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Research Accomplishments 

During the funding period, we have made significant progress in the DNA-based 
patterning of substrate, including but not limited to the patterning of dopant atoms in a site- 
specific manner. We encountered many difficulties in developing aligned deposition of DNA 
nanostructures. The most significant accomplishments are: 

1 .Developed a DNA-based patterning of self-assembled monolayers. This result paves 
the way to use DNA to deliver dopant to Si wafers with nanoscale resolution and specificity. 

2. Developed a DNA-based.imprinting lithography method to pattern polymer substrate. 
This technology could pave the way to dope organic/polymer semiconductors using DNA. 

Detailed Accomplishments 

1. DNA-based patterning of self-assembled monolayers. 
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Introduction. Forming self-assembled 
monolayer (SAM) is a widely used 
approach to control and modify the 
surface properties, such as wetting, 
adhesion, surface potential, and surface 
chemistry. In particular, it has been 
shown that SAMs containing 
phosphorous and boron atoms can dope 
Si wafer when heated at high 
temperature.1’2 For this reason, we are 
interested in developing a DNA based 
patterning of SAM structures. A variety 
of methods have been developed to 
pattern SAMs. Top down approaches 
such as photoliothography, e-beam 
lithography, dip-pen nanolithography, 
and soft lithography have been used to 
pattern single- and multi-component 
SAMs.J"8 Various bottom-up approaches 
have also been reported in the literature, 
where a mixture of silanes was allowed to 
adsorb simultaneously or sequentially on the substrate.9’13 Scanning probe microscopy or 
a combination of scanning probe microscopy and self-assembly has been developed to 
obtain mixed SAMs with well-ordered domains. In one approach, a tip is used to 
mechanically remove part of the SAM from the substrate surface followed by backfilling 
with another SAM precursor; alternatively, the tip applies an electrical bias to oxidize or 
reduce the mixed self-assembled monolayers resulting in mixed SAM.14'17 In another 
method knowm as magnetolithography, a surface is patterned using superparamagnetic 
nanoparticles that are assembled by magnetic field.18"19 This method provides high 
resolution patterning at large length scales for even non-fiat and tubular shaped substrates. 

RRRRRRRRRRRRRRR R RRRRRRRRRRRR 
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Figure 1.1. Patterning mixed silane SAMs using a DNA 
template. DNA nanostructures are deposited on a 
substrate and exposed to octadecyltrichlorosilane vapor 
followed by removal of DNA, resulting in negative tone 
patterns in the octadecyltrichlorosilane SAM. The 
patterned SAM is then exposed to 3-aminopropyl 
triethoxy silane (APTES) vapor, resulting in a patterned 
mixed SAMs. 
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Despite these advances, none of the current method offers a solution to low cost, high 
throughput patterning of SAM with arbitrary-shaped patterns at the sub-10 nm length 
scale. For example, while approaches based on phase separation and self-assembly have 
the cost and throughput advantage, it is difficult to form arbitrary-shaped patterns. 
Approaches based on top-down lithography suffer from either limited resolution (e.g., 
photolithography and soft lithography) or requiring dedicated, expensive instruments 
(e.g., e-beam lithography and dip-pen lithography). 

Using DNA nanostructure as a mask to pattern SAM could potentially offer the best of 
both top-down and bottom-up approaches: scalability, low cost, high resolution, and 
capability to produce arbitrary shape. There was no previous report on using unmodified 
DNA nanostructures as mask to block surface reactions. Although DNA nanostructures 
have been used to pattern vapor phase metal deposition,30'21 the much faster diffusion of 
small organic reagents poses significant challenges, especially considering the molecular 
thinness and absence of covalent crosslinking in unmodified DNA structures. Herein we 
report the first use of DNA nanostructures as a masking template to pattern SAM. We 
show that DNA nanostructures can block the diffusion of reagents to react with the 
substrate, resulting in a faithful pattern transfer to the SAM. 

Results and discussion. Figure 1.1 outlines the strategy we took to pattern silane 
SAM with DNA templates. Our approach relies on the vapor phase deposition of silane 
precursor onto a Si substrate that has a thin layer of native Si02 (Si/Si02 substrate). 
Briefly. DNA nanostructures were assembled on the Si/SiOi substrate and placed inside a 
glass container. The pressure inside the container was reduced to vaporize 
octadecyltrichlorosilane (ODTCS). The ODTCS vapor deposited on and around the DNA 
on the Si/SiOz substrate. On sonication in deionized water, the DNA nanostructures fell 
off the substrate resulting in negative tone patterns of ODTCS monolayers on the Si/Si02 
substrate. The patterned SAM can be backfilled with a different silane to produce a mixed 
SAM (see below). 

Figure 1.2a shows the AFM image and 
the cross section of triangular DNA 
nanostructures assembled on the Si/SiOi 
substrate. After exposing the Si/SiOi 
substrate containing DNA nanostructures 
to ODTCS vapor, the apparent height of 
the DNA nanostructure increased from ca. 
1.5 nm to ca. 4.0 nm, suggesting that the 
silane deposited on the Si02 surface as 
well as on the DNA nanostructures 
(Figure 1.2b). After a brief sonication in 
deionized water, the DNA nanostructures 
readily fell off resulting in negative tone 
triangular patterns that are ca. 2 nm deep. 
The depth of the trenches is similar to that of the thickness of ODTCS SAM, suggesting 
that the bottom of the trenches is likely exposed Si02 surface (Figure 1.2c). 

Figure 1.2. AFM images and cross sections of (a) DNA 
nanostructures assembled on a Si substrate, (b) Sample (a) 
after exposure to ODTCS. (c) Sample (b) after sonication 
in Di water to remove DNA. The white line indicates the 
line of cross section. 
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The above observations suggest that 
the DNA nanostructures are capable of 
blocking the diffusion and/or reaction 
of ODTCS molecules to the underlying 
SiOi surface. It is commonly accepted 
that the DNA nanostructures are 
anchored to the SiCb surface through 
electrostatic interaction mediated by 
Mg2+. In contrast, ODTCS is capable 
of forming covalent bond with the Si02 

surface. Given these considerations, it 
is not entirely surprising that the DNA 
nanostructures can be easily removed 
by sonication without damaging the 
ODTCS SAM. 

To form a mixed SAMs, a negative 
tone patterned ODTCS SAM was 
prepared and then exposed to 3- 
aminopropyltriethoxysilane (APTES) 
vapor. The APTES molecules 
selectively deposited onto the trenches 
where the Si02 was exposed, resulting 
in the formation of mixed SAMs 
patterns with nanoscale resolution. To 
verily the formation of mixed SAM. we 
analyzed the change in the AFM 
topography and phase images after the 
backfilling. We note that the AFM phase 
contrast is generated due to the difference 
in the energy dissipation involved in the 
contact between the AFM tip and the 
sample; the energy dissipation depends on 
the properties of the surface, such as 
visocoelasticity and adhesion; the phase 
will therefore depend on the chemical 
nature of the sample surface,22"23 As a 
result, two surfaces having similar 
topography but different chemical 
composition can be easily identified in 
AFM phase imaging. 
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Figure 1.3. Fabrication of mixed monoiayer SAM. (a) and 
(b) are the AFM topography and phase images of ODTCS 
pattern on the Si substrate, (c) and (d) are the AFM 
topography and phase images of bilayer silane pattern of 
APTES and ODTCS. APTES is deposited on the ODTCS 
pattern substrate at vapor phase resulting in bilayer silane 
pattern. Scale bar: 500 nm. 

Figure 1.4. XPS survey scan of patterned ODTCS SAM 
(red) and mixed ODTCS/APTES SAM on silicon 
substrates. Figure 1.3a and 3b show the AFM 

topography and phase images of the 
negative-tone ODTCS patterns formed on a Si/SiO? substrate, respectively. Both the 
images show distinct triangular patterns consistent with the negative-tone ODTCS pattern 
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after the removal of DNA template. After exposing the ODTCS patterned substrate to an 
APTES vapor, we observed a significant decrease in the topography contrast. As shown 
in Figure 1.3c, the trenches are barely visible in the topography image, consistent with 
the back filling of the trenches with APTES. In contrast, in the phase image shown in 
Figure 1.3d, the triangular patterns are still clearly visible, consistent with the back¬ 
filling of APTES. In addition to the AFM characterization, the XPS spectrum (Figure 
1.4) of the patterned ODTCS sample showed presence of Si. O, and C peaks, while that of 
APTES-backfilled sample showed an additional N peak due to the incorporation of 
APTES. These results strongly support the formation of mixed monolayer SAM in our 
experiments. 

Conclusion. In conclusion, we have demonstrated a novel approach to pattern single- 
component and mixed SAMs with nanometer scale resolution using DNA nanostructure 
as a template. Our result shows that even a single layer of close-packed double-stranded 
DNA is capable of blocking the diffusion of SAM precursor to the underlying SiO? 
substrate. This technique opens up new opportunities to use DNA nanostructure as a 
blocking template for nanofabrication. In the present study, the DNA nanostructure 
templates are randomly deposited onto the substrate. For many applications (e.g., 
nanolithography), it is desirable to have control over the position and orientation of the 
DNA templates. Ways to deterministically position DNA nanostructures onto a substrate 
have been reported;1'' work to integrate these approaches with DNA-mediated patterning 
of SAMs will be explored in the future. 

2. DNA nanostructure for high resolution imprinting lithography 

Introduction. Soft lithography uses a stamp to transfer micro- and nano-scale patterns.24"28 The 

stamp is usually fabricated by casting a liquid precursor onto a master template 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 soft 

materials and nonplanar surfaces.2^ 28"2l) The application of soft lithography, however, is 
fundamentally limited by the spatial resolution and diversity of the structures on the stamp. 

Significant efforts have been put into the preparation of master templates, from which the 
stamp is derived.28-30 Conventional lithography methods, such as photolithography and electron- 
beam (e-beam) lithography, are the most general approach to fabricating master templates. One- 

step 193-nm photolithography is widely used; however, it is not suitable for the fabrication of 

nanostructures with spacing less than 40 nm due to its diffraction-limited resolution. Although e- 
beam lithography can provide sub-10-nm resolution, the massive production of the master 

template is hindered by the high cost of this method.31"33 In addition to the conventional 

lithographic methods, dip-pen nanolithography,34 indentation lithography,35 nanosphere 
lithography,56 and block copolymer lithography37"40 have been applied to offer nanoscale and 
even sub-10-nm features. Other relief structures such as crystallographic steps,41 cracks,42 and 
single-walled carbon nanotubes43 have also been used to provide features with sub-nanometer or 
molecular-scale resolution. However, it still remains a challenge to develop a general method of 
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constructing master templates and stamps with diverse nanoscale features and high spatial 

resolution. 

In recent years, programmable DNA self-assembly44'46 has produced a wide range of one- 
dimensional (ID),4700 two-dimensional (2D)51'56 and three-dimensional (SD)'7'62 nanostructures 

with diverse and complex features. Assembled DNA nanostructures can be rationally designed 
and reliably synthesized. The assembly process is fast and easily implemented.63 Thus, self- 
assembled DNA nanostructures can be used as a nanofabrication template due to ease of 
controlling their shapes with nanometer-scale spatial resolution. Along this direction, many 

approaches have been developed to transfer the pattern 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 pattern to evaporated noble 
metal films.21 Metallization lias also been achieved through wet chemistry, and the resulting 

metal nanostructures have been used to pattern graphene.64 By exploiting the difference in 
adsorption of water between DNA nanostructures and a SiCb substrate, DNA nanostructures 
have been used to modulate the rate of HF vapor phase etching to achieve pattern transfer to the 
SiC>2 substrate.6;i Based on the same principle, adsorption of water could control the rate of 

chemical vapor deposition of SiCT and TiCh on the DNA nanostructures and substrate to convert 
the pattern of DNA nanostructures into that of inorganic oxides.66 Moreover, AI2O3 protected 

DNA nanostructures can be converted to carbon nanostructures by thermal annealing.67 In 
addition to the 2D pattern transfer, DNA 3D nanostructures have served as molds to synthesize 
inorganic nanostructures with prescribed 3D shapes.68 

DNA nanostructures are promising templates for materials science due to their structural 

complexity and diversity in the nanoscale. However, nano fabrication based on DNA 
nanostructures still faces several formidable challenges. First of all, the high cost of synthetic 

DNA hinders its application as a master template for large scale patterning.69 Second, there is a 
lack of 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, 
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.70"73 

A strategy to partially overcome these problems is to establish a method to transfer complex 

DNA patterns to a polymer substrate. The resulting polymer stamps can be used as templates for 

the following patterning process, which reduces the cost, simplifies the fabrication process and 
potentially overcomes the difficulties of scalable patterning. Recently, a linear DNA bundle with 

an average height of ca. 90 nm and an average width of ca. 879 nm was employed as a master 
template for the fabrication of a negative replica on an unsaturated polyester resin which was 
further used to pattern a polyacrylamide gel.74 However, the lateral dimension of the DNA 
bundle is relatively large (ca. 1 pm). 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. 
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Herein we demonstrate an approach to using DNA nanostructures as master templates in a 

direct pattern transfer from DNA to polymers with high fidelity. The nanoscale features of the 
polymer can be rationally controlled by the design of the DNA nanostructures. A variety of DNA 
nanostructures were used to pattern poly(methyl methacrylate) (PMMA) and poly(L-lactic acid) 
(PLLA), including DNA nanotubes, ID >,-DNA, 2D DNA brick crystals with 3D features, 
hexagonal DNA 2D arrays, and triangular DNA origami. The resulting polymer stamp could 

serve as a mold to transfer the pattern to an acryioxy perfluoropolyether (a-PFPE) polymer 
substrate. 

Results and Discussion. The fabrication of polymer stamps consists of six steps as shown in 

Figure 2.1,7!' A silicon wafer with native oxide was cleaned by piranha solution and served as a 

substrate for DNA deposition (Figure 2.1, a to b). After the DNA nanostructure was deposited, a 
polymer film (e.g., PMMA) was spin-coated on the substrate to cover the DNA (Figure 2.1, b to 

c) . A negative replica formed on the sub-surface of the film which was in contact with the DNA. 
Four edges of the film were scratched to expose the underlying silicon substrate (Figure 2.1, c to 
d) . Then a polydimethylsiloxane (PDMS) film was adhered to the polymer film as a flexible 
backing to assist in removing the polymer film from the silicon substrate in the next step (Figure 

2.1, d to e). Drops of water were added to one edge of the exposed silicon substrate and were 
allowed to penetrate into the interface between the hydrophobic polymer and the hydrophilic 
silicon wafer. In the last step, the PDMS/polymer film was peeled off and gently dried by a 

nitrogen stream (Figure 2.1, e to f). The whole process can be completed in several minutes. 

(a) <b> Spin coat <C> 

Scratch 
edges of 
polymer 
film 

(f) 

A A 

A A 

Peel off (®) 
PDMS/polymer 

<- D Cover PDMS 

<- 

(d)\F 

Figure 2.1. Fabrication of polymer stamps using DNA nanostructures as master templates, (a) 

The silicon wafer, (b) DNA is deposited on the silicon wafer, (c) A polymer film (e.g., PMMA) is 
spin-coated on the silicon wafer, (d) Polymer film (ca. 1 mm wide) is removed from the four 

edges, (e) A polydimethylsiloxane (PDMS) film adheres to the polymer film as a flexible 
backing, (f) Drops of water are added to one edge of the exposed silicon wafer and the 

PDMS/polymer film is peeled off. 

We first demonstrate the stamp fabrication using self-assembled DNA nanotubes which have a 
length of up to 60 pm and a width in the range of 30--70 run.48 The topography of the DNA 

master templates and polymer stamps were characterized by atomic force microscopy (AFM). In 

the AFM images, the height of the DNA nanotubes was measured to be 4.0 ± 0.5 run. This small 
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height is expected due to the collapse of the DNA nanotubes during the drying process (Figures 

2.2a). Bundling of DNA nanotubes, however, was evident in some areas. After the polymer film 

was peeled off, the trenches corresponding to the DNA nanotubes was observed on the PMMA 
stamp. The ID trenches were 3.2 ± 0.7 nm in depth, in good agreement with the height of the 

DNA nanotube master templates (Figures 2.2b). The measured width of the nanotube master 
template (67.1 ± 5.3 nm) was larger than the expected value, and the measured width of the ID 
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 the salt 
residues during the fabrication of the PMMA stamp. The bundling of DNA nanotubes produced 

wider and deeper ID trenches. These results confirm a successful replication process from the 

DNA nanotubes to the PMMA stamp. 

(a) Height so™ Phase 5.0° (b) Height 50nm Phase 5.0 ■ 

Figure 2.2. Fabrication of PMMA stamps by replication over DNA nanotubes. AFM height (left) 

and phase (right) images of (a) DNA nanotubes deposited on the silicon wafer and (b) the replica 

of nanotube patterns on PMMA stamps (top). Corresponding cross-sections are shown at the 
bottom. Scale bars represent 300 nm. 

A similar stamp fabrication method was reported to replicate the pattern of single-walled 

carbon nanotubes (SWNTs) to high-modulus (~ 10 MPa) PDMS.43 In that method, SWNTs 
attach to the silicon wafer through van der Waals interaction. In addition, an anti-adhesion silane 

layer has to be deposited on the wafer to reduce the adhesion of PDMS to the silicon wafer. In 
our method, however, DNA nanostructures and the silicon wafer are bound through Mg2+, via a 
likely much stronger electrostatic interaction. In addition, water can easily separate the 

hydrophilic silicon wafer from the hydrophobic polymer stamp, and the anti-adhesion silane 

layer is not required. Most importantly, our method can produce diverse nanostructures instead 
of simple linear trenches (see below). 

Besides ID nanostructures, 2D DNA brick crystals with defined 3D features could also serve 
as master templates to transfer 3D patterns to PMMA. Such 2D DNA brick crystals were 

prepared through the recently developed "DNA bricks" approach.'6 After a one-pot annealing 
process, 2D DNA brick crystals with parallel channels were assembled (Figure 2.3a). The 
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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 2.3b), assuming 2.5-nm diameter per hydrated 
DNA helix.76 The assembled brick crystals were imaged by transmission electron microscopy 

(TEM). The parallel channels were clearly visible in the TEM image, and the measured pitch of 
the brick crystal was 24.9 ± 0.5 nm, smaller than the theoretical value of 30 nm (Figure 2.3c). 
The decreased pitch of the 2D brick crystals is attributed to the staining and dehydration of the 

DNA brick crystals during TEM sample preparation and imaging in vacuum. The AFM images 

show a consistent shape of the 2D brick crystals (Figures 2.3d). The 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 pitch was 29.9 ± 1.8 nm (expected value: 30 nm). The trenches within the DNA 

brick crystal were clearly visible in the AFM phase image; however, their full depth was not 
resolved in the topography image, 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 the aggregation of DNA brick crystals (Figures 2.3d - e). 

After the replication process, the negative replica of the DNA brick crystal could be clearly 

seen on the PMMA film (Figures 2.3e). The depth of the negative replica pattern was 7.7 ± 0.3 
nm, in good agreement with that of the original 2D brick crystal (7.3 ± 0.3 nm) on the silicon 
wafer (Figure 2.3e), The trenches within the negative replica were clearly visible in the phase 

image and the pitch was 30.3 ± 0.6 nm, which is close to that of the DNA master template 
(Figure 2.3e). Although the trenches were clearly visible in the topography image, their depth 

was not fully resolved and is much smaller than the expected value of 10 nm. This observation is 
similar to that of the DNA brick crystals. Nevertheless, the consistency of the shape, height, and 

pitch between 2D DNA brick crystals and their replica on PMMA stamps indicates a faithful 
replication process. 
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Figure 2.3. Fabrication of PMMA stamps by replication over 2D DNA brick crystals, (a) A 
model of 2D DNA brick crystal. The repeating unit is labeled as the blue and orange block, (b) 

Side view of the model of the 2D DNA brick crystal, (c) The transmission electron microscopy 
(TEM) image of the 2D DNA brick crystal. The scale bar represents 500 nm. (d) AFM height 

(left) and phase (right) images of 2D DNA brick crystals deposited on a silicon wafer (top) and 
the corresponding cross-sections (bottom), (e) AFM height (left) and phase (right) images of the 
replica of 2D DNA brick crystals on PMMA stamps (top) and the corresponding cross-sections 

(bottom). Scale bars in d and e represent 300 nm. 

In addition to the DNA nanotubes and the 2D DNA brick crystals, DNA nanostructures with 
smaller feature sizes could also be used as master templates in our method. A hexagonal DNA 
2D array was tested as a master template for the pattern transfer. The hexagonal DNA 2D array 
was self-assembled from DNA 3-point-star motifs (Figure 2.4a).52 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 w:as used to directly grow the DNA 
2D arrays on the silicon wafer.77'78 A freshly cleaned silicon wafer was immersed in the DNA 

solution and annealed with DNA strands from 95 °C to 23 °C in one day. During this process, 

DNA motifs were adsorbed and confined to the SiCb surface to facilitate the self-assembly.30 

Figures 2.4b shows that after the annealing, most areas of the silicon wafer were covered by a 

monolayer of DNA 2D arrays with a hexagonal shape. The Fourier transform of the AFM phase 
image shows the expected six-fold symmetry of the DNA array (Figure 2.4c). Big white spots 
wrere also observed, which we attribute to DNA aggregates and salt residues attached to the 

monolayer DNA. The section 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.32 On the surface of 
PMMA, the negative replica of the DNA 2D array appeared as an array of pillars and was 

highlighted by the white arrows in Figures 2.4d. The Fourier transform of the pattern shows six¬ 
fold symmetry which is consistent with the pattern of the DNA master template (Figure 2.4e). 
The periodicity of the pattern was measured by the averaged distance between 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 
DNA 2D arrays to PMMA stamps. 
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Figure 2.4. Fabrication of PMMA stamps by replication over hexagonal DNA 2D arrays, (a) 
Scheme of hexagonal DNA 2D arrays assembled from 3-point-star motifs, (b) AFM height (left ) 
and phase (right) images of DNA 2D arrays assembled on the silicon wafer (top) and the 

corresponding cross-sections (bottom), (c) Zoom-in view of the area in the white dashed box in 
b. The inset is the Fourier transform pattern of the image in c. (d) AFM height (left) and phase 

(right) images of the PMMA stamps (top) and the corresponding cross-sections (bottom), (e) 

Zoom-in view of the area in the white dashed box in d. The inset is the Fourier transform pattern 
of the image in e. White arrows indicate the replicated patterns on PMMA. Scale bars in b and d 

represent 400 nm, and scale bars in c and e represent 50 nm. 

To probe the resolution limit of this method, the feature size of the DNA nanostructures is 

further decreased to an individual DNA double helix. ^.-DNA. a double-stranded phage DNA 
with a length of ca. 16 pra, was employed as a master template. The height and width (fwhm) of 
the individual X-DNA were measured to be 0.3 ± 0.1 nm and 14.7 ± 3.2 nm, respectively 
(Figures 2.5a), although bundling of the X-DNA was observed as well. After the replication, 
narrow ID trenches with a depth of 0.4 ± 0.1 nm and a width (fwhm) of 11.1 ± 1.7 nm were 
observed on the PMMA stamp (Figures 2.5b), which represent the negative replica of the 

individual X-DNA. This result suggests that even a single DNA double strand of a diameter of 2 
nm might 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 5. Fabrication of PMMA stamps by replication over the A,-DNA. AFM height (left) and 
phase (right) images of (a) A.-DNA deposited on the silicon wafer and (b) the replica of X.-DNA 
patterns on PMMA stamps. Corresponding cross-sections are shown at the bottom. Scale bars 
represent 200 nm. 

All of the nanostructures tested above are either 1D linear structures or 2D nanostructures with 
periodic patterns. To increase the complexity of the patterns on the stamp, triangular DNA 

origami nanostructures-’'-’- 71 were employed as master templates for the pattern transfer. The 

triangular DNA origami is composed of a single layer of DNA double strands with a theoretical 
height of 2 nm and contains three trapezoidal domains. The edges of the adjacent trapezoidal 
domains are connected by the bridging staple strands, forming three small triangular holes at 

each vertex and one large triangular hole in the center (Figure 2.6a). According to the design, 
the inner length (the length of the sides of the central triangular hole), outer length, and full 

width at half-maximum (fwhm) of the trapezoidal sides of the DNA triangles are 55.0 nm. 129.6 
nm and 27.0 nm. respectively. AFM images show that the DNA triangles were randomly 

distributed on the silicon wafer and the central, large triangular holes were clearly visible 
(Figures 2.6b). 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 smaller triangular 
holes at the vertex were shown as a linear gap. The tangling loop was visible in some DNA 

triangles; in other structures, the tangling loops might have attached on top of the DNA triangle 
or beneath the structure so that they were not visible. According to the AFM cross-section 
analysis, the height, inner length, outer length, and width (fwhm) of the trapezoidal sides 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.79 Due to the AFM probe 

convolution, the measured outer length and side width of DNA triangles increased compared 
with the theoretical value, and the measured inner length of DNA triangles was smaller than the 
theoretical value. 

12 



After the pattern transfer, triangular trenches appeared on the PMMA film, resembling the 
shape of the DNA origami (Figures 2.6c). Even the pattern of the tangling loop had been 

transferred to the PMMA stamp in some cases. The averaged depth, inner length, outer length, 

and width (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 the salts during the pattern transfer. The inner length, outer length, and width 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 small bumps at the 
vertices of the triangular trenches, which is the replica of the gaps between the trapezoidal 
domains. As the feature size of the DNA master template decreases, especially when nanometer¬ 

sized holes exist in the DNA master template, PMMA 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. 

(a) 

(b) Height 2.5 nm Phase 
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Figure 2.6. Fabrication of PMMA stamps by replication over the triangular DNA origami, (a) 
Folding path of the DNA scaffold strand in the DNA triangle. Red lines represent staple strands 

bridging the trapezoidal sides. Reprinted by permission from Macmillan Publishers Ltd: Nature 
(reference 30), copyright 2006. (b) AFM height (left) and phase (right) images of the DNA 

triangles deposited on a silicon wafer (top) and the corresponding cross-sections (bottom), (c) 
AFM height (left) and phase (right) images of triangular patterns on PMMA stamps (top) and the 
corresponding cross-sections (bottom). Zoomed-in images are on the left of the corresponding 

images. Scale bars represent 200 nm (zoomed-out images) or 50 nm (zoomed-in images). 

Besides PMMA, other polymers such as PLLA could also be used as the stamp material in our 
method (Figures 2.7). Both DNA triangles and DNA nanotubes could be precisely replicated to 

the PLLA stamps. Similar to the pattern transfer from DNA triangles to the PMMA stamp, the 
tangling loops and the gaps between the trapezoidal domains could be also transferred to the 
PLLA stamp. AFM cross-sections indicate that the averaged depth and width (fwhm) of the 

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. 

Figure 2.7. Fabrication of PLLA stamps by replication over the triangular DNA origami, (a) 

AFM height (left) and pitase (right) images of DNA triangles deposited on a silicon wafer (top) 
and the corresponding cross-sections (bottom), (b) AFM height (left) and phase (right) images of 

triangular patterns on the PLLA stamps (top) and the corresponding cross-sections (bottom). 
Scale bars represent 150 nm. 

To evaluate the yield of the replication process and its impact on the DNA master template, we 
imaged the DNA master templates and the polymer stamps in the same location (Figures 2.8). 
Figures 2.8a and 2.8d show the topography and phase image of the DNA nanotubes on the 

silicon wafer, respectively. The corresponding negative replica on the polymer stamp (Figures 
2.8c and 2.8f) matched well with the DNA master templates (Figures 2.8a and 2.8d), 

demonstrating a faithful pattern transfer. However, the nanotubes were partially damaged after 

the replication (Figures 2.8b and 2.8c), which we attribute to the water used to separate the 
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master template and the stamp. To confirm the effect of water, we first used less water and 

decreased the incubation time (i.e., the time between adding water to the silicon wafer and 
peeling off the polymer stamp). As a result, less DNA damage was observed. In addition. DNA 

nanotubes were also replicated to the a-PFPE polymer stamp, during which process water was 

not used. In addition, the AFM phase image also shows that the DNA nanostructure template 
was not trapped in the polymer stamps. Since the phase image is sensitive to the chemical 

composition, if DNA nanostructures were trapped in the trenches, the features would be visible 

in the phase image but not in the height image. Therefore, the yield of the pattern transfer can be 
assessed by examining the consistency between AFM height and phase images. In all the figures 
mentioned above, the position and shape of the features in the height and phase images matched 

with each other, suggesting the absence of trapped DNA nanostructures in the polymer stamps. 

(b) After 

pm 

(f) PMMA 

-2.5 nm 

2.5 nm 

pm 

(d) Before 

<D (/) 
03 
.c 
CL 

2.5 ° 

-2.5° 

2.5° 

-2.50 

Figure 2.8. Comparison of features of the same location on the DNA master template and the 

polymer stamp. AFM height images and cross-sections of DNA nanotubes deposited on a silicon 

wafer (a) before and (b) after the replication to PMMA stamps, and (c) PMMA replica of the 

same area, (d) to (f) show the corresponding phase images and cross-sections. Scale bars 
represent 300 nm. Note: images (c) and (f) were flipped horizontally to match the orientation of 
the DNA master template. 
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In addition to the high yield of replication, the DNA master templates can be also used in a 
repeated manner to transfer the pattern to the a-PFPE stamp. Figures 9 and S13 show the AFM 

images of the DNA master templates before the replication process and after the 5th and 10lh 
replication. The features of the DNA master templates were not damaged during the 10 times of 
replication. The repeated use of DNA master templates would greatly reduce the cost and 
facilitate its applications. Wc note that DNA master templates cannot be repeatedly used to 
transfer the pattern to PMMA or PLLA stamps at this stage because water, which is used to 

release the stamp, may damage the features of the DNA templates as mentioned above. 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. Alternatively, it is also possible to protect the DNA nanostructures 
using a nanometer-thin oxide coating (e.g., AI2O3) grown by atomic layer deposition.67 

(p) Before replication 

-2.5 nrrt 

2.5 nm 

-2.5 nm -2 5 nm 

(e) Fifth replication (f) Tenth replication 

Figure 2.9. AFM height images of DNA nanotubes in two different locations (a, d) before the 
pattern transfer and after the (b, e) fifth and (c, f) tenth pattern transfer to the a-PFPE stamp 

(top). Corresponding cross-sections are shown at the bottom. Scale bars represent 300 nm. 
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The resulting polymer stamp could serve as a mold to transfer the pattern to other materials. 

Figure 2.10 shows the replica molding of nanotube patterns on a PMMA stamp into a photo- 

curable a-PFPE.80 In this experiment, the a-PFPE prepolymer was spin cast as a thin film on the 
PMMA stamps with the 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 easily separated. A DNA 
nanotube pattern was 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 PMMA stamps to the a-PFPE 

polymer film (Figures 2.10). Compared w-ith the DNA nanotube master templates, both the 
depth/height and width of the patterns on the PMMA and a-PFPE were smaller. The average 

height/depth and width of DNA nanotube master templates, 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 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 a carbon nanotube pattern to the a-PFPE and then to the polyurethane.80 

In addition, 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) but similar to that of the a-PFPE stamp 

(412.8 pm) that was produced from the DNA master templates. High surface roughness of a- 

PFPE mold was also reported before,80 suggesting that it is likely an intrinsic property of this 
material and not a result from the molding process. 

Figure 2.10. AFM height images of (a) DNA nanotubes on a silicon wafer, (b) DNA nanotube 
patterns on the PMMA stamp, and (c) DNA nanotube pattern on an a-PFPE substrate transferred 
from the PMMA stamp by the replica molding. Corresponding cross-sections are shown at the 

bottom. Scale bars represent 300 nm. Note: (a) and (b) are also shown in Figure 2.2. 

Finally, we investigated the repeated use of the polymer stamps for the application of replica 

molding. We found that the polymer stamp film often delaminated from the PDMS backing layer 

and broke during the separation of the stamp from the mold. We attribute this observation to the 
micrometer-scale thinness of the stamp and its low affinity to PDMS. Part of the polymer stamp 

film remained on the PDMS backing layer and from which we were able to verify that the 
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nanoscale features there were not damaged after molding the a-PFPE film. Therefore, the 
polymer stamps 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.81"^ Work is underway to fully explore the applications of the polymer 
stamps that we produced in this study. 

CONCLUSIONS 

We have demonstrated a general method of fabricating polymer stamps using DNA 
nanostructure master templates with high fidelity. DNA nanotubes, ID X-DNA, 2D DNA brick 
crystals with 3D features, hexagonal DNA 2D arrays, and triangular DNA origami have been 

tested as master templates to replicate their features to PMMA and PLLA. The resulting PMMA 
stamp has been applied as a mold to transfer the pattern to photo-crosslinked a-PFPE. In addition 
to replica molding, the polymer stamp can be potentially used in many other applications, in 

particular contact printing of small molecules and proteins.27"28, 88-89 Since DNA master templates 
with diverse features can be rationally designed and constructed, our method could enable the 
fabrication of polymer stamps with 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. 

To apply DNA nanostructures in the scalable nanofabrication, the limitation of large-area 
patterning in our method needs to be overcome. High-throughput nano-patterning is important 
for the nanofabrication and has been realized by e-beam lithography32-33 and directed self- 
assembly of block copolymer.38-40 However, the difficulties of controlling deposition of DNA 

nanostructures and defects in the self-assembled DNA nanostructures limit their applications in 

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 

overcome. At the current stage, this challenge could be compensated by generating multiple 
copies of the polymer stamps based on a DNA master template. Ways to increase the chemical 
and mechanical stability of the DNA master template (e.g., by a conformal coating of an 
inorganic oxide film66-67) have been explored and published in peer reviewed journals. 
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