl solutions, however, the DNA
nanostructures randomly disintegrated and lifted off from the SiO. surface even in a short 10
second immersion. The DNA nanostructures were stable in pH range 7—11, and resulted in the
deformation of the overall structure in a specific pattern in both the pHs above and below this
range. Upon immersion into solutions below a pH of 7, the DNA origami triangles disintegrated
into six distinct pieces, indicating that the disintegration initiated at the tips and midpoints of the
trapezoidal sides of the DNA origami triangles due to the intensive folding and/or the lack of
support of the scaffold strand. At a pH above 11, the overall triangular shape was maintained;
however, the details of the DNA nanostructure were blurred, likely due to both dehybridization
and hydrolysis. Finally, upon exposure to UV/O3, the DNA nanostructures survived 5 minutes

and degraded uniformly in less than 15 minutes.
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Figure 3. Limited stability of DNA origami nanostructures under diverse environments. AFM
height images of DNA origami triangles deposited on silicon wafers after (a) heated at 300 °C
for 10 minutes, (b) 20 minutes of UV/Oz3 treatment, and immersed in (c) hexane for 24 hours, (d)
pH 1.88, (e) pH 12.00, and (f) 0.2 M NacCl solution for 10 seconds. Scale bars represent (a,d—f)
250 nm and (b,c) 50 nm. Reprinted with permission from: reference 76 Copyright © 2014,
American Chemical Society.
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1.2.2.2 Deterministic assembly of DNA nanostructures

To be able to fabricate a complex nano-electronic or photonic device, it is necessary to deposit
DNA nanostructures in predefined locations. Currently developed methods use either electron-
beam lithography or deep ultraviolet lithography to create a pattern where a DNA nanostructure
is preferentially deposited. In 2009, Kershner et al. created binding sites for DNA origami
triangles with electron-beam lithography on SiO. and diamond-like carbon (Figure 4a).”® In
2012, Yun et al. created binding sites with deep ultraviolet lithography on graphene oxide and
nitrogen-doped reduced graphene oxide (Figure 4b).” In both cases, the concentration of Mg?*
was critical for the deterministic assembly of the DNA origami nanostructures. In 2014,
Gopinath et al. presented two techniques for replacing the electrostatic bonds through Mg?*

between DNA and substrate with covalent bonds, allowing Mg?*-free solution conditions.

A
»
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o

Figure 4. Deterministic assembly of DNA nanostructures. AFM images of DNA origami
nanostructures assembled (a) on ca. 110 nm patterned triangles on a diamond-like
carbon/diamond-like carbon on silicon surface and (b) on patterned nitrogen-doped reduced
graphene oxide film. Scale bars represent (a) 500 nm and (b) 2 um. Reprinted with permission
from: reference 78 Copyright © 2009, Springer Nature (a), reference 79 Copyright © 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (b).
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1.2.3 DNA Nanostructure based Nanofabrication

Since DNA nanostructures were introduced, there has been an explosive growth in DNA-based
nanofabrication over the past decades. Regardless of the limitations, DNA nanostructures have
precision and cost benefits that make them an attractive alternative to the expensive current state-
of-the-art photolithography techniques. While numerous nanomaterials have been assembled
onto DNA nanostructures as templates, such as proteins®® 88 and carbon nanotubes,®% one
major branch of the nanofabrication is the metallization of DNA. Starting with the metallization
of A-DNA with Ag by Braun et al. in 1998, linear and double-stranded DNA®-! and DNA
origami®2-% were metallized continuously or site-specifically with the different kinds of metals
via solution phase chemistry (Figure 5a,b). Furthermore, Jin et al. reported a successful pattern
transformation from DNA nanostructures to a chemical vapor deposited graphene sheet by the
metallization of the DNA nanostructures (Figure 5c).%” However, the metallization technique
generally results in a loss of resolution up to 50 nm due to the formation of globular metallic
coating on DNA.%1°2 % The major problem of this strategy is that a large number of small
nucleation centers introduced on the DNA template grow in an inhomogeneous manner.
Consequently, discontinuous or inhomogeneous grains with different diameters are deposited. As
an alternative method, both Sun et al. and Helmi et al. introduced a method in which a three-
dimensional inorganic nanostructure of a few tens of nm grew from a single nucleation seed in a
DNA origami mold.%8°

Besides their metallization, DNA nanostructures have also been widely used as masks to
pattern both hard and soft materials. Deng et al. patterned metal films with metal evaporation
onto one- and two-dimensional DNA nanostructures on mica substrates followed by the lift-off

of the films.1% Becerril et al. used aligned DNA bundles as shadow masks for angled metal
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vapor deposition and subsequent etching, demonstrating a spatial resolution in the sub-10 nm
range.'! Surwade et al. demonstrated the success of DNA-mediated HF vapor-phase etching and
chemical vapor deposited growth of SiOz in both positive and negative tones by differentiating
the adsorption of water between DNA nanostructures and a SiO» substrate at room temperature
(Figure 5d).1%2103 |n poth cases, loss of resolution occurred. The positive tone replicas of DNA
nanostructures on a SiOz substrate were also formed in anhydrous HF vapor etching with sub-10
nm resolution.!® Furthermore, DNA nanostructures were converted into carbon nanostructures
while their shape was conserved by atomic layer deposition of Al.Os and thermal annealing
(Figure 5€).1% Finally, polymer film such as polyacrylamide gel was faithfully patterned using
linear DNA bundles (Figure 5f).1% The resulting polymer films can serve as molds to further

transfer the patterns to other polymer.
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Figure 5. DNA Nanostructure based Nanofabrication. AFM images of (a) H-shaped Au
nanoparticle assemblies on DNA origami rectangles on a mica, (b) continuous Au nanoparticle
assemblies on T-shaped DNA origami on a SiOz wafer, (c) final etched graphene shapes after Au
metallized DNA masks were removed, (d) triangular trenches produced upon the exposure of
DNA origami triangles on a SiO, wafer to HF vapor under high-moisture condition, (e)
carbonized DNA origami triangles, and (f) triangular trenches on a PMMA stamp. Reprinted
with permission from: reference 94 Copyright © 2011, American Chemical Society (a),
reference 96 Copyright © 2012, American Chemical Society (b), reference 97 Copyright ©
2013, Springer Nature (c), reference 102 Copyright © 2011, American Chemical Society (d),
reference 105 Copyright © 2016, American Chemical Society (e), reference 106 Copyright ©
2015, Springer Nature (f).
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1.2.4 Nanoscale Patterning of Soft and Hard Materials with DNA Nanostructures

This dissertation focuses on the nanoscale patterning of soft and hard materials with DNA
nanostructures. In chapter two, an advanced nanoimprint lithography method is presented to
fabricate polymer stamps to transfer patterns from multi-dimensional DNA nanostructures in
negative tone patterns with high fidelity. In chapter three, an approach to increase the stability of
DNA nanostructure master templates fabricated in chapter two is developed through conformal
coating with a nanometer-thin protective inorganic oxide layer created using atomic layer
deposition. In chapter four, the first method of high contrast pattern transfer directly from DNA
nanostructures to a silicon substrate is reported by reactive ion etching with the help of calcium
ion. Each step of the above fabrication processes was imaged with atomic force microscopy,

which is briefly reviewed in the following section.

1.2.4.1 Atomic force microscopy

Atomic force microscope (AFM) is a branch of scanning probe microscopy which probes the
surface features of a sample with a sharp tip.1%1%® AFM offers a substantial amount of
information about surface properties from the nano- to micro-scale with unprecedented clarity. A
flexible cantilever with a sharp tip at its end is deflected due to interatomic forces, most
commonly van der Waals forces, as the tip probes over a sample. A laser beam reflects from the
back of the deflected cantilever, amplifying the deflection as the beam is displaced from the
center of a position-sensitive photodetector. The tip-sample relative position is controlled by a
scanner which is a three-dimensional positioning system made of a piezoelectric material. The

piezoelectric material changes dimensions in response to an applied voltage, or vice versa. The
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piezoelectric scanner is designed to mechanically elongate and contract proportionally to an
applied voltage.

In contact mode AFM, the tip physically contacts the sample. As the tip probes the
sample, the cantilever is deflected due to the contact force to accommodate changes in
topography by operating in one of two modes: constant-height or constant-force mode. In
constant-height mode, the height of the scanner is fixed during the scanning and the spatial
variation of deflection of the cantilever is directly used to produce the topographic image. In
constant-force mode, the deflection of the cantilever, which in turn corresponds to the total force
applied to the tip, is constant. The scanner moves up and down in the z axis to maintain the
deflection constant and its motion generates the topographic image. In non-contact mode AFM
or tapping mode AFM, the cantilever oscillates above the surface of a sample with a magnitude
of several tens to hundreds of angstroms. While the cantilever is vibrating, it taps the surface of
the sample in intermittent-contact, which changes the oscillation frequency and amplitude of the
tip. These changes are used to drive the piezo scanner to control the tip-sample distance and

ultimately to extract the topography of the sample surface.
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2.0 DNA NANOSTRUCTURE-MEDIATED MOLECULAR IMPRINTING
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2.2 INTRODUCTION

Soft lithography uses stamps to transfer micro and nanoscale patterns.'®®13 The stamps are
usually fabricated by casting liquid precursors onto master templates with patterned structures.
Soft lithography has been well developed and widely used for nanofabrication due to its
simplicity, low cost, and compatibility with a wide range of substrates, especially with soft
and/or nonplanar surfaces.!!® 3114 The application of soft lithography, however, is
fundamentally limited by the spatial resolution and diversity of structures on the stamps.
Significant efforts have been put into the preparation of master templates, from which the
stamps are derived.!t3 11° Conventional lithography methods, such as deep ultraviolet lithography
(DUV) and extreme ultraviolet lithography (EUV), are the most general approach for fabrication
of the master templates. DUV and EUV use 193 nm ArF excimer laser and 13.5 nm radiation
from laser pulsed Sn plasma, respectively. DUV with water immersion and multi-patterning
techniques provides the current state-of-the-art 10 nm technology; however, it is not suitable for
the shrinkage of feature size below 10 nm due to the higher cost and lower throughput from the
process complexity of the multi-patterning procedure.’!! To reach the sub-10 nm regime,
Samsung recently demonstrated the use of EUV with complementary metal-oxide—
semiconductor fin field effect transistor technology to fabricate a 7 nm node.® In addition to the
conventional lithographic methods, dip-pen nanolithography,?® indentation lithography,?
nanosphere lithography,?* and block copolymer lithography?®2® have been applied to offer
nanoscale with even sub-10-nm features. Other relief structures such as crystallographic steps
and cracks,®>3® and single-walled carbon nanotubes®*3 have also been used to provide features

with sub-nanometer or molecular-scale resolution. However, it still remains a challenge to
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develop a general method of constructing master templates and stamps with diverse nanoscale
features and high spatial resolution.

In recent years, programmable DNA self-assembly*'6-118 has produced a wide range of
one-dimensional (1D),%: 72 119120 two-dimensional (2D),3% 44 58-59. 121122 anq three-dimensional
(3D)* 73 123126 nanostructures with diverse and complex features. DNA nanostructures can be
rationally designed and reliably synthesized. The assembly process is fast and easily
implemented.”™ Thus, self-assembled DNA nanostructures can be used as nanofabrication
templates due to the ease of controlling their shapes with nanometer-scale spatial resolution.
Along this direction, many approaches have been developed to transfer the patterns of DNA
nanostructures to a wide range of materials. We briefly review these efforts below.

DNA nanostructures have been employed as masks to transfer the patterns to evaporated
noble metal films.!® Metallization with various metals has also been achieved through wet
chemistry, 8 9 % 127130 anq the resulting metal nanostructures have been used to pattern
graphene.’®! By exploiting the difference in adsorption of water between DNA nanostructures
and a SiO; substrate, the DNA nanostructures have been used to modulate the rate of HF vapor
phase etching to achieve pattern transfer to the SiO: substrate.%2 Based on the same principle,
the adsorption of water could also control the rate of chemical vapor deposition of SiO2 and TiO-
on the DNA nanostructures and substrate to convert the patterns of the DNA nanostructures into
those of the inorganic oxides.'® Moreover, Al,O3 protected DNA nanostructures can be
converted to carbon nanostructures by thermal annealing.!® In addition to the 2D pattern
transfer, 3D DNA nanostructures have served as molds to synthesize inorganic nanostructures

with prescribed 3D shapes.%89°
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DNA nanostructures are promising templates for materials science due to their structural
complexity and diversity at the nanoscale. However, nanofabrication based on DNA
nanostructures still faces several formidable challenges. First of all, the high cost of synthetic
DNA strands hinders their application as master templates for large-scale patterning.**? Second,
there lacks a reliable and faithful pattern transfer method that is compatible with existing
fabrication processes due to the low mechanical and chemical stability of DNA nanostructures.
Third, the deterministic deposition of DNA nanostructures, which is critical to large-area
fabrication, is still in its infancy. Existing approaches to controlling the deposition of DNA
nanostructures suffer from low fidelity and high error rate.”8 80. 133134

A strategy to partially overcome these problems is to establish a method to transfer
complex DNA patterns to polymer substrates. The resulting polymer stamps can be used as
templates for the following patterning process, which reduce the cost, simplify the fabrication
process, and potentially overcome the difficulties of scalable patterning. Recently, linear DNA
bundles with average height and width of ca. 90 nm and 879 nm, respectively, were employed as
a master template for the fabrication of negative replicas on an unsaturated polyester resin, which
was further used to pattern a polyacrylamide gel.X°® However, the lateral dimensions of the DNA
bundles are relatively large (ca. 1 um). To the best of our knowledge, none of the nanoscale
DNA structures have been used as templates to fabricate polymer stamps with high diversity,
complexity and fidelity.

Herein we demonstrate an approach to using DNA nanostructures as master templates in
a direct pattern transfer from DNA nanostructures to polymers with high fidelity. The nanoscale
features of the polymers can be rationally controlled by the design of the DNA nanostructures. A

variety of DNA nanostructures were used to pattern poly(methyl methacrylate) (PMMA), poly(y-
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lactide) (PLLA), and acryloxy perfluoropolyether (a-PFPE), including DNA nanotubes, 1D A-
DNAs, 2D DNA brick crystals with 3D features, hexagonal DNA 2D arrays, and DNA origami
triangles. The resulting polymer stamp could serve as a mold to further transfer the pattern to an

a-PFPE polymer substrate.
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2.3 EXPERIMENTAL SECTION

2.3.1 Materials

Silicon wafer [Si (110), with native oxide] was purchased from University Wafers (Boston, MA).
Scaffold strand M13mp18 for DNA origami triangle and A-DNA were purchased from Bayou
Biolabs (Metairie, LA) and New England Biolabs (Ipswich, MA), respectively. Short staple
strands for DNA origami triangles and DNA strands for DNA nanotubes, two-dimensional (2D)
arrays, and 2D brick crystals were synthesized by Integrated DNA Technologies (Coralville, 1A).
2-Amino-2-(hydroxymethyl)-1,3-propanediol (Trizma base), ethylenediaminetetraacetic acid
(EDTA), magnesium acetate tetrahydrate, sulfuric acid, hydrogen peroxide solution (30% H205),
poly(methyl methacrylate) (PMMA), and poly(L-lactide) (PLLA) were purchased from Sigma-
Aldrich (St. Louis, MO). Acetic acid (Glacial) and nickel chloride hexahydrate (ACS Certified)
were purchased from Fisher Scientific (Fair Lawn, NJ). Dichloromethane was purchased from
Acros Organics (Fair Lawn, NJ). Ethanol was purchased from Sigma-Aldrich and Decon Labs,
Inc. (King of Prussia, PA). Polydimethylsiloxane (PDMS) backing stamp was prepared with
Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI). Fluorinated acrylate oligomer
CN4002 (1400 g/mol) was purchased from Sartomer Americas (Exton, PA) and photoinitiator
Irgacure 4265 was purchased from BASF (Florham Park, NJ). All materials were used as
received. An UV lamp (100 watts, 365 nm) was purchased from Cole-Parmer (Vernon Hills, IL).
High purity water (18.3 MQ) was produced by a Barnstead MicroPure Standard water
purification system (Thermo Scientific, Waltham, MA) and used throughout the entire

experiment.
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2.3.2 Preparation of a Silicon Wafer

A silicon wafer with a native oxide layer was cleaned by immersion in hot piranha solution [7:3
(v:v) concentrated H2SO4: 30% H20:] for at least 20 minutes. The wafer was thoroughly washed
with deionized water and dried with N2 gas. Warning: Piranha solution presents an explosion
hazard and should be handled with extreme care; it is a strong oxidant and reacts violently with
organic materials. All work should be performed in a fume hood. Wear proper protective

equipment.

2.3.3 Preparation of a PDMS Backing Film

PDMS precursor and curing agent were thoroughly mixed at a 9:1 (v:v) ratio by hand at least for
5 minutes and degassed in a vacuum desiccator. The PDMS prepolymer was poured over a
piranha cleaned silicon wafer and further degassed in the vacuum desiccator. The mixture on the
silicon wafer was cured for 1 hour at 60 °C. The thickness of the resulting PDMS layer was ca.

1-2 mm.
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2.3.4 DNA Nanostructures

2.3.4.1 Preparation and deposition of DNA nanotubes on a silicon wafer

The design and synthesis of DNA nanotubes were previously reported.'*® DNA single strands
were diluted in 10 x TAE/Mg?* buffer (125 mM Mg?*) with a final concentration of 1 uM. The
DNA solution was slowly cooled from 95 °C to 23 °C over 48 hours and stored at 4 °C
overnight. Nickel chloride solution (70 pL of 2 mM) was placed on a clean silicon wafer and
immediately blown away with N> gas. The annealed DNA nanotube solution was deposited on
the pretreated silicon wafer with nickel chloride and incubated in a humid chamber for 15
minutes. The sample was dried using N2 gas, immersed in an ethanol:water [9:1 (v:v)] solution

for 10 seconds to remove ionic salts, and then dried again using N> gas.

2.3.4.2 Preparation and deposition of 2D DNA brick crystals on a silicon wafer

The design and synthesis of 2D DNA brick crystals followed the previously published method.™
Unpurified DNA strands were mixed in an equimolar stoichiometric ratio in 0.5 x TE buffer
[Trizma base (5 mM, pH 8.0) and EDTA (1 mM)] supplemented with 40 mM MgCl.. The final
concentration of each strand was 200 nM. The DNA solution was annealed in a PCR thermo-
cycler using a fast-linear cooling step from 80 °C to 60 °C over 1 hour and then from 60 °C to 25
°C over 72 hours. The annealed DNA solution was diluted by 10 times in 0.5 x TE buffer with
40 mM MgCly. The diluted DNA solution (10 pL) was deposited on a clean silicon wafer and
incubated in a humid chamber for 15 minutes. The sample was dried using N2 gas, immersed in

an ethanol:water [9:1 (v:v)] solution for 5 seconds, and then dried again using N2 gas.
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2.3.4.3 Preparation and deposition of hexagonal DNA 2D arrays on a silicon wafer

The design and synthesis of hexagonal DNA 2D arrays were previously reported.>® To increase
the surface coverage, DNA 2D arrays were directly assembled on a silicon wafer.13>13¢ A desired
set of three DNA single strands were mixed in 1 x TAE/Mg?* buffer at a concentration of 25 nM
in terms of 3-point-star motifs. A clean silicon wafer was immersed in 10 x TAE/Mg?* buffer
[Trizma base (400 mM, pH 8.0), acetic acid (200 mM), EDTA (10 mM), and Mg(CHsCOO);
(125 mM)] for 3 hours to increase the surface concentration of magnesium ions which were used
to bind DNA on the silicon wafer.*® After the 3 hours of incubation, the silicon wafer was
directly immersed into the prepared DNA solution. The DNA solution together with the silicon
wafer was slowly cooled from 95 °C to 23 °C in one day. After the annealing, the silicon wafer
was taken out of the DNA solution, immediately immersed in an ethanol:water [7:3 (v:V)]

solution for 5 seconds, and then dried using N2 gas.

2.3.4.4 Preparation and deposition of A-DNAs on a silicon wafer

A-DNA (500 pg/mL) was diluted in 1 x TAE/Mg?* buffer by three times. Since A.-DNA was
difficult to attach to a silicon wafer, nickel ions were used to provide an extra binding force
between DNA and the silicon wafer. Nickel chloride solution (100 pL of 1 mM) was deposited
on a clean silicon wafer for 10 seconds and immediately dried using N2 gas. Then 10 pL of the
diluted A-DNA solution was deposited on the silicon wafer and incubated in a humid chamber
for 15 minutes. The sample was dried using N2 gas, immersed in an ethanol:water [9:1 (v:v)]

solution for 5 seconds, and then dried again using N> gas.
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2.3.4.5 Preparation and deposition of DNA origami triangles on a silicon wafer

The design and assembly of DNA origami triangles were previously reported.®® Scaffold strand
M13mp18 (8.6 uL, 1.6 nM) was mixed with 232 short synthetic staple strands (15 pL, 16 nM),
deionized water (77 pL), and TAE/Mg?* buffer (181 pL). The TAE/Mg?* buffer was prepared by
dissolving Trizma base (40 mM, pH 8.0), acetic acid (2 mM), EDTA (2 mM), and magnesium
acetate tetrahydrate (150 mM) and further diluting the solution to make the concentration of
magnesium ions 12.5 mM. The solution was cooled from 95 °C to 20 °C at a rate of 1 °C/min.
After the annealing, 140 pL of the DNA origami solution was purified by rinsing away excess
staple strands using 500-600 pL of the TAE/Mg?* buffer in a Microcon YM-100 100 kDa MW
centrifuge filter (Millipore, Billerica, MA) on a single speed bench top Galaxy Ministar
microcentrifuge (VWR, Radnor, PA). This rinsing process was repeated twice. The final volume
of the DNA origami solution was 140 pL, same as before the purification. The purified triangular
DNA origami solution (10 pL) was deposited on a clean silicon wafer and incubated in a humid
chamber for 15 minutes. The sample was dried using N2 gas, immersed in an ethanol:water [9:1

(v:v)] solution for 5 seconds to remove salts, and then dried again using N gas.

2.3.5 Fabrication of a PMMA or PLLA Stamp by Replication over DNA Nanostructures

Fabrication of PMMA and PLLA stamps consisted of several steps.*’ First, a PMMA or PLLA
film was spin-coated onto a silicon wafer with DNA nanostructures at 3000-4000 rpm for 30
seconds using polymer in dichloromethane solution (3 wt. %). This spin coating was repeated
three times to increase the film thickness. Second, the surface perimeter with a width of ca. 1
mm around the edges of the polymer film was scraped off to expose the underlying template.
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Third, a PDMS backing stamp adhered to the polymer film. Fourth, several drops of deionized
water were added to one edge of the exposed silicon substrate and were allowed to penetrate the
interface between the hydrophobic polymer and hydrophilic silicon wafer. After a minute, when
the interface was fully filled with water, the PDMS/polymer film was immediately peeled off

and gently dried using N2 gas.

2.3.6 Fabrication of an a-PFPE Stamp by Replication over DNA Nanostructures

a-PFPE prepolymer resin consisted of fluorinated acrylate oligomer CN 4002, and photoinitiator
Irgacure 4265 (0.5 wt. %). The prepolymer resin was mixed for at least 2 hours using a Teflon
magnetic stirrer on a stirring plate. This photocurable liquid resin was filtered through a 0.2 um
pore size syringe filter and spin-coated onto a silicon wafer with DNA nanostructures at 4000
rpm for 30 seconds. On top of the spin-coated a-PFPE prepolymer film, the filtered a-PFPE
liquid resin was pooled to make the a-PFPE stamp thick enough to be peeled off with a tweezer
after curing. The a-PFPE prepolymer film was cured with UV light (365 nm) for 2 hours under

N2 gas. The a-PFPE stamp was peeled off from the wafer with a tweezer.

2.3.7 Replica Molding of Pattern on a PMMA or PLLA Stamp into an a-PFPE Stamp

This process is the same as the one outlined in 2.3.6, except a PMMA or PLLA stamp was used

instead of a silicon wafer with DNA nanostructures.
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2.3.8 Characterization

2.3.8.1 Transmission electron microscopy (TEM)

An annealed sample of 2D DNA brick crystals (2.5 pL) was adsorbed on a glow-discharge-
treated carbon coated TEM grid for 2 minutes. The grid was then stained by a 2% aqueous uranyl
formate solution containing 25 mM NaOH for 10 seconds. Imaging was performed using a JEM-

1400 TEM operating at 80 kV (JEOL USA, Inc., Peabody, MA).

2.3.8.2 Atomic force microscopy (AFM)

Imaging was performed by tapping-mode on an MFP-3D atomic force microscope (Oxford
Instruments Asylum Research, Inc., Santa Barbara, CA) with NSC15/Al BS, RTESPA-300 or
SSS-FMR-SPL AFM probe in air. The tip-surface interaction was minimized by optimizing scan
set-point. NSC15/AL BS AFM probe (325 kHz, 40 N/m) was purchased from MikroMasch
(Lady’s Island, SC). RTESPA-300 AFM probe (300 kHz, 40 N/m) was purchased from Bruker
(Camarillo, CA). SSS-FMR-SPL AFM probe (75 kHz, 2.8 N/m) was purchased from
NanoAndMore USA (Watsonville, CA) and especially used for the high-resolution imaging of
DNA origami triangles on silicon wafers and corresponding triangular trenches on PMMA and

PLLA stamps. Fourier transform was carried out by ImageJ, imaging processing software.**
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24  RESULTS AND DISCUSSION

2.4.1 General Fabrication Process of a Polymer Stamp using a DNA Nanostructure

Master Template

The fabrication of a polymer stamp consisted of five steps as shown in Figure 6.13" A silicon
wafer with native oxide was cleaned by piranha solution and served as a substrate for DNA
deposition (Figure 6a,b). After DNA nanostructures were deposited, polymer solution in
dichloromethane (e.g., PMMA) was spin-coated on the substrate to cover the DNA (Figure 6b,c).
Around the edges of the polymer film, the surface perimeter was scraped off with a blade to
expose the underlying silicon substrate (Figure 6¢,d). A PDMS backing stamp was then adhered
to the polymer film as a flexible support to assist in the removal of the polymer film from the
silicon substrate in the next step (Figure 6d,e). In the last step, drops of deionized water were
added to one edge of the exposed silicon substrate and were allowed to penetrate the interface
between the hydrophobic polymer and the hydrophilic silicon wafer. The PDMS/polymer film
was peeled off and gently dried under nitrogen gas. Negative replicas of the DNA nanostructures
formed on the sub-surface of the polymer film that was in conformal contact with the DNA

(Figure 6e,f). This whole process can be completed in several minutes.
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Figure 6. General fabrication process of a polymer stamp using a DNA nanostructure master
template. (a) A silicon wafer. (b) DNA nanostructures are deposited on the silicon wafer. (c) A
polymer film (e.g., PMMA) is spin-coated onto the silicon wafer. (d) The surface perimeter of
the polymer film (ca. 1 mm wide) is removed from the four edges of the film. () A PDMS
backing stamp is adhered to the polymer film as a flexible support. (f) Droplets of water are
added to one edge of the exposed silicon wafer and the PDMS/polymer film is peeled off.

2.4.2 Fabrication of a PMMA Stamp by Replication over DNA Nanostructures

2.4.2.1 Fabrication of a PMMA stamp by replication over DNA nanotubes

We first demonstrate the fabrication of PMMA stamps using self-assembled DNA nanotubes
which have a length of up to 60 um and a width in the range of 30-70 nm.*° The topography of
DNA nanotube master templates and PMMA stamps was characterized by atomic force
microscopy (AFM). In the AFM images, the height of the DNA nanotubes was measured to be
4.0 £ 0.5 nm. This small height is expected due to the collapse of the DNA nanotubes during the
drying process (Figure 7a,c). The bundling of DNA nanotubes, however, was evident in some
areas. After the polymer film was peeled off, the trenches corresponding to the DNA nanotubes
were observed on the PMMA stamp. The depth of the 1D trenches was 3.2 = 0.7 nm, in good
agreement with the height of the DNA nanotubes (Figure 7b,d). The measured width of the

nanotubes on the master templates (67.1 = 5.3 nm) was larger than the expected value, and that
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of the 1D trenches on the PMMA stamps (39.7 £ 5.1 nm) was smaller than the expected value.
We attribute this observation to the AFM probe convolution effect and the removal of salt
residues during the fabrication of the PMMA stamp. The bundling of DNA nanotubes produced
wider and deeper 1D trenches. These results confirm a successful replication process from the

DNA nanotubes to the PMMA stamps.
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Figure 7. Fabrication of a PMMA stamp by replication over DNA nanotubes. AFM height (left)
and phase (right) images with corresponding cross-sectional analysis of (a,c) DNA nanotubes
deposited on silicon wafers and (b,d) negative replicas of the DNA nanotubes on PMMA stamps.
White lines on the AFM images indicate where the cross-sections were determined. Scale bars
represent (a,b) 300 nm and (c,d) 3 um.
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2.4.2.2 Fabrication of a PMMA stamp by replication over 2D DNA brick crystals

Besides 1D nanostructures, 2D DNA brick crystals with defined 3D features could also serve as
master templates to transfer 3D patterns to PMMA stamps. Such 2D DNA brick crystals were
prepared through the recently developed “DNA brick” approach.” After an one-pot annealing
process, 2D DNA brick crystals with parallel channels were assembled (Figure 8a). The channels
are designed to be 10 nm high and 15 nm wide, and are separated by ridges with a height of 10
nm and a width of 15 nm (Figure 8b), assuming 2.5 nm diameter per hydrated DNA helix.”* The
assembled brick crystals were imaged by transmission electron microscopy (TEM) (Figure 8c).
The parallel channels were clearly visible in the TEM image, and the measured pitch of the brick
crystals was 24.9 £ 0.5 nm, smaller than the theoretical value of 30 nm. The decreased pitch is
attributed to the staining and dehydration of the DNA brick crystals during TEM sample
preparation and imaging in a vacuum. The AFM images show a consistent shape of the 2D brick
crystals (Figure 8d,f). The average height of the 2D brick crystals in the AFM image was 7.3 =
0.3 nm, which is much smaller than the theoretical value of 20 nm, and the average pitch was
29.9 + 1.8 nm and consistent with the expected value of 30 nm. The channels within the DNA
brick crystals were clearly visible in the AFM phase images; however, their full depth was not
resolved in the height images, likely due to the tip convolution effect. In addition, a high
concentration of magnesium ions (40 mM) had to be used to stabilize the DNA brick crystals,

resulting in their aggregation (Figure 8d—Q).
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Figure 8. Fabrication of a PMMA stamp by replication over 2D DNA brick crystals. (a) Scheme
represented as the blue and orange blocks. (b)
Cross-sectional view of the scheme of 2D DNA brick crystal. (c) TEM image of 2D DNA brick
crystal. AFM height (left) and phase (right) images with corresponding cross-sectional analysis
of (d,f) 2D DNA brick crystals deposited on silicon wafers and (e,g) negative replicas of the 2D
DNA brick crystals on PMMA stamps. White lines on the AFM images indicate where the cross-
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After the replication process, the negative replicas of the DNA brick crystals could
clearly be seen on the PMMA stamps (Figure 8e,g). The average depth of the negative patterns
was 7.7 £ 0.3 nm, in good agreement with that of the original 2D brick crystals (7.3 = 0.3 nm) on
the silicon wafers. The trenches within the negative replicas were clearly visible in the phase
images and the average pitch was 30.3 £ 0.6 nm, which is close to that of the DNA brick crystal
master templates. Although the trenches were clearly visible in the height images, their depth
was not fully resolved and was much smaller than the expected value of 10 nm. This observation
is similar to that of the DNA brick crystals on the substrates. The consistency of the shape,
height, and pitch between the 2D DNA brick crystals and their replicas on the PMMA stamps

indicates a faithful replication process.
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2.4.2.3 Fabrication of a PMMA stamp by replication over hexagonal DNA 2D arrays

In addition to DNA nanotubes and 2D DNA brick crystals, DNA nanostructures with smaller
feature sizes could also be used as master templates in our method. Hexagonal DNA 2D arrays
were tested as master templates for the pattern transfer. The hexagonal DNA 2D arrays were
self-assembled from DNA 3-point-star motifs (Figure 9a).>® Each edge of the motif consists of
two DNA double strands with a length of 4.5 turns. To increase the surface coverage of the DNA
2D arrays, silicon substrate mediated annealing was used to directly grow the hexagonal arrays
on a silicon wafer.1*>1% A freshly cleaned silicon wafer was immersed in the DNA solution and
annealed with DNA strands from 95 °C to 23 °C over one day. During this process, the DNA
motifs were adsorbed and confined to the SiO; surface to facilitate the self-assembly.'?° Figure
9b shows that after the annealing, most areas of the silicon wafer were covered by a monolayer
of the DNA 2D arrays with a hexagonal shape. Big white spots were also observed, which we
attribute to DNA aggregates and salt residues attached to the monolayer of DNA. The cross-

sectional analysis shows that the repeating distance of the DNA 2D array was 29.7 &= 0.7 nm, in

good agreement with the theoretical value of 30.3 nm.*® The Fourier transform of the AFM phase
image further shows the expected six-fold symmetry of the DNA array (Figure 9c). On the
surface of PMMA, the negative replicas of the DNA 2D arrays appeared as arrays of pillars and
were highlighted by the white arrows in Figure 9d. The Fourier transform of the pillars shows
six-fold symmetry which is consistent with the pattern of the DNA master template (Figure 9e).
The periodicity of the pillars was measured by the average distance between the adjacent pillars
and found to be 29.7 + 0.9 nm, almost identical to that of the DNA master template. The pillar-
like PMMA pattern of the same symmetry and periodicity confirms the pattern replication from

the hexagonal DNA 2D arrays to the PMMA stamps.
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Figure 9. Fabrication of a PMMA stamp by replication over hexagonal DNA 2D arrays. (a)
Scheme of hexagonal DNA 2D array assembled from 3-point-star motifs. (b) AFM height (left)
and phase (right) images with corresponding cross-sectional analysis of DNA 2D arrays
assembled on a silicon wafer. (c) Zoomed-in view of the area in the white dashed box in image b.
The inset is the Fourier transform of image c. (d) AFM height (left) and phase (right) images
with corresponding cross-sectional analysis of negative replicas of the arrays on a PMMA stamp.
(e) Zoomed-in view of the area in the white dashed box in image d. The inset is the Fourier
transform of image e. White arrows indicate the replicated patterns on the PMMA stamp. White
lines on the AFM images indicate where the cross-sections were determined. Scale bars represent
(b,d) 400 nm and (c,e) 50 nm.
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2.4.2.4 Fabrication of a PMMA stamp by replication over A-DNAs

To probe the resolution limit of this method, the feature size of DNA nanostructures is further
decreased to an individual DNA double helix. A-DNA, a double-stranded phage DNA with a
length of ca. 16 um, was employed as a master template. The height and full width at half
maximum (FWHM) of the individual A-DNA were measured to be 0.3 £ 0.1 nm and 14.7 + 3.2
nm, respectively (Figure 10a,c), although the bundling of A-DNA was observed as well. After
replication, narrow 1D trenches with a depth of 0.4 + 0.1 nm and a FWHM of 11.1 £ 1.7 nm
were observed on PMMA stamps (Figure 10b,d), which represent the negative replicas of the
individual A-DNA. This result shows that even a single DNA double strand of a diameter of 2 nm
can serve as a master template for the pattern transfer, suggesting the possibility of applying this

method to pattern molecular-scale features.
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Figure 10. Fabrication of a PMMA stamp by replication over A-DNAs. AFM height (left) and
phase (right) images with corresponding cross-sectional analysis of (a,c) A-DNASs deposited on
silicon wafers and (b,d) negative replicas of the A-DNAs on PMMA stamps. White lines on the
AFM images indicate where the cross-sections were determined. Scale bars represent 200 nm.
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2.4.2.5 Fabrication of a PMMA stamp by replication over DNA origami triangles

All of the nanostructures tested above are either 1D or 2D nanostructures with linear or periodic
patterns, respectively. To increase the complexity of the patterns on the stamps, DNA origami
triangles®® were employed as master templates for the pattern transfer. The DNA origami triangle
is composed of a single layer of DNA double strands with a theoretical height of 2 nm and
contains three trapezoidal domains (Figure 11a). The edges of the adjacent trapezoidal domains
are connected by bridging staple strands, forming three small triangular holes at each vertex and
one large triangular hole in the center. According to the design, the inner length (the length of the
sides of the central triangular hole), outer length, and FWHM of the trapezoidal domains of the
DNA triangles are 55.0 nm, 129.6 nm and 27.0 nm, respectively. The AFM images show that the
DNA triangles were randomly distributed on silicon wafers and the central, large triangular holes
were clearly visible (Figures 11b and 12a). Because of the resolution limitation of the AFM
images, the bridging staple strands between the trapezoidal domains were not visible. As a result,
the three small triangular holes at the vertex were shown as a linear gap. A dangling loop was
visible in some DNA triangles; in other structures, the dangling loop might have attached on top
of the DNA triangle or beneath the structure so that it was not visible (Figure 12a). According to
the cross-sectional analysis, the average height, inner length, outer length, and FWHM of the
trapezoidal domains of the DNA triangles were 1.6 + 0.1 nm, 45.6 = 2.0 nm, 131.2 + 5.4 nm, and
38.0 = 3.1 nm, respectively. The measured height of DNA nanostructures in AFM images might
vary due to the differences in the probe-substrate and probe-sample interactions.*® Due to the
AFM probe convolution effect, the measured outer length and FWHM of the DNA triangles
increased and the measured inner length of the DNA triangles decreased compared with the

theoretical values.
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Figure 11. Fabrication of a PMMA stamp by replication over DNA origami triangles. (a)
Folding path of DNA scaffold strand in DNA origami triangle. Red lines represent staple strands
bridging trapezoidal sides. Reprinted with permission from: reference 39 Copyright © 2006,
Springer Nature. AFM height (left) and phase (right) images with corresponding cross-sectional
analysis of (b) DNA origami triangles deposited on a silicon wafer and (c) negative replicas of
the DNA origami triangles on a PMMA stamp. Zoomed-in images are to the left of the
corresponding images. White lines on the AFM images indicate where the cross-sections were
determined. Scale bars represent (zoomed-in images) 50 nm and (zoomed-out images) 200 nm.
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Figure 12. Analysis of dangling loops of a DNA origami triangle master template and a PMMA
stamp. AFM height images of (a) DNA origami triangles deposited on a silicon wafer and (b)
negative replicas of the DNA origami triangles on a PMMA stamp. The dangling loops of the
DNA triangles and the corresponding patterns of the triangular trenches are indicated by the red
arrows. Scale bars represent 200 nm.
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After pattern transfer, triangular trenches appeared on PMMA films, resembling the
shape of the DNA origami triangles (Figures 11c and 12b). Even the pattern of the dangling loop
had been transferred to the PMMA stamps (Figure 12b). The averaged depth, inner length, outer
length, and FWHM of the triangular trenches were 1.0 = 0.2 nm, 54.3 £ 2.6 nm, 126.8 + 3.8 nm,
and 26.5 £ 3.1 nm, respectively. The decreased depth of the trenches is attributed to the removal
of salts during the pattern transfer. The inner length, outer length, and FWHM of the triangular
trenches are all consistent with the design. Similar to the DNA master templates, the small
triangular holes did not show up on the PMMA stamps. Instead, we observed a small bump at the
vertex of the triangular trench, which is the replica of the linear gap between the trapezoidal
domains. This bump can be seen in the cross-sectional analysis of the vertex of the triangular
trenches (Figure 13a,b). However, the height of the bump is much smaller than 1 nm, and in
some trenches, the bump was not observed at all (Figure 13c). Both observations could be due to
the mechanical instability of the bumps during the AFM imaging and/or the inherent limitation
of the pattern transfer. As the feature size of the DNA master template decreases, especially
when nanometer-sized holes exist in the DNA nanostructure, PMMA molecule might not be able
to fully fill the holes during the pattern transfer, resulting in the decreased height and missing
features in the PMMA replica. These results demonstrate that the overall features of the
triangular DNA origami can be successfully transferred to the PMMA stamps with high fidelity,

and the local features (ca. sub-5 nm) can be replicated to some extent.
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Figure 13. Analysis of vertices of triangular trenches on a PMMA stamp. (a—c) AFM height
images with corresponding cross-sectional analysis of negative replicas of DNA origami
triangles on a PMMA stamp. White lines on the AFM images indicate where the cross-sections
were determined. Red cursors in the AFM images and corresponding cross-sections define the
outer sides of the vertices that are measured. Dashed green circles (middle) highlight the curve
valleys that correspond to the trenches at the vertices. In images a and b, the bump appears in the
zoomed-in curve valley of the cross-section (bottom), confirming the presence of the bump at the
vertex. In image c, the bump does not appear at the curve valley, indicating that no bump exists
in the vertex. Scale bars represent 200 nm. Note: Images a—c are identical.
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2.4.3 Fabrication of a PLLA Stamp by Replication over DNA Nanostructures

Other polymers such as PLLA could also be used as the stamp material in our method (Figures
14-16). Both DNA nanotubes and DNA origami triangles could be precisely replicated to PLLA
stamps. Similar to the pattern transfer from the DNA triangles to the PMMA stamps, the
dangling loops and the linear gaps between the trapezoidal domains could also be transferred to
the PLLA stamps (Figure 16). The cross-sectional analysis of the AFM images indicates that the
averaged depth and FWHM of triangular trenches on the PLLA stamps were 1.1 £ 0.2 nm and
27.1 = 6.0 nm, respectively. The replication to the PLLA stamps offers a comparable resolution
as observed for the PMMA stamps, demonstrating the potential for replicating DNA

nanostructure patterns into a wider range of polymers.

(a) Height £ 0nm Phase s0- (C) Height 25nm Phase 25°

-5.0nm

Figure 14. Fabrication of a PLLA stamp by replication over DNA nanotubes. AFM height (left)
and phase (right) images with corresponding cross-sectional analysis of (a) DNA nanotubes
deposited on a silicon wafer and (b) negative replicas of the DNA nanotubes on a PLLA stamp.
White lines on the AFM images indicate where the cross-sections were determined. Scale bars
represent 300 nm.
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Figure 15. Fabrication of a PLLA stamp by replication over DNA origami triangles. AFM height
(left) and phase (right) images with corresponding cross-sectional analysis of (a) DNA origami
triangles deposited on a silicon wafer and (b) negative replicas of the DNA origami triangles on a
PLLA stamp. White lines on the AFM images indicate where the cross-sections were

determined. Scale bars represent 150 nm.
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Figure 16. Analysis of dangling loops of a DNA origami triangle master template and a PLLA
stamp. AFM height images of (a) DNA origami triangles deposited on a silicon wafer and (b)
negative replicas of the DNA origami triangles on a PLLA stamp. The dangling loops of the
DNA triangles and the corresponding patterns of the triangular trenches are indicated by the red
arrows. Scale bars represent 200 nm.
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2.4.4 Yield of Replication Process and Stability of a DNA Nanostructure Master

Template for Pattern Replication Process to a PMMA or PLLA Stamp

To evaluate the yield of the replication process and its impact on DNA master templates, we
imaged DNA master templates and polymer stamps in the same location. Figure 17 shows the
height and phase images of DNA nanotube master templates and their corresponding PMMA
stamps before and after the process. The negative replicas on the PMMA stamps (Figure 17c,i)
matched well with the DNA nanotubes on the master templates (Figure 17a,g), demonstrating a
faithful pattern transfer. However, the nanotubes were partially damaged after the replication
process (Figure 17b,h), which we attribute to the water used to separate the master template and
the stamp. To confirm the negative effect of water, we first used less water and decreased the
incubation time (i.e., the time between adding water to the master template and peeling off the
polymer stamp). As a result, less DNA damage was observed (Figure 18). The DNA master
templates cannot be repeatedly used to transfer the patterns to the PMMA or PLLA stamps at this
stage because water, which is used to release the stamp, may damage the features of the DNA

nanostructures.

The AFM phase images further support that the DNA nanostructures were not pulled off
from the silicon wafer by the polymer stamp. In our method, DNA nanostructures and a silicon
wafer are bound through Mg?*, via an electrostatic interaction. Since the phase image is sensitive
to chemical composition, if the DNA nanostructures were trapped in the trenches, they would be
visible only in the phase image but not in the height image. Therefore, the yield of the pattern
transfer can be also assessed by examining the consistency between the AFM height and phase

images. In all the figures mentioned above, the position and shape of the features in the height

o1



and phase images matched with each other, suggesting the absence of trapped DNA

nanostructures in the polymer stamps.
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Figure 17. Yield of replication process and stability of a DNA nanotube master template after
pattern replication process to a PMMA stamp. AFM height (top and bottom) and phase images
(middle) with corresponding cross-sectional analysis of DNA nanotubes deposited on silicon
wafers before (left) and after (middle) replication to PMMA stamps, and PMMA replicas (right)
of the same area. White lines on the AFM images indicate where the cross-sections were
determined. Scale bars represent 300 nm. Note: The images of the PMMA stamps were flipped
horizontally to match the orientation of those of the DNA master templates.
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Figure 18. Stability of a DNA nanotube master template after pattern replication process to a
PMMA stamp. AFM height images with corresponding cross-sectional analysis of DNA
nanotubes on a silicon wafer in the same location (a) before and (b) after replication to a PMMA
stamp. White lines on the AFM images indicate where the cross-sections were determined. Scale
bars represent 300 nm. Compared to the results shown in Figure 12, this experiment used less
water and decreased the incubation time (i.e., the time between adding water to the master
template and peeling off the polymer stamp).

2.4.5 Fabrication of an a-PFPE Stamp by Replication over DNA Nanostructures

DNA nanotubes were also replicated to a-PFPE polymer stamps, during which process water was
not used. The AFM height images in Figure 19 illustrate that the topography of the DNA
nanotubes was preserved after replication to the a-PFPE polymer, confirming that none of the
DNA materials were transferred to the stamp and that water in fact causes the damage to the
DNA nanostructure templates in the pattern transfer process to the PMMA films as mentioned in
the previous section.

In addition to the high yield of replication, the DNA master templates can also be used in
a repeated manner to transfer the patterns to the a-PFPE stamps because water is not required to
release the stamps. Figure 20 shows the AFM images of the DNA nanotubes before and after 5th

and 10th replication. The features of the DNA nanostructures were not damaged during the 10
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times of replication. The repeated use of the DNA master templates would greatly reduce the
cost and facilitate its applications. To achieve the repeated use of the DNA master templates,
polymers with low surface energy (e.g., a-PFPE) should be employed to facilitate the separation

of the stamp from the master template without the help of water.

2.5nm

(C) a-PFPE 2.5nm
v j 3

-2.5nm

Figure 19. Fabrication of an a-PFPE stamp by replication over DNA nanotubes. AFM height
images with corresponding cross-sectional analysis of DNA nanotubes deposited on a silicon
wafer (a) before and (b) after replication to an a-PFPE stamp, and (c) negative replicas of the
DNA nanotubes on the a-PFPE stamp of the same area. White lines on the AFM images indicate
where the cross-sections were determined. Scale bars represent 300 nm. Note: Image c is flipped
horizontally to match the orientation of those of the DNA master template.
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Figure 20. Stability of a DNA nanotube master template for multiple pattern replication process
to a-PFPE stamps. AFM height images with corresponding cross-sectional analysis of DNA
nanotubes in three different locations before (left) and after Sth (middle) and 10th (right) pattern
transfer to a-PFPE stamps of the same area. White lines on the AFM images indicate where the
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cross-sections were determined. Scale bars represent (a—f) 300 nm and (g—i) 1.5 pm.
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2.4.6 Long-term Stability of Nanoscale Features on a Polymer Stamp

The stability of the stamp is also crucial for its application of soft lithography. To assess the
stability of the features on PMMA, a DNA origami triangle-patterned PMMA stamp was imaged
immediately after being peeled off and again after 10 days of aging in the air (Figure 21). As
mentioned above, the depth and FWHM of the triangular trenches in the fresh PMMA film were
1.0 £ 0.2 nm and 26.5 £ 3.1 nm, respectively. After 10 days of aging in the air, the triangular
trenches were 0.9 + 0.1 nm in depth and 27.8 £ 2.8 nm in width. The 10 days of aging in the air
did not change the features on the PMMA film significantly. The PMMA stamps possess enough

stability for long-term storage.

(a) Height 25nm Phase 3.0° (b) Height 25nm Phase 3.0°
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Figure 21. Long-term stability of nanoscale features on a polymer stamp. AFM height (left) and
phase (right) images with corresponding cross-sectional analysis of a PMMA stamp (a)
immediately after being peeled off and (b) after 10 days of aging in the air. White lines on the
AFM images indicate where the cross-sections were determined. Scale bars represent 500 nm.

57



2.4.7 Application of a Polymer Stamp to Replica Molding

The resulting polymer stamp could serve as a mold to transfer the pattern to other materials.
Figure 22 shows the replica molding of nanotube patterns on a PMMA stamp into a photo-
curable a-PFPE.® In this experiment, the a-PFPE prepolymer solution was spin cast as a thin
film on the PMMA stamp with DNA nanotube relief and then cured under UV illumination. Due
to the low surface energy of a-PFPE, the PMMA and a-PFPE films could be separated. The DNA
nanotube patterns were observed on the a-PFPE film with a height of 2.5 + 0.5 nm and a width of
41.6 £ 6.9 nm, demonstrating a faithful pattern transfer from the PMMA stamp to the a-PFPE
polymer film (Figure 22). Compared with the DNA nanotube master template, both the
depth/height and width of the patterns on the PMMA and a-PFPE were smaller. The average
height/depth and width of the DNA nanotubes, PMMA trenches, and nanotube patterns on the a-
PFPE were 4.0 nm and 67.1 nm, 3.2 nm and 39.7 nm, and 2.5 nm and 41.6 nm, respectively. The
exact reason for this decrease in the dimensions is not clear at this stage. One possibility is that
the removal of the salt residues during the fabrication of the PMMA stamp leads to the smaller
size. We also note that a similar decrease in the feature size was previously reported on
replicating carbon nanotube patterns to a-PFPE and then to polyurethane.®® In addition, the
surface of the a-PFPE film has PMMA residues transferred from the PMMA stamp. The surface
roughness of the a-PFPE film was measured to be 322.7 pm, which is much larger than that of
the PMMA stamp (158.2 pm) before the pattern transfer although similar to that of the a-PFPE
stamp (412.8 pm) that was produced directly from the DNA master template and shown in
Figure 19. We attribute the high surface roughness of the a-PFPE film fabricated from the
PMMA stamp to the solubility of PMMA in the a-PFPE prepolymer solution during the molding

process and the intrinsic property of a-PFPE as the high surface roughness of this material was
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also reported before.*® Besides the PMMA stamp, the PLLA stamp could also serve as a mold to

transfer the pattern to the a-PFPE with comparable fidelity (Figure 23).

50nm

-5.0nm

Figure 22. Application of a PMMA stamp to replica molding. AFM height images with
corresponding cross-sectional analysis of (a) DNA nanotubes on a silicon wafer, (b) negative
replicas of the DNA nanotubes on a PMMA stamp, and (c) positive replicas of the DNA
nanotubes on an a-PFPE substrate transferred from the PMMA stamp by replica molding. White
lines on the AFM images indicate where the cross-sections were determined. Scale bars represent
300 nm. Note: Images a and b are also shown in Figure 7.
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Figure 23. Application of a PLLA stamp to replica molding. AFM height images with
corresponding cross-sectional analysis of (a) DNA nanotubes on a silicon wafer, (b) negative
replicas of the DNA nanotubes on a PLLA stamp, and (c) positive replicas of the DNA
nanotubes on an a-PFPE substrate transferred from the PLLA stamp by replica molding. White
lines on the AFM images indicate where the cross-sections were determined. Scale bars represent
300 nm.

Finally, we investigated the repeated use of the polymer stamp for the application of
replica molding. We found that the polymer stamp often delaminated from the PDMS backing
layer and/or broke during the separation of the stamp from the a-PFPE film. We attribute this
observation to the micrometer-scale thinness of the stamp and its low affinity to PDMS. We were
still able to verify that the nanoscale features on both the PMMA and PLLA stamps were not
damaged after molding the a-PFPE films (Figure 24) although the surface of the PMMA stamp
became rougher as the PMMA residues moved along with the a-PFPE film during the separation
process (Figure 24a). Therefore, the polymer stamp should be reusable if an alternative molding
process could be developed to protect the physical integrity of the polymer stamp. We note that
others have reported the repeated use of polymer stamps, including PMMA, for replica molding
and other nanoscale patterning applications.}*%47 Work is underway to fully explore the

applications of the polymer stamps that we produced in this study.
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Figure 24. Stability of nanoscale features on PMMA and PLLA stamps during replica molding.
AFM height (left) and phase (right) images with corresponding cross-sectional analysis of (a)
PMMA and (b) PLLA stamps after transfer of pattern to a-PFPE. White lines on the AFM
images indicate where the cross-sections were determined. Scale bars represent 300 nm.
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2.5 CONCLUSIONS

We have demonstrated a general method of fabricating polymer stamps using DNA
nanostructure master templates with high fidelity. DNA nanotubes, 1D A-DNAs, 2D DNA brick
crystals with 3D features, hexagonal DNA 2D arrays, and DNA origami triangles have been
tested as master templates to replicate their features to PMMA, PLLA and photo-crosslinked a-
PFPE. The resulting PMMA and PLLA stamps have been further applied as molds to transfer the
patterns to a-PFPE. In addition to replica molding, the polymer stamp can be potentially used in
many other applications, such as in particular contact printing of small molecules and
proteins 112113, 147148 Gjnce DNA master templates with diverse features can be rationally
designed and constructed, our method could enable the fabrication of polymer stamps with the
varieties of nanoscale features, some of which (e.g., alphabets) are inaccessible by other self-
assembly methods. The integration of DNA nanotechnology with soft lithography offers
alternative master templates and enriches the nanoscale features of polymer stamps to facilitate
their applications.

In our method, the separation of the polymer stamp from the DNA nanostructure master
template relies on using water to lower the adhesion between the film and the template. The
additional key advantages of our method are that any polymer with hydrophobicity and/or low
surface energy can be patterned with and easily peeled off of the DNA nanostructure master
template. Furthermore, the glass transition temperature (Tg) of the polymer does not have to be
above the temperature at which the polymer is spin-coated onto the master template, but just

above the temperature at which the patterned polymer is processed with further application.
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To apply DNA nanostructures in the scalable nanofabrication, the limitation of the large-
area patterning in our method must be overcome. High-throughput nano-patterning is important
for the nanofabrication and has been realized by electron-beam lithography****° and the directed
self-assembly of block copolymer.2528 However, the difficulties of controlling deposition of
DNA nanostructures and defects in the self-assembled DNA nanostructures limit their
applications in the large-area patterning. Further studies are still needed to address these
challenges. In addition, the technical issues associated with the repeated use of the polymer
stamp in our method need to be solved. At the current stage, this challenge could be compensated
by generating multiple copies of a polymer stamp based on a DNA master template. Ways to
increase the chemical and mechanical stability of the DNA nanostructure master template (e.g.,
by a conformal coating of an inorganic oxide film!%1%%) are being explored to further facilitate

the scalable nanofabrication using this template.
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3.0 INCREASING THE STABILITY OF DNA NANOSTRUCTURE TEMPLATE BY
ATOMIC LAYER DEPOSITION OF ALUMINIUM OXIDE AND ITS APPLICATION

IN IMPRINTING LITHOGRAPHY

3.1 CHAPTER PREFACE

Materials contained in this chapter were published as a research article in Beilstein Journal of
Nanotechnology Thematic Series “Nanoscale patterning and characterization’; figures used in
this chapter have been reprinted from: Beilstein Journal of Nanotechnology, 2017, 8, pp 2363—

2375.
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3.2 INTRODUCTION

In 1982, Seeman first introduced the idea of utilizing DNA to build a mechanically robust
nanostructure.>® Since then, the field of structural DNA nanotechnology has evolved remarkably
from immobile Holliday junctions to complex shapes fabricated from single-stranded tiles.%? 11
Through rational design, the self-assembly of DNA can be brought into almost any shape with
nanometer-scale precision and accuracy. Examples of such structures are one-dimensional
(1D),%1: 72 119120 two-dimensional (2D),3% 4 %% 121 and three-dimensional (3D)* 43 73 151
nanostructures with diverse and complex features. Therefore, self-assembled DNA
nanostructures are considered to be ideal templates for nanofabrication because it is easy to
control their structural complexity and diversity at the nanoscale.

Many approaches have been developed to use DNA nanostructures as templates to
pattern a wide range of materials, such as proteins,®® 883 carbon nanotubes,®®" and metal
nanoparticles®® 8% 94 9. 127130 throygh the direct assembly of these materials onto the DNA
nanostructures. Metallized DNA nanostructures have been used to pattern graphene.'®! DNA
nanostructures have also been used as masks. The patterns of 1D DNA nanotubes and 2D DNA
arrays were replicated to metal films by metal evaporation onto the DNA nanostructures and
subsequent lift-off of the metal films.2%° Aligned DNA molecular bundles were used as shadow
masks for angled metal vapor deposition and the exposed substrate within the shadow gaps was
etched to generate trenches with linewidths of sub-10 nm resolution.}®* By differentiating the
adsorption of water between DNA nanostructures and a SiO» substrate, the rates of HF vapor-
phase etching of the SiO2 substrate®? and of chemical vapor deposition of SiO2 and TiOz on the
DNA nanostructures and the substrate!®® were modulated to replicate the patterns of the DNA

nanostructures into those of the inorganic oxides. In both cases, the patterns of the nanostructures
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were transferred in both positive and negative tone at room temperature. Similarly, DNA
nanostructures were likewise used in the anhydrous HF vapor etching of a SiO; substrate,
producing the positive imprints of the DNA nanostructures with sub-10 nm resolution.’** DNA
nanostructures were also converted into carbon nanostructures with shape conservation by
atomic layer deposition of Al,O3 onto the nanostructures followed by thermal annealing.!®® In
addition to the 2D pattern transfer processes, gold nanoparticles with specified 3D shapes were
synthesized by growing seed particles in the internal cavities of 3D DNA nanostructures.%8-°
Compared to the above developments, there are only a limited number of studies of using
DNA nanostructures as master templates for soft lithography. Soft lithography relies on
elastomeric stamps or molds bearing fine features of relief on their surfaces to transfer
patterns.!'® The spatial resolution and diverse features of the relief structures on the stamps
intrinsically limit the application of soft lithography. Thus, the preparation of master templates,
where the stamps are derived, has become an important research area. State-of-the-art
technologies for the fabrication of the master templates are deep ultraviolet lithography (DUV)
and electron-beam lithography (EBL). However, both lithography techniques are not suitable to
provide sub-10 nm resolution. DUV with ArF lasers (A = 193 nm) and water immersion lenses is
not able to provide a structure with spacing less than 40 nm because of its diffraction-limited
resolution.’®? Although EBL is capable of reaching resolutions below 10 nm,* it is difficult to
produce the master templates in larger numbers because of its high cost.14%-1%0: 153 |n 2015, the
aligned patterns of natural salmon milt DNA bundles were first transferred to negative replicas
on an unsaturated polyester resin, which were further used to pattern positive replicas on a water-
swollen polyacrylamide gel.1%® However, the shape of the DNA bundles is limited to 1D patterns,

and their dimensions are relatively large compared to the resolution of the state-of-the-art
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lithographic techniques. The average height and width of the DNA bundles were 90.5 + 3.1 nm
and 879 + 23 nm, respectively.

Taking one step further in this direction, we have recently used DNA nanostructures as
master templates for a direct pattern transfer to polymers with high diversity, complexity, and
fidelity.™ A wide range of DNA nanostructures, including DNA nanotubes, 1D A-DNAs, 2D
DNA brick crystals with 3D features, hexagonal DNA 2D arrays, and DNA origami triangles,
were tested for the pattern replication process to poly(methyl methacrylate) (PMMA), poly(L-
lactide) (PLLA), and photo-cross-linked acryloxy perfluoropolyether (a-PFPE). The resulting
negative imprints of the DNA nanostructures on the PMMA and PLLA polymer stamps further
served as molds to transfer the patterns to positive imprints on a-PFPE films. In our method, the
separation of the polymer film from the DNA nanostructure master template relies on using
water to lower the adhesion between the film and the template. The key advantage of our method
is that any polymer with hydrophobicity and/or low surface energy can be patterned with the
DNA nanostructure master template. Furthermore, because the method uses spin-coating instead
of hot-pressing, it is compatible with polymers having a wide range of glass transition
temperatures (Ty).

With our method, polymer stamps can be made with nanoscale features of dimensions
ranging from several tens of nanometers to micrometers by logically designing and synthesizing
DNA nanostructures. Our approach has one substantial technical problem, however, which is
that the DNA nanostructure master templates cannot be used in a repetitive manner. The DNA
nanostructures were partially damaged during the release of the PMMA and PLLA hydrophobic
stamps from the hydrophilic master template. It still remains a challenge to develop an approach

to increase the stability of the DNA nanostructure master templates.
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In this paper, we establish a method to increase the chemical and/or mechanical stability
of DNA nanostructure master templates by a nanometer-thin conformal coating of a protective
inorganic oxide film grown by atomic layer deposition (ALD). We test the stability of DNA
nanotube master templates with an Al.Os layer against repeated pattern transfer, long-term
storage and exposure to UV/Oz. The effect of thickness of the Al.Osz layer on the qualities of

pattern transfer and shape conservation is also explored.

68



3.3 EXPERIMENTAL SECTION

3.3.1 Materials

Silicon wafer [Si (110), with native oxide] and M13mp18 scaffold strand for DNA origami
triangles were purchased from University Wafers (South Boston, MA) and Bayou Biolabs
(Metairie, LA), respectively. Staple strands for the DNA origami triangles and single strand for
DNA nanotubes were synthesized by Integrated DNA Technologies (Coralville, 1A). 2-Amino-2-
(hydroxymethyl)-1,3-propanediol (Trizma base), ethylenediaminetetraacetic acid (EDTA),
magnesium acetate tetrahydrate, sulfuric acid, hydrogen peroxide solution (30% H»0y), and
poly(L-lactide) were purchased from Sigma-Aldrich (St. Louis, MO). Acetic acid (glacial),
dichloromethane, and ethanol were purchased from Fisher Scientific (Fair Lawn, NJ), Acros
Organics (Fair Lawn, NJ), and Decon Laboratories, Inc. (King of Prussia, PA), respectively.
Polydimethylsiloxane (PDMS) backing stamp was fabricated with Sylgard 184 silicone
elastomer kit (Dow Corning, Midland, MI). All materials were used as received. High-purity
water (18.3 MQ) was used throughout the entire experiment by using a Barnstead MicroPure

Standard water purification system (Thermo Scientific, Waltham, MA).
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3.3.2 Preparation of a Silicon Wafer

A silicon wafer with a native oxide layer was cleaned by hot piranha solution [7:3 (v/v)
concentrated H2SO4/30% H20>]. After H.O> was slowly added to concentrated H>SOj4 in a glass
petri dish containing the silicon wafer, a glass cover was placed and a heating plate was set to
40 °C. After 20 minutes, the heating plate was turned off and the piranha solution was allowed to
cool down for an additional 10 minutes. The wafer was thoroughly washed with deionized water
and dried with N2 gas. Warning: Piranha solution is a strong oxidizing reagent and reacts
violently with organic materials. All work should be handled in a fume hood with extra caution.

Proper protective equipment is required.

3.3.3 Preparation of a PDMS Backing Film

PDMS precursor was mixed with curing agent at a 9:1 (v/v) ratio. The prepolymer mixture was
vigorously stirred by hand at least for 5 minutes and degassed in a vacuum desiccator. The
mixture was poured over a piranha cleaned silicon wafer. The wafer with the mixture was placed
in the vacuum desiccator for further degassing. The PDMS prepolymer on the silicon wafer was

cured for 1 hour at 60 °C. The thickness of the resulting PDMS layer was ca. 1-2 mm.
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3.3.4 Preparation and Deposition of DNA Nanostructures on a Silicon Wafer

3.3.4.1 Preparation and deposition of DNA nanotubes on a silicon wafer

The design and assembly of DNA nanotubes followed a previously published procedure.l?®
Single strands of DNA nanotubes were diluted to a final concentration of 1 pM in 10 X
TAE/Mg?* buffer (125 mM Mg?*). The DNA single strand solution was slowly cooled from 95
to 23 °C over 2 days and stored at 4 °C overnight. The annealed DNA nanotubes were assembled
on a clean silicon wafer by incubating the DNA nanotube solution on the wafer for a minimum
of 15 minutes in a humid chamber to minimize the evaporation of the buffer solution. The
sample was dried with N2 gas, immersed in an ethanol/water [9:1 (v/v)] solution for 10 seconds
to remove ionic salt residues from the buffer solution, and re-dried with N2 gas. After the
deposition, the DNA nanotube master template was processed with ALD of Al.Oz within 24

hours.

3.3.4.2 Preparation and deposition of DNA origami triangles on a silicon wafer

DNA origami triangles were designed and assembled following a formerly reported method.3®
M13mp18 scaffold strand (8.6 uL, 1.6 nM) was thoroughly mixed with a desired set of synthetic
232 short staple strands (15 pL, 16 nM), deionized water (77 pL), and TAE/Mg?* buffer solution
(181 pL). The buffer solution was prepared by dissolving Trizma base (40 mM), EDTA (2 mM),
acetic acid (2mM), and magnesium acetate tetrahydrate (150 mM) in deionized water and further
diluting the solution to make the final concentration of magnesium ions 12.5 mM. The DNA
solution was cooled from 95 to 20 °C at a rate of 1 °C/min. After the annealing, excess staple
strands were removed by purifying 140 pL of the DNA origami triangle solution using 500-600

uL of the TAE/Mg?* buffer in a Microcon YM-100 100 kDa MW centrifuge filter (Millipore,
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Billerica, MA) on a single-speed benchtop Galaxy Ministar microcentrifuge (VWR, Radnor, PA)
until the final volume of the DNA origami triangle solution was the same as before the
purification. This rinsing process was repeated two more times.

DNA origami triangles were assembled on a clean silicon wafer by incubating the
purified DNA solution on the wafer for a minimum of 15 minutes in a humid chamber to
minimize the evaporation of the buffer solution. The sample was dried with N2 gas, immersed in
an ethanol/water [9:1 (v/v)] solution for 3 seconds to remove ionic salt residues from the buffer
solution, and re-dried with N2 gas. After the deposition, the DNA origami triangle master

template was processed with ALD of Al,O3 within 24 hours.

3.3.5 Atomic Layer Deposition (ALD) of Al20s3 as a Protective Inorganic Film on a DNA

Master Template

ALD of Al,03 on a DNA/SIO2 substrate followed a previously published method.!® ALD was
conducted using a Fiji ALD system by Norman Gottron in Nanofabrication Facility at Carnegie
Mellon University (Ultratech/CNT, Waltham, MA). The chamber and substrate heaters were set
to 200 °C. Total Ar gas flow was at 260 sccm and 200 mTorr. Trimethylaluminum (TMA) and
H>0O were used as precursors and one ALD cycle consisted of a 0.06 s long TMA pulse, a 10 s
long interval, a 0.06 s long H20 pulse and a 10 s long interval. The deposition was looped 20
times, 50 times, and 200 times for the 2 nm, 5 nm, and 20 nm preset deposition thickness of the

oxide films, respectively.
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3.3.6 Fabrication of a PLLA Stamp by Replication over DNA Nanostructures with a

Protective Al.O3 Film

PLLA stamps were fabricated following our previously demonstrated procedure.’® PLLA in
dichloromethane solution (3 wt. %) was spin-coated four times onto a DNA nanostructure master
template with an Al>O3z film at 4000 rpm for 30 seconds. Around the edges of the PLLA film, the
surface perimeter of the PLLA film with a width of ca. 1 mm were scraped off to expose the
underlying template. A PDMS layer with a thickness of ca. 1-2 mm was placed on top of the
PLLA film as a backing support. Droplets of water were added to the exposed edges of the
template. If the water droplets filled out the interface between the PLLA film and the PDMS
backing stamp, they were removed using a paper wiper to increase the adhesion between the
polymer film and the backing stamp. After a minute, the PDMS/PLLA film was peeled off and

the surface of the PLLA film was gently dried with N> gas.

3.3.7 UV/Ozone Treatment

A DNA nanotube master template with an Al,Os film was placed in a PSD Pro 4 Digital UV
Ozone Cleaner (Novascan Technologies, Inc., Ames, 1A). Before UV irradiation, the chamber
was flushed with O> for 3 minutes, and the sample was subjected to UV/Oz treatment for 1 hour

at room temperature.
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3.3.8 Characterization

3.3.8.1 Ellipsometry

The experimental thickness of an AlOsz film was measured by an Alpha-Spectroscopic
Ellipsometer with Complete Ease Software using Cauchy model (JA Woollam Co., Lincoln, NE).
The duration time was “Standard” and the measurement angle was 70°. For each sample, the
average thickness of the Al,Os layer was obtained by measuring the thickness with mean square

error values below 5 at five different locations.

3.3.8.2 Atomic force microscopy (AFM)

The surface morphologies of a DNA nanostructure master template and a PLLA stamp at each
step of fabrication process were imaged using tapping-mode on an MFP-3D atomic force
microscope with RTESPA-300, NSC15/Al BS, or SSS-FMR-SPL AFM probe in air at room
temperature (Oxford Instruments Asylum Research, Inc., Santa Barbara, CA). The RTESPA-300
(300 kHz, 40 N/m) and NSC15/AL BS (325 kHz, 40 N/m) AFM probes were purchased from
Bruker (Camarillo, CA) and MikroMasch (Lady’s Island, SC), respectively, and used to scan the
DNA nanotube master templates and the corresponding PLLA stamps. The SSS-FMR-SPL AFM
probe (75 kHz, 2.8 N/m) was purchased from NanoAndMore USA (Watsonville, CA) and was

used to scan the DNA origami triangle master templates and the corresponding PLLA stamps.
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34  RESULTS AND DISCUSSION

3.4.1 General Fabrication Process of a Polymer Stamp using a DNA Nanostructure

Master Template with a Protective Al2O3 Film

A DNA nanostructure master template with a protective Al,Oz film and a corresponding PLLA
stamp were adapted from our previously published method®™* and the fabrication process is
shown in Figure 25. DNA nanostructures were deposited onto a silicon wafer with native oxide
that was cleaned by piranha solution (Figure 25a). The entire surface of the DNA nanostructure
master template was coated with a layer of Al.Oz by atomic layer deposition (ALD) (Figure 25b).
After the ALD process, PLLA solution in dichloromethane (3 wt. %) was spin-coated onto the
template to prepare a PLLA film (Figure 25c). Around the edges of the silicon wafer, the PLLA
film was scraped off with a blade and the silicon wafer underneath the PLLA film was revealed
(Figure 25d). A PDMS layer was placed on top of the PLLA film serving as a flexible backing
support to assist in the separation of the polymer film from the template (Figure 25e). Drops of
water were added to the exposed edges of the template, separating the hydrophobic PLLA film
from the hydrophilic master template by penetration of the interface between them. After one
minute, the PDMS/PLLA film was peeled off and the negative replica of positive pattern of the
DNA nanostructure master template formed on the sub-surface of the PLLA film that was in

conformal contact with the DNA (Figure 25f).
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Figure 25. General fabrication process of a polymer stamp using a DNA nanostructure master
template with a protective Al>Os film. (a) DNA nanostructures are deposited on a silicon wafer.
(b) The silicon wafer is coated with Al,O3 by atomic layer deposition. (c) A polymer film (e.g.,
PLLA) is spin-coated onto the silicon wafer. (d) The four edges of the polymer film (ca. 1 mm
wide) are scraped off with a blade. (e) A PDMS layer is adhered to the polymer film as a backing
support. (f) Droplets of water are added to the exposed edges of the silicon wafer and the
PDMS/PLLA film is peeled off.

3.4.2 Fabrication of a PLLA Stamp by Replication over a DNA Nanotube Master

Template with a 2 nm or 5 nm Al203 Film

3.4.2.1 Fabrication of a PLLA stamp by replication over a DNA nanotube master template
with a 2 nm Al2Os film and long-term stability of nanoscale features on a polymer stamp

We first evaluate the fabrication process using a self-assembled DNA nanotube template. These
DNA nanotubes are 30-70 nm in width and up to 60 pm in length.'*® The nanotubes are
collapsed after deposition onto a silicon wafer, showing an average height (n = 10) of 3.4 £ 0.1
nm by atomic force microscopy (AFM). The surface topography of the DNA nanotube master
template before (Figure 26a) and after (Figure 26b) deposition of a ca. 2 nm thick Al,O3 layer
and the corresponding PLLA film (Figure 26¢) were characterized by AFM. On the DNA
nanotube master template, single DNA nanotubes are observed along with some bundles. After

the PLLA stamp was peeled off, the negative replicas of the DNA nanotubes were observed on
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the polymer stamp, demonstrating a faithful replication process. To quantify the degree of
conservation of the surface topography, height/depth and full width at half maximum (FWHM)
were measured in four different locations in the AFM images and compared at the same
locations throughout the fabrication process (Figure 26f,g). Taking location 1 as an example, the
height of the DNA nanotube before (3.73 nm) and after (3.39 nm) the ALD of Al>O3 film was in
good agreement with the average depth of the trench (3.32 nm, measured three times at location
1 over a 15 day period) on the PLLA stamp. The FWHM of the nanotube (46.99 nm) slightly
decreased after the ALD (41.14 nm) but was significantly larger than the average FWHM of the
trench (23.50 nm) on the polymer stamp. The decrease of the FWHM after the ALD is suspected
to be due to the dehydration of the nanotube during the ALD process and/or the differences in
the probe-substrate and probe-sample interactions of individual AFM tips, which can give the
different measurements of the same sample. We attribute the decrease in the FWHM from the
DNA nanotube master template to the PLLA stamp to the AFM probe convolution effect. These
results confirm a faithful pattern transfer from the DNA nanotube master template to the PLLA
stamp through the ALD of Al>Os layer on the template with high fidelity. Moreover, the
patterned PLLA stamp was found to be stable at room temperature. We stored the stamp in a
plastic petri dish and imaged it again after 1 week (Figure 26d) and 2 weeks (Figure 26e) at the
same location. Both the depth and FWHM of the trenches along with cross-sectional analysis on
the PLLA stamp at the four locations remained consistent, demonstrating the long-term stability

of the PLLA stamp.
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Figure 26. Fabrication of a PLLA Stamp by replication over a DNA nanotube master template
with a 2 nm Al>Oz film and long-term stability of nanoscale features on a polymer stamp. AFM
height images with corresponding cross-sectional analysis of DNA nanotubes after (a) deposited
on a silicon wafer and (b) 20 cycles of ALD of AlOs, and negative replicas of the DNA
nanotubes on a PLLA stamp imaged (c) 1, (d) 8, and (e) 15 days after pattern transfer of the
same area. White lines on the AFM images indicate where the cross-sections were determined.
(f) Height/depth and (g) FWHM of the DNA nanotubes and their replica trenches in four
different locations of the images from a to e. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4
in the cross-sections of images a and c. Scale bars represent 500 nm. Note: The images from c to
e are diagonally flipped to match the orientations of images a and b.
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3.4.2.2 Stability of a DNA nanotube master template with a 2 nm Al2O3 film for multiple
pattern replication process to polymer stamps

As mentioned earlier, the most critical challenge of using a DNA master template without a
protective film is the potential damage to the DNA during the separation of the polymer film
from the template.'> We attribute such damage to the water used to assist in the separation. The
DNA nanostructures were still damaged even if we replaced the water with the buffer solution
that was used to synthesize and store the DNA nanostructures (Figure 27). To evaluate the
effectiveness of the protective Al,Oz film on the DNA master template, we imaged the DNA
nanostructures in the same location after deposited on a silicon wafer, after 20 cycles of ALD of
Al>03, and after 1st, 2nd, 3rd, 4th and 5th replication to PLLA stamps (Figures 28a—g and 29a—f).
As the AFM images indicate, the surface morphology of the DNA template was still well
maintained after the 1st pattern transfer (Figures 28c and 29b), showing that the stability of the
nanostructures was increased by the ca. 2 nm thick Al.Oz film. However, as the replication
process was repeated another four more times, the overall height of the DNA nanostructures
decreased although their shape was unchanged. To highlight the change in the height of the DNA
nanostructures, we plot the height distribution of the AFM images in Figure 28i. The height
difference between the absolute maximum peak (which represents the background silicon wafer)
and the next relative maximum peak (which represents the height of the DNA nanotubes)
significantly decreased during the 3rd replication process. The height and FWHM with cross-
sectional analysis of the DNA template at the three same locations further support the change in
the height of the template (Figure 28j,k). The FWHM at all three locations was comparable
during the 3rd replication process. The height of the DNA nanotube bundle decreased from 10.90

nm to 7.12 nm, while the height of the single DNA nanotubes decreased from 3.97 nm and 3.70
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nm to 3.32 nm and 2.85 nm, respectively. These results indicate that the higher feature (decrease
of ca. 35% of its initial height) on the template is less mechanically stable than the lower one
(decrease of ca. 15% of its initial height). Along this direction, holes were also formed after the
2nd and 5th pattern transfer to the PLLA stamps, highlighted by the yellow arrows (Figure 29c,f).
The AFM height and phase images with cross-sectional analysis of the hole after the 5th pattern
transfer show that the depth of the hole matched well to the thickness of the Al>Os layer and the
bundle of the DNA nanotubes originally presented in the hole was removed, possibly by the
water used during the separation of the stamp (Figure 29h,i). Overall, the protective 2 nm Al203

layer marginally increases the stability of the DNA nanostructures.

-2.5nm

Figure 27. Stability of a DNA nanotube master template without a protective inorganic oxide
film during multiple pattern replication processes using 1 x TAE/Mg?* buffer. AFM height
images of DNA nanotubes in the same location of a silicon wafer (a) before and after (b) 1st, (c)
2nd, and (d) 3rd pattern transfer to PLLA stamps using 1 x TAE/Mg?* buffer. The bottom row
contains the zoomed-in views of the areas in the yellow dashed boxes in the top row. Scale bars
represent (top row) 3 um and (bottom row) 500 nm.
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Figure 28. Stability of a DNA nanotube master template with a 2 nm Al>O3 film for multiple
pattern replication processes to polymer stamps and removal of polymer residues with UV/Os
treatment. AFM height images with corresponding cross-sectional analysis of DNA nanotubes in
the same location after (a) deposited on a silicon wafer, (b) 20 cycles of ALD of Al>QOs, (c) 1st,
(d) 2nd, (e) 3rd, (f) 4th, and (g) 5th pattern transfer to PLLA stamps, and (h) UV/Os treatment for
1 h and washing with deionized water. White lines on the AFM images indicate where the cross-
sections were determined. (i) Histograms of the AFM height images from a to h. (j) Height and
(k) FWHM of the DNA nanotubes in three different locations of the images from a to h.
Locations 1, 2, and 3 correspond to 1, 2, and 3 in the cross-section of image a. Scale bars
represent 500 nm. Note: The DNA master template was contaminated before the 5th spin coating
of PLLA in dichloromethane solution. Images a and b are also shown in Figure 26.
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Figure 29. Stability of a DNA nanotube master template with a 2 nm Al.O3 film for multiple
pattern replication process to polymer stamps over an area of 30 x 30 um? and removal of
polymer residues with UV/Os treatment. AFM height images of DNA nanotubes in the same
location of a silicon wafer after (a) 20 cycles of ALD of Al2Os, (b) 1st, (c) 2nd, (d) 3rd, (e) 4th,
and (f) 5th pattern transfer to PLLA stamps, and (g) UV/Os treatment for 1 h and washing with
deionized water. Holes formed by the breakage of the Al>Os film are indicated by the yellow
arrows. AFM (h) height and (i) phase images with corresponding cross-sectional analysis of the
area in the yellow dashed box in image g. White lines on the AFM images indicate where the
cross-sections were determined. Scale bars represent (a—g) 4 um and (h,i) I um. Note: The DNA
master template was contaminated before the 5th spin coating of PLLA in dichloromethane
solution.
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3.4.2.3 Removal of polymer residues on a DNA nanotube master template with a 2 nm
Al20s3 film with UV/Os treatment

Being able to clean the master template is also important for its repeated use. During the five
pattern transfers to the PLLA stamps, the surface of the DNA master template was contaminated
with polymer residues (Figure 28g, lower middle area). To verify whether the polymer residues
on the DNA master template can be removed with UV/O3 treatment, after the 5th replication
process, the template was subjected to UV/Os cleaning for an hour, washed with deionized water,
and dried with N2 gas (Figures 28h and 29g). The AFM images before and after the treatment
show that the morphology of the DNA template was not altered while the polymer residues were
removed. The height difference between the absolute maximum peak and the next relative
maximum peak in the histogram of the AFM image, however, significantly decreased from 2.28
nm to 1.69 nm (Figure 28i). The height of the DNA nanotubes at the three same locations
decreased from 3.72 nm, 7.58 nm, and 3.29 nm to 2.87 nm, 6.07 nm, and 2.78 nm, respectively
(Figure 28j). The FWHM at these locations also decreased from 52.88 nm, 287.94 nm, and 99.89
nm to 46.98 nm, 281.87 nm, and 93.96 nm, respectively (Figure 28Kk). These results suggest that
although the UV/O3 treatment is able to eliminate the organic residues on the surface of the
master template, the DNA nanostructures beneath the 2 nm of Al>Oz coating are likely damaged

by the oxidation by Os.
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3.4.2.4 Long-term stability of a DNA nanotube master template with a 2 nm Al20s3 film

The long-term stability of the ALD-coated template was also studied. We kept the template in a
plastic petri dish that was stored in a common lab bench drawer for 40 days. The AFM images
with corresponding cross-sectional analysis were scanned in the same location of the template at
the beginning and the end of this period (Figure 30a,b). Not surprisingly, the 40 days of aging in
air did not alter the surface topography of the DNA nanostructure master template. While the
height of the DNA nanotubes at four different locations remained consistent (Figure 30c), the
FWHM at these locations slightly decreased (Figure 30d). We speculate that the decrease in the
FWHM results from the differences between the AFM probe convolution effects of individual
tips because the decreases are similar to the resolution limit of the AFM image (i.e., one or two
pixels in the AFM images). At room temperature, solid-state DNA undergoes degradation and/or
aggregation within 30 days when it is exposed to atmospheric water and oxygen.***° Compared
to DNA, which is a soft material, Al.O3 is much more stable and robust. Through the
conformational coating of Al>Og, the shelf life of the DNA nanotubes is assumed to be increased
while maintaining their morphology longer than the nanotubes without a protective film. Overall,
the 20 cycles of ALD of Al>O3 allow the DNA nanostructure master template to possess enough

chemical stability for long-term storage.
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Figure 30. Long-term stability of a DNA nanotube master template with a 2 nm Al>Oz film.
AFM height images with corresponding cross-sectional analysis of DNA nanotubes in the same
location of a silicon wafer at the (a) beginning and the (b) end of 40 day period. White lines on
the AFM images indicate where the cross-sections were determined. (¢) Height and (d) FWHM
of the DNA nanotubes in four different locations of images a and b. Locations 1, 2, 3, and 4
correspond to 1, 2, 3, and 4 in the cross-section of image a. Scale bars represent 500 nm.
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3.4.2.5 Stability of a DNA nanotube master template with a 5 nm Al2O3 film for multiple
pattern replication process to polymer stamps and removal of polymer residues with
UV/Os3 treatment

The ca. 2 nm thick Al>O3 layer increased the mechanical stability of the DNA nanotube master
template to only a limited extent. To verify whether the mechanical stability of the template can
be strengthened with the increased thickness of the Al,O3 layer while preserving its nanoscale
morphology, a ca. 5 nm thick Al.Os layer was deposited onto the template, and the reusability
and morphology conservation were evaluated. The DNA nanostructures in the same location
were scanned with AFM after deposition on a silicon wafer, 50 cycles of ALD of Al>Os, and 1st
and 5th replication to PLLA stamps, then exposed to UV/O3 treatment, washed with deionized
water, and dried with N2 gas (Figures 3la—e and 32a—c). Throughout each stage of the
fabrication process, we analyzed the height difference between the absolute maximum peak and
the next relative maximum peak in the histogram and height and FWHM at four different
locations; all these data showed little change throughout the fabrication process (Figure 31f-h).
The ca. 5 nm thick Al2Os film is impermeable to Oz and protects the underlying DNA
nanostructures against the UV/Os oxidation. Also, no holes due to the breakage of the protective
Al>03 film were found, demonstrating that the both chemical and mechanical stabilities of the
DNA nanostructure master template improve with a thicker Al,O3 layer. The direct comparison
of the height differences between the maximum peaks of the histograms of the 20 and 50 cycles
of ALD of Al,O3 through the multiple pattern transfer clearly shows the increased stability of the
ca. 5 nm thick Al203 film compared to the ca. 2 nm thick film (Figure 33). We note that the
polymer residues were not observed on the surface of the DNA nanotube master template with

the ca. 5 nm thick Al>Os film even after the 5th replication. The surface roughness of Al2Os film
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grown using ALD slowly increases as the number of cycles goes up.®” Therefore, it does not
cause the reduced polymer adsorption on the 5 nm thick Al,Os film. Further study is needed to

elucidate the difference between the 2 nm and 5 nm of Al>Os films.
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Figure 31. Stability of a DNA nanotube master template with a 5 nm Al.O3 film for multiple
pattern replication process to polymer stamps and removal of polymer residues with UV/O3
treatment. AFM height images with corresponding cross-sectional analysis of DNA nanotubes in
the same location after (a) deposited on a silicon wafer, (b) 50 cycles of ALD of Al>Og, (c) 1st
and (d) 5th pattern transfer to PLLA stamps, and (e) UV/Oz treatment for 1 h and washing with
deionized water. White lines on the AFM images indicate where the cross-sections were
determined. (f) Histograms of the AFM height images from a to e. (g) Height and (h) FWHM of
the DNA nanotubes in four different locations of the images from a to e. Locations 1, 2, 3, and 4

correspond to 1, 2, 3, and 4 in the cross-section of image a. Scale bars represent 500 nm.
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Figure 32. Stability of a DNA nanotube master template with a 5 nm Al.O3 film for multiple
pattern replication process to polymer stamps over an area of 30 x 30 um? and removal of
polymer residues with UV/Os treatment. AFM height images of DNA nanotubes in the same
location of a silicon wafer after (a) 50 cycles of ALD of Al.O3 and (b) 1st and (c) 5th pattern
transfer to PLLA stamps. Scale bars represent 4 um.
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Figure 33. Comparison of the height differences between the maximum peaks of the histograms
in Figures 28i and 31f.

3.4.3 Fabrication of a PLLA Stamp by Replication over a DNA Origami Triangle Master

Template with a 2 nm or 5 nm Al203 Film

The DNA nanotubes tested above are simple one-dimensional linear structures. To evaluate the
effectiveness of a protective conformational coating on complex patterns, DNA origami triangle
nanostructures were employed as master templates for the pattern transfer to PLLA stamps. The
DNA origami triangle is a single layer of DNA double strands and has a theoretical height of 2
nm (Figure 11a).% The triangle consists of three trapezoidal domains formed by folding an
M13mp18 scaffold strand with short synthetic staple strands. Among the three trapezoidal
domains, one has a dangling loop. These domains are further connected to each other by bridging
the edges of the domains with the staple strands. There are three holes at each of the vertex and
one large triangular hole in the center of the DNA origami triangle. The AFM images show that
the three holes at the vertex, the central triangular hole, and the dangling loop were clearly

visible before and after ALD, and after replication process with both ca. 2 nm and ca. 5 nm thick
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Al>O3 layers (Figure 34a,b,d). Through these steps, the three holes at the vertex were frequently
seen as a linear gap and the depth of the holes or the linear gap was much smaller than the height
of the nanostructures due to the limited resolution of the AFM images. The vertex with the holes
or the linear gap was highlighted by the blue dots (Figures 35d and 36d). The dangling loop was
also highlighted by the yellow arrows (Figures 35a,d and 36a,d). The loop might not be seen in
some DNA origami triangles if the loop was folded above or beneath the DNA structures.
According to the cross-sectional analysis of the AFM images, the average height, FWHM, inner
length and outer length of the DNA origami triangles remained comparable throughout the
replication process including the ALD (Figure 37). All these results prove that the protective 2
nm and 5 nm of Al>Os films successfully preserves the surface morphology of the complex DNA

origami triangle nanostructures.
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Figure 34. Fabrication of a PLLA Stamp by replication over a DNA origami triangle master
templates with 2 nm and 5 nm Al>Os films. AFM height images with corresponding cross-
sectional analysis of DNA origami triangles after (a) deposited on silicon wafers, (b) 20 cycles
(top) or 50 cycles (bottom) of ALD of Al,Oz, and (d) pattern transfer to PLLA stamps, and (c)
negative replicas of the DNA origami triangles on the PLLA stamps. White lines on the AFM
images indicate where the cross-sections were determined. Scale bars represent 200 nm.
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Figure 35. Analysis of dangling loops and vertices of a DNA origami triangle master template
with a 2 nm Al>Os film and a PLLA stamp. AFM height images with corresponding cross-
sectional analysis of (a) DNA origami triangles deposited on a silica wafer after 20 cycles of
ALD of Al>0s3 and (b,c) negative replicas of the DNA origami triangles on a PLLA stamp. White
lines on the AFM images indicate where the cross-sections were determined. The dangling loops
are indicated by the yellow arrows. Red cursors in the AFM images and corresponding cross-
sections define the outer sides of the vertices that are measured. In image b, the bump appears in
the zoomed-in curve valley of the cross-section (bottom), confirming the presence of the bump at
the vertex. In image c, the bump does not appear at the curve valley, indicating that no bump
exists in the vertex. Zoomed-in AFM images of (d) DNA origami triangles and (e) their negative
replicas. The dangling loops and vertices with the holes/lbumps are indicated by the yellow
arrows and blue dots, respectively. Scale bars represent (a—c) 200 nm and (d,e) 100 nm. Note:
Images b and c are identical. Image b is rotated 90° clockwise to match the orientation of its
corresponding cross-section. The images from a to ¢ are also shown in Figure 34.
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Figure 36. Analysis of dangling loops and vertices of a DNA origami triangle master template
with a 5 nm Al>Os film and a PLLA stamp. AFM height images with corresponding cross-
sectional analysis of (a) DNA origami triangles deposited on a silica wafer after 50 cycles of
ALD of Al>0s3 and (b,c) negative replicas of the DNA origami triangles on a PLLA stamp. White
lines on the AFM images indicate where the cross-sections were determined. The dangling loops
are indicated by the yellow arrows. Red cursors in the AFM images and corresponding cross-
sections define the outer sides of the vertices that are measured. In image b, the bump appears in
the zoomed-in curve valley of the cross-section (bottom), confirming the presence of the bump at
the vertex. In image c, the bump does not appear at the curve valley, indicating that no bump
exists in the vertex. Zoomed-in AFM images of (d) DNA origami triangles and (e) their negative
replicas. The dangling loops and vertices with the holes/lbumps are indicated by the yellow
arrows and blue dots, respectively. Scale bars represent (a—c) 200 nm and (d,e) 100 nm. Note:
Images b and c are identical. Image b is rotated 90° clockwise to match the orientation of its
corresponding cross-section. Images b and c are also shown in Figure 34.
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Figure 37. Yield of shape conservation process of a DNA origami triangle master template by
ALD and pattern replication process to a PLLA stamp. Average (a) height, (b) FWHM, (c) inner
length, and (d) outer length (n = 10) of features on DNA origami triangle master templates with 2
nm and 5 nm Al;O3 layers and PLLA stamps at each step of fabrication process, after (DNA)
DNA origami triangles were deposited on silicon wafers, (ALD) ALD of Al>O3, and (After)
pattern transfer to PLLA stamps, and (PLLA) their negative replicas on the PLLA stamps.
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After the replication process, triangular trenches resembling the shape of the DNA
origami triangles were formed on the PLLA films (Figure 34c). Compared to the dimensions of
the DNA triangles with the protective layers on the templates, the average depth of the trenches
remained consistent with the average height of the triangles (Figure 37a). Due to the AFM probe
convolution, however, the average outer length (the edge length of the trench measured outside
of the triangle) and FWHM of the triangular trenches decreased and the average inner length of
the trenches increased (Figure 37b—d). Both of the patterns corresponding to the dangling loop
and the three holes at the vertex were transferred to the PLLA stamps, but they were difficult to
find in the trenches compared to the original features on the templates (Figures 35b,c,e and
36Db,c,e). The parts of the trench responsible for the three holes at the vertex and the dangling
loop were also highlighted by the blue dots and the yellow arrows, respectively (Figure 35c,e and
36¢,e). On the PLLA stamps, the holes or the linear gap between the trapezoidal domains of the
DNA origami triangles were replicated as a small bump at the vertex of the triangular trenches.
The height of the bump, however, never reached the height of the DNA origami triangles and the
bump was frequently not observed in some trenches, as the bump on the PLLA stamp peeled off
from the DNA origami triangle master template without the protective film. We attribute these
observations to the mechanical instability of the bumps during the scanning with AFM and/or the
intrinsic limitation of the resolution of the pattern transfer.’>* In the latter case, a large PLLA
molecule may not be able to completely fill the nanometer-sized holes in the DNA origami
triangle during the spin-coating process. A decrease in the feature size of the DNA nanostructure
appears to result in a height decrease and/or loss of features in the polymer stamp. Overall, the

PLLA film is capable of replicating the overall features of the complex DNA origami triangles
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with high fidelity and the local features below ca. 5 nm only to some extent even with the

presence of the protective ca. 2 nm or ca. 5 nm thick Al.Os layer.

3.4.4 Investigation of Surface Morphology of a DNA Nanostructure Master Template

with a 20 nm Al203 Film

Finally, we investigated how the surface morphology of the DNA nanostructures was influenced
as the thickness of the protective AlO3 film was further increased. We coated both the DNA
nanotube (Figure 38a,b) and the DNA origami triangle (Figure 38c,d) master templates with a ca.
20 nm thick Al>O3 layer and compared their AFM images before (Figure 38a,c) and after (Figure
38b,d) the 200 cycles of ALD. With the ca. 20 nm thick Al>O3 film, the DNA nanotubes were
still visible and the FWHM stayed consistent (Figure 38b,f). The height of the DNA nanotubes,
however, considerably decreased from 3.83 nm, 9.36 nm, 3.85 nm, and 3.94 nm to 1.54 nm, 2.81
nm, 1.66 nm, and 1.71 nm, respectively (Figure 38e). In case of the DNA origami triangles, the
DNA nanostructures with average height of 1.68 nm (n = 10) were barely seen and the height
profile along the individual DNA triangles also showed the significant increase of roughness
(Figure 38d). These results indicate that there is a limit to the thickness of the protective Al.O3
film deposited by ALD to maintain the nanoscale features of the DNA nanostructures on the

template.
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Figure 38. Investigation of surface morphology of a DNA nanostructure master template with a
20 nm Al;O3 Film. AFM height images with corresponding cross-sectional analysis of DNA
(a,b) nanotubes and (c,d) origami triangles deposited on silica wafers (a,c) before and (b,d) after
200 cycles of ALD of Al,O3. White lines on the AFM images indicate where the cross-sections
were determined. (e) Height and (f) FWHM of the DNA nanotubes in four different locations of
the images from a to b. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4 in the cross-section
of image a. Scale bars represent (a,b) 500 nm and (c,d) 200 nm.
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3.5 CONCLUSIONS

We have reported a method to increase the stability of DNA nanostructure master templates
through the conformal growth of an inorganic oxide film by ALD and demonstrated its
usefulness in soft lithography patterning of polymer films. DNA nanotubes and origami triangles
with a Al2Os film of ca. 2 nm, ca. 5 nm or ca. 20 nm thickness have been tested as master
templates to imprint their nanoscale features to PLLA films. As the thickness of the Al.Os
coating grows, the mechanical and/or chemical stability increases while some of the nanoscale
features of the DNA nanostructures are lost. Based on our results, the conformational coating of
the ca. 5 nm thick AlO3 layer to the DNA nanostructures provides a good compromise between
increasing the stability and maintaining the nanoscale feature of the master template for repeated
use in soft lithography. In addition, the ca. 5 nm thick Al.O3 layer offered good protection to the
underlying DNA nanostructures from exposure to UV/Os. Although our study focused on the
ALD of Al>O3, other metals, metal oxides, or inorganic oxides can also be used as long as they
can be conformally coated at a temperature below 250 °C. Above 250 °C, the degradation of
DNA nanostructures deposited onto silicon wafers starts to occur although the decomposition
residues may still maintain their nanoscale features.””” 3% A conformal protective film
significantly improves the mechanical and chemical stabilities of DNA nanostructures, allowing

them to be used in environments that are incompatible with pristine DNA nanostructures.
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4.2 INTRODUCTION

In 1982, a door was opened that began the era of DNA nanotechnology as Seeman introduced
the idea of utilizing DNA to build a mechanically robust four-arm junction structure to the
scientific community.>® Since then, DNA has been not only a mere carrier for hereditary
information but also a building block for nanofabrication. Programmable folding combined with
hierarchical self-assembly based on Watson-Crick base pairing has led to an explosive growth in
the field of structural DNA nanotechnology over the past decades.’®? A wide range of one-
dimensional (1D),®% "2 119 two-dimensional (2D),3% % and three-dimensional (3D)* 43 73
nanostructures with arbitrarily shaped features have been fabricated.

DNA nanostructures have been considered to be promising templates for bottom-up
nanofabrication due to their structural diversity and complexity with a theoretical resolution
down to 2 nm.3%% A lot of effort has been devoted to directly assemble various nanomaterials
intermittently or continuously onto DNA nanostructures as templates, such as proteins,®® 8183
carbon nanotubes,®*®" and metal nanoparticles.8% 18 Taking one step further in this direction,
chemical vapor deposited graphene layers were patterned using metallized DNA
nanostructures.®! 3D gold nanoparticles were also fabricated by growing seed particles in 3D
DNA nanostructure molds with high specificity.%-%°

Furthermore, numerous strategies have been developed to transfer pattern to both hard
and soft substrates from DNA nanostructures. Metal films were patterned by metal evaporation
onto 1D DNA nanotubes and 2D DNA arrays followed by lift-off.1% Both positive and negative
tone patterns were replicated from DNA origami triangles into inorganic oxides through HF
vapor-phase etching and chemical vapor deposition methods by exploiting the difference in

adsorption of water on DNA nanostructures and on a SiOz substrate.'219 |_jkewise, the replicas
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of DNA nanostructures in positive tone with sub-10 nm resolution were fabricated by treating
DNA nanostructures on a SiO; substrate in anhydrous HF vapor etching.l%* Trenches with
linewidths of sub-10 nm resolution were also generated though angled metal vapor deposition on
aligned DNA molecular bundles as shadow masks and subsequent etching.l®* Patterning with
DNA nanostructures also can be extended to fabricate polymer films with good fidelity. The
patterns of a wide range of DNA nanostructures were faithfully replicated to various types of
polymer stamps, from polyacrylamide gel to photocurable acryloxy perfluoropolyether.10: 154
Carbon nanostructures were formed from DNA nanostructures by thermal annealing of Al2Os
coated DNA nanostructures.1%

Herein we propose a new approach of direct pattern transfer from DNA nanostructures to
a Si substrate by reactive ion etching (RIE). The effect of calcium, cobalt, and cadmium
chlorides were investigated; the addition of calcium chloride to the DNA nanostructure in buffer
solution resulted in a negative tone pattern transfer with minimal etching occurred in the
background. We propose that as calcium chloride was added to the buffer solution with DNA
nanotubes, certain calcium-containing compound (e.g., Ca(OH)2) precipitated due to its low
solubility. The adsorption of calcium-containing compound was modulated by the DNA
nanotubes, which in turn locally changes the plasma etching rate of Si substrate to result in

negative trenches with high aspect ratio.
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4.3 EXPERIMENTAL

4.3.1 Materials

Silicon wafers [Si (110), with native oxide] were purchased from University Wafers (South
Boston, MA) and Okmetic (Vantaa, Finland). Strand for DNA nanotubes was synthesized by
Integrated DNA Technologies (Coralville, 1A). 2-Amino-2-(hydroxymethyl)-1,3-propanediol
(Trizma base), ethylenediaminetetraacetic acid (EDTA), magnesium acetate tetrahydrate,
sulfuric acid, hydrogen peroxide solution (30% H20.), and cobalt chloride hexahydrate were
purchased from Sigma-Aldrich (St. Louis, MO). Acetic acid (glacial) and calcium chloride
anhydrous were purchased from Fisher Scientific (Fair Lawn, NJ). Ethanol was purchased from
Fisher Scientific and Decon Laboratories, Inc. (King of Prussia, PA). Cadmium chloride was
purchased from Fluka Analytical (Mexico City, Mexico). All materials were used as received.
Water (18.3 MQ) was filtered by a Barnstead MicroPure Standard water purification system

(Thermo Scientific, Waltham, MA) and used throughout the entire experiment.

4.3.2 Preparation of a Silicon Wafer

A silicon wafer with a native oxide layer was cleaned by immersing it into hot piranha solution
[7:3 (v/v) concentrated H2SO4/30% H202]. To a glass petri dish containing a silicon wafer in
concentrated H2SO4, H202 was slowly added and a glass cover was placed. A heating plate was
set to 40 °C and turned off after 20 minutes. After additional 10 minutes of cooling the piranha

solution, the wafer was thoroughly washed with deionized water and dried with N2 gas.
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Warning: Piranha is a strong oxidant solution and reacts violently with organic materials. It

should be handled with proper protective equipment in a fume hood. Extra caution is required.

4.3.3 Preparation and Deposition of DNA Nanotubes on a Silicon Wafer with an

Additional Divalent Cation

DNA nanotubes were synthesized following a previously published procedure.''® Single strands
of DNA nanotubes were diluted in 10 x TAE/Mg?" (125 mM Mg?") buffer solution to a final
concentration of 1 uM. The DNA solution was subject to an annealing process from 95 to 23 °C
over 2 days and stored at 4 °C overnight.

The annealed DNA nanotube solution and divalent cationic chloride aqueous solution
(62.5, 125, or 250 mM of CaClz, CoCly, or CdCl,) were mixed in equal volume. Within 30
seconds, 20 pL of the mixed solution was deposited onto a clean silicon wafer with an area of
1x1 cm? and the wafer was incubated in a humid chamber to minimize the evaporation of the
solution. After 15 minutes, the wafer with the solution was directly immersed in an ethanol/water
[9:1 (v/v)] solution for 10 seconds to remove ionic salt residues from the solution, then dried
with N2 gas. After the deposition, the DNA nanotube substrate was processed with RIE within 24

hours.
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4.3.4 Reactive lon Etching (RIE) of a DNA Nanotube Substrate

RIE was conducted using a Phantom Ill LT RIE system (Trion Technology, Tempe, AZ). Power
and pressure were set to 100 W and 20 mTorr, respectively. Total O, and SFs flows were at 8
sccm and 20 sccm, respectively. Although process time was set to 1 second, actual exposure time
to plasma was ca. 9.5 seconds. After etching, the RIE system was cleaned and a DNA nanotube

substrate was washed with deionized water and dried with N2 gas.

4.35 UV/Ozone Treatment

A DNA nanotube substrate after etching was treated with UV/Os in a PSD Pro 4 Digital UV
Ozone Cleaner (Novascan Technologies, Inc., Ames, IA). Before UV irradiation, the chamber
was filled with O at least for 3 minutes, and the substrate was processed with UV/O3 treatment

for 1 hour at room temperature.
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4.3.6 Characterization

4.3.6.1 Atomic force microscopy (AFM)

A DNA nanotube substrate was imaged at each step of fabrication process using tapping-mode
on an MFP-3D atomic force microscope with NSC15/Al BS or NSC15/Hard/AL BS AFM probe
in air at room temperature to investigate the surface morphology (Oxford Instruments Asylum
Research, Inc., Santa Barbara, CA). Both NSC15/AL BS (325 kHz, 40 N/m) and
NSC15/Hard/AL BS (325 kHz, 40 N/m) AFM probes were purchased from MikroMasch (Lady’s
Island, SC). The NSC15/AL BS AFM probe was used to scan the DNA nanotube substrate
before etching with RIE. After the etching, the NSC15/Hard/AL BS (325 kHz, 40 N/m) AFM

probe was used to scan the DNA nanotube substrate.

4.3.6.2 X-ray photoelectron spectroscopy (XPS)
XPS elemental analysis for the presence of Ca on the surface of Si wafer was conducted using a

Thermo ScientificTM Escalab 250Xi. The monochromatic X-Ray source used an Al anode with

a spot size of 0.4 mm at a takeoff angle of 45°. Each sample was scanned with XPS at five

random locations for good signal to noise ratio. 10 scans for Ca were employed at each location.

Measurements were analyzed using the Thermo ScientificTM Avantage Data System.
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44  RESULTS AND DISCUSSION

4.4.1 General Preparation Process of a DNA Nanotube Substrate with an Additional

Divalent Cation

In a typical experiment, a DNA nanotube substrate with an additional divalent cation was
prepared and subjected to reactive ion etching (RIE) as illustrated in Figure 39. DNA nanotubes
in 10 x TAE/Mg?* buffer solution were mixed with an equivalent volume of divalent cationic
chloride solution (Figure 39a). Within 30 seconds, the mixed DNA nanotube solution with the
extra divalent cation was deposited onto a clean silicon wafer (Figure 39b). After incubating the
wafer with the mixed solution in a humid environment for 15 minutes, the substrate was directly
immersed into an ethanol/water [9:1 (v/v)] solution for 10 seconds, then dried with N2 gas
(Figure 39c). Within 24 hours of the sample preparation, the substrate was subjected to RIE

(Figure 39d).
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Figure 39. General preparation process of a DNA nanotube substrate with an additional divalent
cation.

4.4.2 Pattern Transfer from DNA Nanotubes to a Silicon Substrate with RIE

First, we evaluate the pattern transfer process from DNA nanotubes to a silicon substrate with
RIE. The width and length of the DNA nanotubes are 30-70 nm and up to 60 um,
respectively.!*® When deposited onto a silicon wafer, the nanotubes are generally collapsed,
showing a height of 3.4 + 0.1 nm.® To test the effect of divalent cationic ions, calcium, cobalt,
and cadmium chloride were each added to the DNA solution. For a control substrate, deionized
water was instead used. The surface topography of the DNA nanotube substrates before (Figure
40, top) and after (Figure 40, bottom) RIE was characterized by atomic force microscopy (AFM)
at the same location. By addition of deionized water and cobalt and cadmium chloride solutions,
patterns in positive tone resulted. The quality of the patterns, however, was poor enough such
that the shape of the DNA nanotubes was transferred as an assembly of dots. Furthermore, the

dots replicated from the single or double nanotubes were especially discontinuous and hard to
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distinguish from the surrounding background. The dotted rough surface of the silica substrate
was attributed to the intrinsic characteristic of RIE: a bare silicon wafer with a native oxide layer
which was only cleaned with piranha solution showed similar surface features after RIE (Figure
41). We note that the positive tone pattern formed with cobalt salt was more continuous than
those formed with deionized water and cadmium salt. Further study is needed to elucidate the
difference resulted from adding cobalt chloride. Overall, these results are expected given the low

chemical stability of DNA nanostructures under the harsh plasma etching conditions.
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Figure 40. Pattern transfer from DNA nanotubes to a silicon wafer with RIE. AFM height
images in the same location of DNA nanotubes deposited on a silicon wafer before (top) and
replicas of the DNA nanotubes on the silicon wafer after (bottom) RIE. To DNA nanotube
solutions, (a) deionized water, and 125 mM (b) CaCly, (c) CoCl,, and (d) CdCl, aqueous
solutions were added. Scale bars represent (a,c,d) 500 nm and (b) 3 um.
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Figure 41. Intrinsic surface characteristic of a silicon wafer with RIE. AFM height images of a
silicon wafer with a native oxide layer cleaned with piranha solution before (left) and after
(right) RIE. Scale bars represent 500 nm.

An interesting and unexpected phenomenon was observed when calcium chloride was
added to the DNA nanotubes in buffer solution (Figures 40c, 42, and 43); unlike the other cases,
patterns in negative tone were observed after the etching in such cases. After deposition onto a
silicon substrate, the DNA nanostructures were covered by a powdery layer which was unevenly
distributed throughout the entire substrate as seen using AFM. The height of the DNA nanotubes
substantially decreased in the presence of such a layer, suggesting that the thickness of the layer
is greater on the background substrate than on the DNA nanotubes. Due to the presence of such a
layer, it was difficult to precisely measure the height of the nanotube; the apparent height of the
DNA nanotube was ca. 0.83 nm. After RIE, the patterns of the DNA nanotubes were transferred
into negative tone. Trenches as deep as 26.87 nm were fabricated after RIE and surface cleaning
by oxidation by Oz (Figure 42). Also, the substrate surfaces were uneven from area to area. In

some areas, the surface was very rough with a lot of holes or trenches which did not represent the
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shape of the DNA nanostructures (Figure 43a, top and b). In contrast, the surface in other areas
was entirely flat and appeared to be not etched during the RIE process (Figures 42 and 43a,

bottom and c). All these results indicate that calcium chloride caused the difference in behavior

from the other samples.

Before RIE After RIE and UV/O, 25nm

-2.5nm

0 3 6 __9 12 15
um

Figure 42. Negative tone pattern transfer from DNA nanotubes with addition of CaCl, to a
silicon wafer with RIE. AFM height images with corresponding cross-sectional analysis in the
same location of (a) DNA nanotubes deposited on a silicon wafer with 125 mM CaCl> and (b)
negative replicas of the DNA nanotubes on the silicon wafer after RIE, UV/O3 treatment for 1 h,
and washing with deionized water. Red lines on the AFM images indicate where the cross-
sections were determined. Scale bars represent 3 um. The left (top) image is also shown in
Figure 40.
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4.4.3 Removal of Polymer Residues on an Etched DNA Nanotube Substrate with UV/O3

Treatment

After RIE, a continuous layer of material with small globular clusters at the edges was found on
some areas of the substrate (Figure 43). This layer of material was easily removed with an
UV/O3 treatment for 1 hour. Based on its removal with oxidation with Os, we can conclude that
this layer is made of organic materials. Another support for the presence of a layer coating comes
from the fact that the depth of trenches decreased after the UV/O3 treatment. At two different
locations, the depth of the trenches decreased from 78.70 nm and 96.32 nm to 72.17 nm and
83.97 nm, respectively (Figure 43b).

Currently, we do not know the identity of this organic layer. The RIE system was cleaned
between each run, therefore, the contaminant of the system is not likely to be the source of the
layer. We thus attribute the layer to a fluorocarbon polymer which is known to form during
etching process using CF4 plasma.®1% We hypothesize that fluorocarbon polymer is formed
from the reaction between the SFs plasma and the organic compounds from the buffer solution
(e.g., Trizma base). Further study is needed to understand the identity and deposition mechanism

of this organic layer.
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(a) Before UV/O, After UV/O, 25n0m

-2.5nm

After UV/IO, ...

-2.5nm

Figure 43. Removal of polymer residues on an etched DNA nanotube substrate with UV/O3
treatment. () AFM height images with corresponding cross-sectional analysis in the same
location of negative replicas of DNA nanotubes before (left) and after (right) UV/Oz treatment
for 1 h and washing with deionized water. AFM height images with corresponding cross-
sectional analysis in the same location of the areas in the (b) blue and (c) yellow dashed boxes in
image a. Red lines on the AFM images indicate where the cross-sections were determined.
Locations 1 and 2 correspond to 1 and 2 in the cross-sections of image b. Scale bars represent (a)
3 um and (b,c) 500 nm. Image a (right, lower) is also shown in Figure 42.
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4.4.4 Effect of Calcium Concentration on a DNA Nanotube Substrate

As the shape of DNA nanotubes was replicated to a silicon substrate in negative tone with the
addition of calcium chloride, the effect of calcium concentration was investigated within the
range of 62.5 — 250 mM. Figure 44 shows that the degree of etching decreased with increasing
concentration of calcium chloride. At the lowest concentration tested, 62.5 mM, an entire area of
15 x 15 pm? was completely etched as can be seen from the rough background (Figure 44a).
Although trenches transferred from nanotubes were distinct from surrounding background, the
depth of the trenches were not distinguishable from that of the background. At the medium
concentration, 125 mM, islands with flat surfaces were fabricated (Figure 44b). The top of the
islands was covered with organic residues and had a height of ca. 100 nm. At the highest
concentration tested, 250 mM, most of areas were protected from the etching as can be seen in
the low roughness of the background. The depth of trenches replicated from DNA was ca. 90 nm.
This result confirms that calcium is essential to the successful pattern transfer from DNA to a
silicon wafer with unetched background surface using RIE.

The thorough analysis of AFM images of the substrate prepared at the concentration of
125 mM gave us a clue of what caused this result. Direct comparison of the images before and
after the RIE at the same location showed that the islands with flat surfaces formed at the
locations where particles were found after DNA deposition but before RIE. Such areas were
highlighted by the red circles and box in Figure 45. The presence of a large particle or a cluster
of small particles before RIE correspond to the large islands after RIE, indicating that such
particles protect the silicon substrate from being etched. We attribute this particle to calcium-
containing precipitates (e.g., Ca(OH)2 crystal). In the 10 x TAE/Mg** buffer solution at a pH

~8.0, such calcium-containing compound could precipitate out when the calcium chloride
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aqueous solution was added and then immersed into an ethanol:water [9:1 (v:v)] solution. The DNA
nanotubes hold a lesser amount of calcium-containing precipitate than the silicon substrate and
were etched away along with the underneath substrate while the surrounding substrate was
protected by the precipitates.

Another interesting observation was the change that occurred on the surfaces of the
silicon substrates after the RIE (Figure 46). Before the RIE, the surface of a silicon wafer with
DNA nanotubes generally did not show any visual difference from a bare clean silicon wafer.
After the RIE, however, the surface of the wafer became darkened with random patterns. These
patterns did not disappear after washing with deionized water and oxidation by Os. Such changes
occurred on all samples subjected to the RIE regardless of the concentration of calcium chloride

and were observable to both the optical microscope and the naked eye under white light.
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Figure 44. Effect of calcium concentration on a DNA nanotube substrate. AFM height images
with corresponding cross-sectional analysis in the same location of silicon wafers after DNA
nanotubes were deposited (top), RIE (middle), and UV/Os treatment for 1 h and washing with
deionized water (bottom). To the DNA nanotubes in 10 x TAE/Mg?* buffer solutions, (a) 62.5
mM, (b) 125 mM, and (c) 250 mM CaCl> solutions were added. The bottom row contains the
zoomed-in views of the areas in the blue dashed boxes in the middle row. Red lines on the AFM
images indicate where the cross-sections were determined. Scale bars represent 3 um (top,
middle) and 500 nm (bottom).
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After RIE and UV/O3 50 nm

Before RIE
Faln.

Figure 45. Direct comparison of a DNA nanotube substrate with 125 mM CaCl> before and after
RIE and UV/Os treatment at the same location. AFM height images with corresponding cross-
sectional analysis of a silicon wafer with DNA nanotubes (a) before and (b) after RIE, UV/O3
treatment for 1 h, and washing with deionized water. To the DNA nanotubes in 10 x TAE/Mg?*
buffer solutions, 125 mM CaCl, solution was added. Red lines on the AFM images indicate
where the cross-sections were determined. Scale bars represent 3 um.

Figure 46. Surface analysis of a DNA nanotube substrate after RIE and UV/Os treatment. Photo
image of DNA nanotube substrates after RIE and UV/Oz treatment. To the DNA nanotubes in 10
x TAE/Mg?* buffer solutions, (a) 62.5 mM, (b) 125 mM, and (c) 250 mM CaCl; solutions were
added. Silicon wafers had an area of 1 x 1 cm?. “<’” marks on the substrates were drawn with a
diamond pen for AFM imaging at the same location.
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445 Effects of Calcium-Containing Crystals and Their Concentration on a Silicon

Substrate without DNA Nanotubes

Previously, we hypothesized that calcium-containing precipitate is a key to the protected
background substrate from RIE. To verify this hypothesis, we compared silicon wafers treated
with 250 mM calcium chloride solution to those treated with 62.5 — 250 mM calcium chloride
solution mixed with 10 x TAE/Mg?* buffer solution but without DNA nanotubes. For statistical
analysis, each sample was imaged with AFM at 10 random locations twice, once after RIE and
another time after oxidation by Os. Each location was classified into one of four categories to
evaluate the degree of etching: completely etched (E), islands with flat top (1), moderately etched
(M), and completely flat, unetched (F) (Figure 47).

For the substrate incubated with only 250 mM CaCl; solution, most of the areas were
completely etched with a few islands with flat top (Table 1). These islands were only observed at
the edge of area where a small droplet of the solution evaporated (e.g., from the tip of a tweezer)
during the drying process with N2 gas (Figure 48). At this edge, the concentration of calcium
ions is expected to be higher due to evaporation (i.e., coffee ring effect). The size and population
of the islands rapidly decreased toward the center of the drop (the yellow arrow). Toward the
opposite side (the blue arrow toward the center of the substrate), the entire area was completely
etched. Furthermore, with increasing concentration of calcium chloride added to the buffer
solution, the degree of etching progressively moved from completely etched to completely flat,
unetched states. All these results suggest that calcium-containing crystals, or high concentration
of calcium ions, at least, is the key to protect a silicon substrate from RIE.

The differences between the substrates with and without buffer were also observable with

naked eyes. On the surface of all three samples with both calcium chloride and buffer solutions,
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marks with random shapes appeared after the etching as mentioned previously. Within a sample,
however, there is no direct relationship between clean and dirty areas with completely flat and
totally etched surfaces. In contrast, for the sample only treated with calcium chloride aqueous
solution, there was no visible difference before and after etching when inspected with naked eyes
and an optical microscope. On this sample, only the evaporation mark became relatively

darkened.
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Figure 47. Representative images of degrees of etching. AFM height images with corresponding
cross-sectional analysis of silicon wafers without DNA nanotubes after RIE, UV/O3 treatment
for 1 h, and washing with deionized water. The wafers were incubated with (a) 250 mM CaCl;
and 10 x TAE/Mg?* buffer solutions to which (b) 62.5 mM, (c) 125 mM, and (d) 250 mM CaCl,
solutions were added. The AFM images were classified as (a) completely etched (E), (b) islands
with flat top (1), (c) moderately etched (M), and (d) completely flat, unetched (F). Red lines on
the AFM images indicate where the cross-sections were determined. Scale bars represent 3 pum.
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Table 1. Statistical analysis of degrees of etching. Silicon wafers were incubated with 250 mM
CaCl, and 10 x TAE/Mg?* buffer solutions to which 62.5 mM, 125 mM, and 250 mM CaCl,
solutions were added. The AFM images were classified as (a) completely etched (E), islands
with flat top (1), moderately etched (M), and completely flat, unetched (F).
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Figure 48. Analysis of a silicon substrate incubated with 250 mM CaCl, after RIE and UV/Os
treatment. (a) Optical microscopic and (b) AFM height images with corresponding cross-
sectional analysis of a silicon wafer incubated only with 250 mM CaCl; after RIE, UV/O3
treatment for 1 h, and washing with deionized water. The optical image was taken while the
AFM image was taken. The inset in image a is the photo image of the wafer. The silicon wafer
had an area of 1 x 1 cm?. White dashed box approximates the location of the optical microscopic
and AFM images. The yellow arrow points toward the center of mark of the evaporation while
the blue arrow points toward the center of the wafer. Red lines on the AFM images indicate
where the cross-sections were determined. Scale bars represent 3 pm.
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4.4.6 XPS Analysis of Calcium Coverage on a Silicon Substrate

To confirm the presence of Ca on the surface of Si wafer, XPS elemental analysis was conducted
on a new set of samples. Each sample was scanned with XPS at five random locations (Table 2).
The data confirms not only the presence of Ca on all samples but also that the surface Ca
coverage (4.47 = 0.68 atomic %) of a substrate treated with CaCl> only was substantially lower
than those of substrates treated with both CaCl, and 10 x TAE/Mg?* buffer (30.11 + 23.42, 38.12
+ 20.24, and 35.11 * 21.38 atomic % for 62.5, 125, and 250 mM CaCl, added to the buffer,
respectively). Furthermore, the surface Ca coverage showed a large standard deviation,
indicating that it is difficult to control the deposition of calcium on a silicon wafer (Table 2 and

Figure 49).

Table 2. XPS analysis of calcium and silicon coverage on a silicon substrate. Silicon wafers
were incubated with 250 mM CaCl, and 10 x TAE/Mg?* buffer solutions to which 62.5 mM, 125
mM, and 250 mM CaCl; solutions were added. The silicon wafers used for XPS analysis were
different from the wafers used for statistical analysis of degrees of etching in Table 1.

10 x TAE/Mg?* 10 x TAE/Mg?* 10 x TAE/Mg?*
250 mM CaCl; +62.5 MM c:gch +125 mM ca%:l2 + 250 MM c:a%:l2
Ca Si Ca Si Ca Si Ca Si
Atomic | Atomic | Atomic | Atomic | Atomic | Atomic | Atomic | Atomic
% % % % % % % %
1 3.66 96.34 63.86 36.14 54.28 45.72 57.94 42.06
2 4.29 95.71 11.06 88.94 39.65 60.35 8.59 91.41
3 4.43 95.57 36.12 63.88 47.69 52.31 44.94 55.06
4 5.55 94.45 4,91 95.09 3.14 96.86 16.42 83.58
5 4.43 95.57 34.59 65.41 45.82 54.18 47.67 52.33
Ave. 4.47 95.53 30.11 69.89 38.12 61.88 35.11 64.89
St. 0.68 23.42 20.24 21.38
dev.

123




30000 —

I—25[} mid CaICI2 Only
—— 625 mM CaCl, with Buffer| |
25000 |- —— 125 mM CaCl, with Buffer M
——250 mM CaCl, with Buffer |J

20000

15000

Counts/s

10000

5000

0 " 1 A 1 A 1 A
340 345 350 355 360
Binding Energy (eV)

Figure 49. XPS analysis of calcium coverage on a silicon substrate. Out of five XPS
measurements for each sample, that which had the highest calcium coverage was chosen.

4.4.7 Relationship between the Height of DNA Nanotubes to the Depth of Trenches

The relationship between the height of DNA nanotubes and the depth of trenches was also
investigated. Between single/low and multiple/high DNA nanotubes, continuous and deeper
trenches were formed from the multiple/high DNA nanotubes. This indicates that the high and/or
multiple DNA nanotubes more effectively modulated the calcium deposition than the low and/or
single nanotubes. However, there was not a precise correlation between the depth of the trenches
and the height of the DNA nanotube structures. The DNA nanotubes with height of 1.81 nm and
2.10 nm resulted in the trenches with depth of 45.29 nm and 22.73 nm while the DNA nanotubes
with height of 3.69 nm and 7.14 nm resulted in trenches with depth of 89.45 nm and 86.14 nm,

respectively. Possible explanations for this observation are that it is difficult to precisely measure
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the original height of DNA nanostructures due to uneven deposition of the calcium-containing

materials on the surface.

(&)  BeforeRIE After RIE & UV/0; (D)  Before RIE After RIE & UV/Os 5 5pm

-2.5nm

Figure 50. Relationship between height of DNA nanotubes to depth of trenches. AFM height
images with corresponding cross-sectional analysis of (a) single/low and (b) multiple/high DNA
nanotubes on a silicon wafer before (left) and after (right) RIE, UV/Oz treatment for 1 h, and
washing with deionized water. To the DNA nanotubes in 10 x TAE/Mg?* buffer solutions, 125
mM CaCl; solutions were added. Red lines on the AFM images indicate where the cross-sections
were determined. Scale bars represent 500 nm.

4.4.8 Proposed Mechanism

We attribute the negative tone pattern transfer from DNA nanostructures to a silicon wafer with
protected surrounding surface to an interference of plasma with calcium-containing compound.
We propose that after a calcium chloride solution is mixed with 10 x TAE/Mg?* buffer solution
(pH ~8.0), calcium-containing precipitate is formed when the wafer is immersed into an

ethanol:water [9:1 (v:v)] solution.
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The calcium-containing precipitates cover the surface of the DNA nanotube substrate
(Figure 51a). Multiple/high DNA nanotubes modulate the calcium deposition more effectively
between the nanotube and the background substrate than single/low nanotubes. During RIE,
plasma interferes with calcium-containing compounds. While the background silicon substrate
with the thicker layer of calcium is minimally influenced from plasma, the DNA nanostructures
with the thinner layer of calcium are removed and the substrate underneath is etched away

(Figure b). The role of the organic residues is not yet understood.

Plasma

=

Figure 51. Proposed mechanism of negative tone pattern transfer from DNA nanostructures to a
silicon wafer with protected surrounding surface. (a) The calcium-containing precipitates cover
the surface of a DNA nanotube substrate. (b) The area of the silicon wafer underneath the DNA
nanotubes is etched away while the surrounding silicon wafer is minimally influenced from
plasma.

Cal, DNA DNA
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45 CONCLUSION

By using calcium to modulate plasma etching, negative tone pattern can be directly transferred
from DNA nanostructures to a Si substrate with minimal etching of the background. To the best
our knowledge, this result is the first to achieve a high contrast pattern transfer from unmodified
DNA nanostructures to Si. A high concentration of Ca®" is necessary although the buffer
additionally played an important role that is not yet fully understood. This result is consistent
with the idea that DNA nanostructures inhibit the adsorption of a calcium-containing solid,
which in turn promotes the etching of Si underneath DNA. Given the weak chemical stability of
DNA, the successful pattern transfer from DNA nanostructures to Si under such harsh conditions
IS unexpected. We hope this work will catalyze more work to reveal the true potential of DNA

nanostructures in nanofabrication.
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5.0 CONCLUSION

In this dissertation, my research focused on DNA based nanofabrication, most specifically,
patterning soft and hard substrates at the nanoscale with DNA nanostructures. | developed a
general fabrication method of a nano-structured polymeric thin film using a DNA nanostructure
master template. In addition, this DNA master template can be repeatedly used to produce
multiple copies of the polymeric film through conformal coating with a nanometer-thin
protective inorganic oxide layer created using atomic layer deposition. A silicon substrate was
also patterned at nanoscale in negative tones with DNA nanostructures with minimal etching of
the background using reactive ion etching. Below, | summarize the main conclusions, and

discuss the future directions of this dissertation.
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5.1 DNA NANOSTRUCTURES-MEDIATED MOLECULAR IMPRINTING

LITHOGRAPHY

In chapter two, | developed and demonstrated an advanced nanoimprint lithography method to
construct poly(methyl methacrylate) (PMMA), poly-L-lactide (PLLA), and perfluoropolyether
(PFPE) stamps with negative tone patterns using one- to three-dimensional DNA nanostructures
to transfer patterns with high fidelity. DNA nanostructures including DNA nanotubes, stretched
A-DNA, two-dimensional (2D) DNA brick crystals with three-dimensional (3D) features,
hexagonal DNA 2D arrays, and DNA origami triangles were used as master templates. The
resulting negative imprints of the DNA nanostructures on the polymer stamps have diverse
nanoscale features with dimensions ranging from several tens of nanometers to microns. The
PMMA and PLLA stamps further served as molds to transfer the patterns to positive imprints on
a-PFPE films. This work establishes an approach to using self-assembled DNA templates for
applications in soft lithography.

Our method can enrich polymer stamps with enormously complex nanoscale features.
Watson-Crick base pairing allows DNA nanostructures to be fabricated into multi-dimensional
shapes that are not accessible by other self-assembly methods. The integration of DNA
nanotechnology with soft lithography provides an alternative method to produce polymer stamps,
which in turn can be potentially used in applications such as patterning small molecules and

proteins through contact printing.12-113.147-148
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5.2 INCREASING THE STABILITY OF DNA NANOSTRUCTURE TEMPLATES BY
ATOMIC LAYER DEPOSITION OF AL203 AND ITS APPLICATION IN IMPRINTING

LITHGRAPHY

In chapter three, | presented a method to increase the stability of DNA nanostructure templates
through conformal coating with a nanometer-thin protective inorganic oxide layer created using
atomic layer deposition (ALD). DNA nanotubes and origami triangles were coated with ca. 2 nm,
ca. 5 nm and ca. 20 nm of AlO3. The ALD-coated DNA templates were used as master
templates for a direct pattern transfer to poly(L-lactide) films. The mechanical and/or chemical
stability increased with the growing thickness of the Al>Os coating, but some of the nanoscale
features of the DNA nanostructures were lost. The results indicated that the conformal coating of
the ca. 5 nm of Al.O3 layer provided both the stability for repeated use in soft lithography and
preserved nanoscale feature of the DNA master template. The ca. 5 nm of Al.Os layer also
protected the underlying DNA nanostructures from exposure to UV/Oz and allowed the removal
of polymeric residues from the master template.

In our method, the polymer stamps were fabricated by spin-coating of polymer in
dichloromethane solution onto the ALD-coated DNA templates. The ALD-coated DNA
templates can be used in the conventional nanoimprint lithography process to pattern the
polymer film, by compressing down the template against the polymer which is heated above its
glass transition temperature.'5! For example, the glass transition temperature of PMMA is 105 °C.
Since DNA origami structures were still stable after 10 minutes of exposure to 250 °C
temperatures,® both the DNA template and PMMA can be heated above 105 °C, compressed
against each other, and separated after the temperature cools down below 105 °C, the PMMA’s

glass transition temperature.
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The ALD-coated DNA templates can be further extended to other applications, such as
the fabrication of nanoscale channels and bioinspired surfaces. In the first case, the ALD-coated
DNA templates can be heated above 250 °C to remove the DNA nanostructures within the
coating to form hollow channel. In the second case, biomimetic surface can be fabricated with

DNA nanostructures to study its antifouling effect.62-163

131



5.3 CALCIUM INTERFERENCE IN REACTIVE ION ETCHING FOR NANOSCALE

PATTERNING OF HIGH ASPECT RATIO

In chapter four, | demonstrated a new method of direct high contrast pattern transfer from DNA
nanostructures to a Si substrate by reactive ion etching (RIE). By the addition of calcium
chloride to 10 x TAE/Mg?* buffer solution, calcium-containing compound precipitated due to its
low solubility in an ethanol/water mixture. DNA nanostructures inhibit the adsorption of such
calcium-containing compounds and locally enhance the plasma etching rate of a Si substrate. The
Si substrate underneath DNA was etched away to result in negative trenches while the
background substrate was minimally etched. Although the identity of the compound and the role
of the buffer were not fully understood, a high concentration of Ca?* was required to achieve
high contrast pattern transfer from unmodified DNA nanostructures to silicon.

DNA is generally considered a soft material. However, DNA nanostructures were
employed in hydrous!®® and anhydrous'® HF vapor-phase etching for a direct pattern transfer
from the DNA nanostructures to the SiO. substrate. In addition, the patterns of DNA
nanostructures were intact during atomic layer deposition of Al,O3 at 200 °C.1%°1%4 Finally, DNA
nanostructures were also employed in high contrast negative tone pattern transfer from the DNA
nanostructures to the Si substrate using reactive ion etching. All these results suggest that the
application window of DNA nanostructures is much wider than we had previously thought. We

hope this work will promote others to further develop DNA-based nanofabrication.
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54  FINAL REMARKS

Overall, my research provided new insight into nanoscale patterning of soft and hard materials
using DNA nanostructures. | hope these results could catalyze future work to reveal the true

potential of DNA nanostructures and their applications.
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APPENDIX

LIST OF ABBREVIATIONS

Atomic force microscopy
Atomic layer deposition
Acryloxy perfluoropolyether
Deoxyribonucleic acid

Deep ultraviolet lithography
Electron-beam lithography
Ethylenediaminetetraacetic acid
Extreme ultraviolet lithography
Full width at half maximum
Immersion lithography
Poly(L-lactide)

Poly(methyl methacrylate)
Polydimethylsiloxane

Reactive ion etching

Transmission electron microscopy
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Trizmabase Amino-2-(hydroxymethyl)-1,3-propanediol
TMA Trimethylaluminum

XPS X-ray photoelectron spectroscopy
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	Figure 30. Long-term stability of a DNA nanotube master template with a 2 nm Al2O3 film. AFM height images with corresponding cross-sectional analysis of DNA nanotubes in the same location of a silicon wafer at the (a) beginning and the (b) end of 40 day period. White lines on the AFM images indicate where the cross-sections were determined. (c) Height and (d) FWHM of the DNA nanotubes in four different locations of images a and b. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4 in the cross-section of image a. Scale bars represent 500 nm.
	Figure 31. Stability of a DNA nanotube master template with a 5 nm Al2O3 film for multiple pattern replication process to polymer stamps and removal of polymer residues with UV/O3 treatment. AFM height images with corresponding cross-sectional analysis of DNA nanotubes in the same location after (a) deposited on a silicon wafer, (b) 50 cycles of ALD of Al2O3, (c) 1st and (d) 5th pattern transfer to PLLA stamps, and (e) UV/O3 treatment for 1 h and washing with deionized water. White lines on the AFM images indicate where the cross-sections were determined. (f) Histograms of the AFM height images from a to e. (g) Height and (h) FWHM of the DNA nanotubes in four different locations of the images from a to e. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4 in the cross-section of image a. Scale bars represent 500 nm.
	Figure 32. Stability of a DNA nanotube master template with a 5 nm Al2O3 film for multiple pattern replication process to polymer stamps over an area of 30 × 30 μm2 and removal of polymer residues with UV/O3 treatment. AFM height images of DNA nanotubes in the same location of a silicon wafer after (a) 50 cycles of ALD of Al2O3 and (b) 1st and (c) 5th pattern transfer to PLLA stamps. Scale bars represent 4 μm.
	Figure 33. Comparison of the height differences between the maximum peaks of the histograms in Figures 28i and 31f.

	3.4.3 Fabrication of a PLLA Stamp by Replication over a DNA Origami Triangle Master Template with a 2 nm or 5 nm Al2O3 Film
	Figure 34. Fabrication of a PLLA Stamp by replication over a DNA origami triangle master templates with 2 nm and 5 nm Al2O3 films. AFM height images with corresponding cross-sectional analysis of DNA origami triangles after (a) deposited on silicon wafers, (b) 20 cycles (top) or 50 cycles (bottom) of ALD of Al2O3, and (d) pattern transfer to PLLA stamps, and (c) negative replicas of the DNA origami triangles on the PLLA stamps. White lines on the AFM images indicate where the cross-sections were determined. Scale bars represent 200 nm.
	Figure 35. Analysis of dangling loops and vertices of a DNA origami triangle master template with a 2 nm Al2O3 film and a PLLA stamp. AFM height images with corresponding cross-sectional analysis of (a) DNA origami triangles deposited on a silica wafer after 20 cycles of ALD of Al2O3 and (b,c) negative replicas of the DNA origami triangles on a PLLA stamp. White lines on the AFM images indicate where the cross-sections were determined. The dangling loops are indicated by the yellow arrows. Red cursors in the AFM images and corresponding cross-sections define the outer sides of the vertices that are measured. In image b, the bump appears in the zoomed-in curve valley of the cross-section (bottom), confirming the presence of the bump at the vertex. In image c, the bump does not appear at the curve valley, indicating that no bump exists in the vertex. Zoomed-in AFM images of (d) DNA origami triangles and (e) their negative replicas. The dangling loops and vertices with the holes/bumps are indicated by the yellow arrows and blue dots, respectively. Scale bars represent (a–c) 200 nm and (d,e) 100 nm. Note: Images b and c are identical. Image b is rotated 90° clockwise to match the orientation of its corresponding cross-section. The images from a to c are also shown in Figure 34.
	Figure 36. Analysis of dangling loops and vertices of a DNA origami triangle master template with a 5 nm Al2O3 film and a PLLA stamp. AFM height images with corresponding cross-sectional analysis of (a) DNA origami triangles deposited on a silica wafer after 50 cycles of ALD of Al2O3 and (b,c) negative replicas of the DNA origami triangles on a PLLA stamp. White lines on the AFM images indicate where the cross-sections were determined. The dangling loops are indicated by the yellow arrows. Red cursors in the AFM images and corresponding cross-sections define the outer sides of the vertices that are measured. In image b, the bump appears in the zoomed-in curve valley of the cross-section (bottom), confirming the presence of the bump at the vertex. In image c, the bump does not appear at the curve valley, indicating that no bump exists in the vertex. Zoomed-in AFM images of (d) DNA origami triangles and (e) their negative replicas. The dangling loops and vertices with the holes/bumps are indicated by the yellow arrows and blue dots, respectively. Scale bars represent (a–c) 200 nm and (d,e) 100 nm. Note: Images b and c are identical. Image b is rotated 90° clockwise to match the orientation of its corresponding cross-section. Images b and c are also shown in Figure 34.
	Figure 37. Yield of shape conservation process of a DNA origami triangle master template by ALD and pattern replication process to a PLLA stamp. Average (a) height, (b) FWHM, (c) inner length, and (d) outer length (n = 10) of features on DNA origami triangle master templates with 2 nm and 5 nm Al2O3 layers and PLLA stamps at each step of fabrication process, after (DNA) DNA origami triangles were deposited on silicon wafers, (ALD) ALD of Al2O3, and (After) pattern transfer to PLLA stamps, and (PLLA) their negative replicas on the PLLA stamps.

	3.4.4 Investigation of Surface Morphology of a DNA Nanostructure Master Template with a 20 nm Al2O3 Film
	Figure 38. Investigation of surface morphology of a DNA nanostructure master template with a 20 nm Al2O3 Film. AFM height images with corresponding cross-sectional analysis of DNA (a,b) nanotubes and (c,d) origami triangles deposited on silica wafers (a,c) before and (b,d) after 200 cycles of ALD of Al2O3. White lines on the AFM images indicate where the cross-sections were determined. (e) Height and (f) FWHM of the DNA nanotubes in four different locations of the images from a to b. Locations 1, 2, 3, and 4 correspond to 1, 2, 3, and 4 in the cross-section of image a. Scale bars represent (a,b) 500 nm and (c,d) 200 nm.
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