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Chapter 1: Introduction 
 

 Research has been growing in the field of bottom up manufacturing as a technique that 

allows for the formation of new structures that would not be possible through top down 

manufacturing. One such nanoscale technique is DNA origami. DNA origami is named after its 

resemblance to Japanese paper folding. Pioneered by Rothemund1,  DNA origami  involves 

taking a large single stranded DNA (scaffold strand) and short complementary DNA stands 

(staple strands) and mixing them in a warmed buffer solution. The attachment of complementary 

base pairs found in the staple and scaffold strands is termed DNA hybridization. DNA is most 

stable in a double helix configuration; the scaffold strands hybridize with complementary staple 

strands allowing a short local double helix to be formed. The base pairs of each half of the staple 

stands are designed to be complementary with two or more different locations on the scaffold 

strand, effectively stapling these two scaffold strand locations together. This process happens for 

each of the staple strands resulting in the folding of the scaffold into complex two or three 

dimensional shapes2-8. Two dimensional origami structures typically have lateral dimensions of 

about 100 nm9. 
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Figure 1. Computer modeling software used to design and determine the required staple strands 

for a Pac-Man design. Left CaDNAno allows for pattern design though placement of staple 

strands. Using visualization software like Maya (right) the final design can be imaged. 

The most common scaffold strand, M13mp18, is 7249 nucleotides long10 and comes from 

M13, a virus that infects bacteria.  Staple strands are much shorter ranging from 22 to 32 

nucleotides. The complexity of the origami shape determines how many different staple strands 

are required, with typical counts being around 200. Staple strands are custom synthesized and are 

commercially available. DNA origami computer modeling programs such as CaDNAno can be 

used to quickly determine the required staple strand sequences (see Figure 1). Other programs 

are used to analyze the robustness of the constructed structure for example, CanDo provide 

simulation through finite element modeling, and OxDNA simulates using molecular dynamics 

(see Figure 2). The robustness of the structure can be influenced by the staple strand length and 

placement. Various research groups have utilized DNA origami technology to make complex 

devices such as tiles11-12, tubes13-14, cages6, 15, switches16-18 and logic19. 
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Figure 2. Visualization tools allow for the stability analysis of DNA origami patterns. On the left 

OxDNA uses molecular dynamics to check stability on what we called a Pac-Man design using 

DNA. On the right is a stability simulation of the same design using CanDo. 

 The appeal of DNA for designing and building complex nanoscale structures is due to the 

large number of base paring combinations, a 10 base pair long staple strand, which is typical, can 

have 410 possibilities which is 1048576 combinations. This results in one unique staple strand for 

each location on the scaffold. This can be used to attach other nanostructures to specific sites on 

the origami surface. The site specific nature on DNA of binding nanostructures to origami has 

been utilized for various applications including: medical, plasmonic20-21 and electrical22. For 

example, metal particles and rods have been functionalized, by having small strands of DNA 

attached, allowing for site specific attachment to DNA origami (illustrated in Figure 3). Even 

different materials can be attached to the same DNA origami template23.  In addition to 

hybridization, other approaches to attach nanostructures to origami include chemical and 

electrostatic bonding that allow for direct nanorod attachment are not site specific24-25. Various 

electronic materials that have been attached to DNA origami include Au3, 22, 24-28, Ag4, 21, Cu21, 24, 

29-30, Ni31, Pd32-33, Te34 and carbon nanotubes35. The size of the nanowires can vary from a few 

hundred nanometers to several microns. Nanowires formed in this manner have been found to be 
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conductive, but with resistivities 2-3 orders of magnitude higher than that of the bulk material22, 

26, 36-37.  

 

Figure 3. Schematic representation of the attachment of functionalized gold nanorods. Using a 

scaffold and staple strands a DNA origami shape can be constructed with free attachment sites. 

When complementary DNA is attached to gold nanorods the nanorods will site specifically 

attach. 

 Nanowires used in our research are designed to be 400 nm in length. These wires are 

placed randomly on a substrate, making electrical connections to the nanowires difficult to 

pattern. The method we employ for contacting these nanowires is electron beam induced 

deposition (EBID)12, 38. Performed in a scanning electron microscope (SEM), this technique uses 

the electron beam to locally decompose a precursor gas, depositing metal atoms in pre-

determined patterns39-40. Precursors are typically organometallics solids or liquids that when 

heated slightly, becoming a gas. With the use of an incorporated gas injection system, the gas is 

released into the SEM close to the desired write location. As the electron beam is raster scanned 

in a desired pattern, the electron beam breaks the bonds of the organometallic gas, leaving metal 

atoms behind as depicted in Figure 4.  
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Figure 4. Cartoon of the electron beam induced deposition process. An organometallic 
precursor gas is injected into the scanning electron microscope chamber close to the surface of 
the substrate. The electron beam interacts with the gas molecules breaking off the metal atoms 
(silver) and releasing the volatile organics (yellow). 

 

In a process similar to 3D printing but at a much smaller scale, nanoscale two and three 

dimensional patterns can be created via EBID through the use of computer aided design and 

control available with the SEM41. The resolution of the EBID structures is limited by secondary 

scattering events but can result in lines below 10 nanometers in width. Electrons from the 

primary beam interact with the organometallic bonds or the surface and scatter resulting in 

secondary electrons can interact with molecules outside of the direct beam, which results in 

features slightly larger than the primary beam diameter. Some of these secondary electrons go 

further out creating a “halo” around the structure as seen in Figure 5.  This can lead to 
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conductive areas outside the proposed area. The size of the “halo” is influenced by the height of 

the patterned structures due to longer exposure times.  

A primary challenge with EBID is that carbon, within the organometallic gas and in the 

SEM chamber, is deposited at the same time as the metal atoms resulting in high resistivity 

carbon metal alloys39, 42-43. Various in-situ and post processing methods, along with carbon free 

precursor gases have been developed to decrease the carbon content and related high resistivity44-

47. One such method for platinum deposition involves post processing EBID structures by 

exposing to an electron beam in the presence of water vapor45. Carbon atoms are moved toward 

the surface of the matrix allowing for the formation an underlying layer of pure platinum. This 

method has been shown to result in significant improvements in conductivity.  

 

Figure 5. EBID traces written with tungsten.  A visible “halo” surrounds the EBID traces. 

Although there is significant “halo” visible was found to be non-conductive. The small light 

structures are DNA origami templated gold nanowires.  
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A challenge directly related to nanowire fabrication and its use, is the Rayleigh 

instability. The Rayleigh instability, originally describing the stability of an infinitely long liquid 

cylinder, hypothesizes that the cylinder, when perturbed, will spontaneously separate into a 

series of equally spaced spheres as seen in Figure 6. The spacing between spheres is calculated 

to be 8.89R, where R is the radius of the original cylinder. The specific spacing of 8.89R yields 

the minimum surface area, resulting in greater stability. A radius perturbation in a nanowire will 

grow in amplitude until complete spherical separation. This instability is known to occur in 

nanowires at temperatures far below the melting point of the material48-50. Various factors can 

influence the temperatures when this effect begins to manifest including crystallinity and the size 

of the wires51-53. 

 

Figure 6. Illustration of the Rayleigh instability in a gold nanowire. The nanowires begin as a 

continuous cylinder but develop a perturbation eventually separating into a series of equally 

spaced spheres. 

The Rayleigh instability can impact the structure of nanowires during various processing 

techniques which require elevated temperatures. Nanowires are especially susceptible to the 

morphological instability49. The Rayleigh separation of gold nanowires studied here is observed 

to happen below 180° C. Various important manufacturing processes happen around 200° C 

including plasma enhanced chemical vapor deposition of silicon dioxide, silicon nitride54, silicon 

oxinitride55, WO3
56 and ZnO57 among others58-59. In this work we will present a technique that 
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suppresses the Rayleigh instability allowing for the retention of nanowire morphology up to 210° 

C. 

 This thesis is divided up based on the different projects performed and the equipment 

required for each. Chapter two shows the results of some preliminary work done to characterize 

the “halo” surrounding EBID tungsten traces. Chapter three and four are separate journal articles 

that have been submitted for publication. Chapter five summarizes conclusions on the work as a 

whole and introduces some future directions. At the end of the thesis an appendix is included of 

standard operating procedures containing process details.  

Chapter three is a paper published in Langmuir titled “Four Point Probe Electrical Measurements 

on Templated Gold Nanowires Formed on Single DNA Origami Tiles”. In this paper Tyler 

Westover and Basu Aryal were equal contribution first authors. The authors used site specific 

attachment of gold nanorods to create a C-shaped pattern on a single DNA origami tile. These C 

shaped patterns were connected in a four-point configuration using EBID platinum, that was 

purified, to determine the resistivity.   

Chapter four is a manuscript submitted for review in Langmuir at the time of writing 

titled “Impact of Polymer-Constrained Annealing on the Properties of DNA Origami Templated 

Gold Nanowires”. Tyler Westover is the first author of this paper. It is shown that with the use of 

a polymer overcoat, the separation into isolated spheres due to the Rayleigh instability can be 

delayed until a higher temperature with the same annealing conditions. Electrical connections 

were patterned using EBID tungsten which did not require a purification step due to the makeup 

of the organometallic precursor.  

The appendix has four separate standard operating procedures (SOPs) that were vital to 

this work.  The first is a modified SOP for thermal evaporation of chrome/gold using a home 



 
 

9 
 

built thermal evaporator.  This is included because the typical SOP and equipment training only 

involves one material. For this work gold was deposited but will not adhere to silicon dioxide 

without an adhesion layer. Chromium was used as an adhesion layer as it bonds to both gold and 

silicon dioxide. This all must be done without breaking vacuum in the thermal evaporator. The 

second SOP is a step by step guide to performing electron beam induced deposition (EBID). The 

third SOP is how to perform purification of platinum traces.  If EBID platinum is to be used for 

electrical measurements it must first be purified to reduces its resistivity. The fourth SOP is a 

guide for the operation of the in house four-point probe station. 
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Chapter 2: Four-Point Probe Electrical Measurements on Templated 
Gold Nanowires Formed on Single DNA Origami Tiles  
 

The following is the text from a published paper in Langmuir authored by Basu R. Aryal,  Tyler R. 

Westover, Dulashani R. Ranasinghe, Diana G. Calvopiña, Bibek Uprety, Robert C. Davis, John 

N. Harb and Adam T. Woolley. Equal author contributions are attributed to Basu Ayral and Tyler 

Westover. The author contributions were as follows: Basu Aryal designed and assembled the DNA 

origami tiles, deposited and electroless plated the gold nanorods; Tyler Westover performed the 

electron beam deposition of platinum, purification of the platinum and the electrical 

characterization; Dulashani and Diana assisted Basu in DNA tile formation and nanorod 

synthesis and deposition; Bibek formulated the gold rod growth and electroless plating processes; 

Robert Davis, John Harb and Adam Woolley advised and directed the project along with giving 

guidance for overcoming obstacles as they appeared. Reproduced with permission from “Four-

Point Probe Electrical Measurements on Templated Gold Nanowires Formed on Single DNA 

Origami Tiles, Basu R. Aryal, Tyler R. Westover, Dulashani R. Ranasinghe, Diana G. 

Calvopiña, Bibek Uprety, John N. Harb, Robert C. Davis, and Adam T. Woolley, 

Langmuir 2018 34 (49), 15069-15077” Copyright 2018 American Chemical Society.  
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Abstract 
Bottom-up nanofabrication is increasingly making use of self-assembled DNA to fabricate 

nanowires and potential integrated circuits, although yields of such electronic nanostructures are 

inadequate, as is the ability to reliably make electrical measurements on them. In this paper, we 

report improved yields and unprecedented conductivity measurements for Au nanowires created 

on DNA origami tile substrates. We created several different self-assembled Au nanowire 

arrangements on DNA origami tiles that are approximately 70 nm x 90 nm, through anisotropic 

growth of Au nanorods attached to specific sites. Modifications to the tile design increased yields 

of the final desired nanostructures as much as six fold. In addition, we measured the conductivity 

of Au nanowires created on these DNA tiles (~130 nm long, 10 nm diameter and 40 nm spacing 

between measurement points) with a four-point measurement technique that utilized electron beam 

induced metal deposition to form probe electrodes. These nanowires formed on single DNA 

origami tiles were electrically conductive, having resistivities as low as 4.24 x 10-5 Ω m. This work 
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demonstrates the creation and measurement of inorganic nanowires on single DNA origami tiles 

as a promising path toward future bottom-up fabrication of nanoelectronics. 

 

Introduction 
Nanofabrication is well-known for generating functional structures at the nanometer scale, with 

particular emphasis on electronic devices and integrated circuits.60 Current commercial 

nanofabrication makes use of traditional, well-established, top-down techniques. In addition, other 

emerging lithographic techniques, such as soft,61 nanoimprint62 and block copolymer,63 are 

becoming increasingly important. Typical top-down approaches require increasingly complex 

patterning processes and tools,60, 64 therefore, alternative techniques, including bottom-up 

methods, are in demand to provide improvements in quality, speed, and/or cost.65-66  

DNA-based methods are promising bottom-up alternatives that may be particularly well suited for 

complex 3D nanofabrication.67-71 DNA molecules are robust, versatile and highly effective 

materials for creating precise, high-quality nanostructures in a variety of shapes65, 72-73 owing to 

self-assembly enabled by complementary base pairing. Exploiting these simple base-pair rules, 

Rothemund1 created DNA origami by designing and folding a longer single-stranded DNA with 

the help of oligonucleotide staple strands to produce complex 2D and, eventually, 3D designs.9, 74 

Since then, researchers have fabricated a wide range of DNA structures including tiles,1 ribbons 

and tubes,14, 25 and various dynamic systems such as switches,18 walkers75 and circuits.76 In 

addition, Ke et al.11 demonstrated scaffold-free techniques that utilize “DNA bricks” to fabricate 

multiple shapes. Hence, the unique properties of DNA enable nanofabrication of components, 

devices and systems at relatively low cost, with low energy consumption and without the need for 

complex patterning tools.22, 26-27, 66  
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Over the past few years, there has been interest in assembling inorganic nanostructures through 

the use of biological molecules. DNA is a popular substrate to which metals or semiconductors 

can be attached, providing a fundamental framework for the creation of functional nanodevices.77-

78 These materials attach to DNA via chemical/electrostatic interaction or base pairing to specific 

sites.27 Various materials have been bound to DNA templates including Au,3, 22, 24-27, 79 Ag,4, 21 

Cu,21, 24, 29-30 Ni,80 Pd,32-33 Te,81 and carbon nanotubes35, 82 through site-specific or non-site-specific 

placement. Site-specific attachment permits molecularly directed placement of select components 

at particular locations on predesigned DNA templates. Such controlled localization of materials 

on DNA substrates facilitates fabrication of wires and, ultimately, more complex circuits.  

Spherical nanoparticles have generally been used as the seeding materials for metallization on 

DNA templates. Such particles grow isotropically during plating, enlarging the diameter and 

ultimately resulting in nanowires that consist of a large number of individually interconnected 

particle grains. In work done previously by our group, Uprety et al.25 reported the fabrication of 

continuous wires on DNA origami using Au nanorod seeds, and compared the results to wires 

similarly formed on DNA from plated nanoparticles. We found that seeded Au nanorods 

contributed to anisotropic growth in the length direction with minimum increase in nanowire 

width/diameter. Two-point conductance measurements were performed on nanowires formed on 

DNA origami templates ~430 nm long. In a more recent study, we formed different arrangements 

of metal nanostructures by site-specific deposition of Au nanorods on DNA tiles and subsequent 

electroless plating; however, yields for fabricated designs were lower than desired.27 In addition, 

although the nanowires appeared to be continuous, their lengths were too small to allow 

conductance measurement using electron beam patterned electrodes as we did previously for 

longer nanowires.25  
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This paper addresses several deficiencies in previous work by describing methods used to improve 

yields and to perform four-point probe electrical measurements on Au nanowires fabricated on 

individual DNA origami tile templates. These DNA tiles (~70 nm x 90 nm) were formed with 

standard origami methods using an M13mp18 scaffold, where staple strands were extended to 

provide sticky end attachment points for DNA-coated Au nanorods. We report improved formation 

yield results for three different shapes, a “plus,” a “cross” and a “C-shaped” structure formed on 

DNA tile surfaces by seeding with Au nanorods followed by electroless deposition as illustrated 

schematically in Figure 7. These structures are too small for conductance measurements to be 

made using contact electrodes formed by electron beam lithography patterning and liftoff as we 

have previously done.22, 24-26, 78 Thus we instead demonstrate electrical measurements that utilize 

electron beam induced deposition (EBID) of conductive metal contacts, which enable inorganic 

structures smaller than a single templating DNA origami tile to be characterized electrically. The 

EBID approach further enables the use of a four-point probe measurement technique to eliminate 

the influence of contact resistances to which the previous two-point method was susceptible. These 

key advances offer a clear path forward for the creation and electrical characterization of 

increasingly complex electronic structures on individual DNA origami tiles. 
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Figure 7. Schematic diagram of (A) folding single-stranded DNA into tile DNA origami where 

green dots represent protruding sticky end sequence sites on the staple strands. Site-specific 

placement of DNA-coated Au nanorods on tile DNA templates to create (B) plus, (C) cross and 

(D) C shapes through seeding and plating. 

 

Experimental Section 
Chemicals and Materials. All chemicals utilized were similar to those reported by Uprety et al.27 

M13mp18 single-stranded DNA was purchased from New England Biolabs (Ipswich, MA). Staple 

strands for DNA origami folding were obtained from Eurofins MWG Operon (Huntsville, AL). 

The dry staple strands were diluted in water to prepare solutions of desired concentrations. For 

coating DNA on Au nanorods, single-stranded DNA having a thiol group attached to the 5’ end 
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was purchased from Eurofins MWG Operon with PAGE purification and diluted to 1 mM in water. 

Tris(hydroxymethyl) aminomethane (Tris base) was purchased from Fisher Scientific (Fair Lawn, 

NJ). Ethylenediaminetetraacetic acid (EDTA) was purchased from Life Technologies (Carlsbad, 

CA). Acetic acid, hydrochloric acid (HCl), magnesium chloride (MgCl2), and magnesium acetate 

(MgAc2.4H2O) were obtained from EMD Chemicals (Gibbstown, NJ). For preparing 10× TAE-

Mg2+ (pH 8.3) buffer, 400 mM Tris base, 200 mM acetic acid, 10 mM EDTA, and 125 mM 

MgAc2·4H2O were used. Cetyl trimethylammonium bromide (CTAB) (H5882, 98%), ascorbic 

acid and chloroauric acid (HAuCl4) were purchased from Sigma-Aldrich (St. Louis, MO). Silver 

nitrate was obtained from Mallinckrodt Chemicals (Phillipsburg, NJ). Bis(p-sulfonatophenyl) 

phenylphosphine dihydrate dipotassium salt (BSPP) was purchased from Strem Chemicals 

(Newburyport, MA). Sodium borohydride (NaBH4) was from Acros (Newark, NJ). Tris(2-

carboxyethyl)phosphine (TCEP) was purchased from Alfa Aesar (Ward Hill, MA). Water (18.3 

MΩ cm) for aqueous solution preparation as well as rinsing was processed with a Barnstead 

EASYpure UV/UF purification system (Dubuque, IA). 

Gold Nanorod Synthesis and DNA-coated Gold Nanorod Preparation. Au nanorod synthesis 

followed a reported method used previously in our lab,83 except the gold reduction time was 

increased to 4.5 hr to synthesize nanorods of appropriate length (25-30 nm). Coating Au nanorods 

with DNA also followed a published method,84 except we used 0.1 M instead of 1 M NaCl during 

DNA reaction with the Au nanorods. 

DNA Origami Design. The tile DNA origami template utilized 6812 of the 7249 bases in the 

M13mp18 scaffold as reported previously.27 We designed plus, cross and C shapes where Au 

nanorods were captured on tile surfaces. The staple strands for capturing Au nanorod seeds had an 

additional length of 10 adenine nucleotides on the 3′ end. Figure 7 schematically illustrates tile 
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DNA assembly and linking of Au nanorods to tile DNA templates. Further information about 

specific staple strand sequences is included in the Appendix 

DNA Origami Folding. The tile DNA origami structures were constructed by folding M13mp18 

DNA with staple strands in a TECHNE TC-3000 thermal cycler. A mixture of M13mp18 scaffold 

(2 nM) and staple strands (40 nM of each staple strand) in 10× TAE-Mg2+ buffer was initially 

heated to 95°C for 3 min and then cooled to 4°C over 1.5 hr.27 

Deposition of Tile DNA Origami onto Si Wafers. The deposition method of tile DNA origami 

onto Si wafers is similar to what our group previously reported in the literature.24-25 Oxidized Si 

wafers (1 cm x 1 cm) were plasma cleaned in a Harrick Plasma Asher (PDC-32G) for 30 s at 18 

W. Then, 3 μL of DNA origami (1 nM) in 10× TAE-Mg2+ buffer was added to the central region 

of a cleaned surface and left to adsorb for 25 min at 20°C in a humid chamber. The wafers were 

then rinsed by gently adding water drops for 9-10 s. The surfaces were then dried with flowing 

filtered air and imaged using a MultiMode Atomic Force Microscope (MMAFM-2, Bruker, Santa 

Barbara, CA). 

Seeding and Plating Nanorods on DNA Origami. Seeding was done as described by Uprety et 

al.,27 except we rinsed the surface with water instead of magnesium acetate solution. In brief, a Au 

nanorod seeding solution was pipetted onto a Si wafer surface that had DNA tiles previously 

deposited, and was left for 1 hr in a humid chamber, then rinsed and dried under flowing air. 

Plating also followed a published approach we adapted,25 except the rinsing was done with water 

only. In short, Au plating solution was applied on the seeded DNA tiles for 30 min at room 

temperature, and after plating the samples were rinsed and dried as was done in the seeding step. 

 



 
 

18 
 

Atomic Force Microscopy (AFM) Imaging. DNA on Si wafers was imaged by AFM using ‘Peak 

Force’ tapping mode using ScanAsyst automatic image optimization technology with Bruker 

silicon tips on nitride cantilevers (ScanAsyst-Air and ScanAsyst-Air HD). 

Scanning Electron Microscopy (SEM) Imaging. DNA samples seeded and plated with Au 

nanorods were imaged by SEM in ultra-high-resolution mode on a FEI Helios Nanolab 600, in 

high-vacuum mode on a Philips XL30 ESEM FEG, or on a ThermoScientific Verios UC G4 SEM. 

Electrical Contact Patterning. Gold contact pads were formed using a lift-off process as follows. 

A 1 µm thick polymer layer with 100 μm patterned square holes was formed on 1x1 in2 silicon 

chips by depositing AZ3312 (Merck kGaA) photoresist, exposing in a Karl Suss MA150 contact 

aligner, and developing in AZ300MIF (Merck kGaA). Following the lithography step, 7 nm of 

chromium (as an adhesion layer) and 50 nm of gold were sequentially evaporated onto the silicon 

substrate using a custom thermal evaporator. The photoresist was lifted off by immersing the 

substrate in 1-methyl-2 pyrrolidinone (Sigma-Aldrich) in an ultrasonic bath for 5 min. The 

substrates were rinsed in flowing distilled water for 5 s and dried with nitrogen.  

Metal contact traces were made from the metallized DNA origami to the 100 µm gold pads using 

EBID of platinum in a FEI Helios Nanolab 600. EBID is a direct write process typically done in a 

dual beam scanning electron microscope.38 The electron beam is scanned in the desired pattern in 

the presence of an organometallic gas released through a gas injection needle close to the surface. 

The electron beam decomposes the gas, depositing metal on the surface under the beam. The 

resulting deposit is not pure metal but a metal carbon mix that results in high resistance metal 

traces. Geier et al.45 found that EBID written platinum lines can be purified after writing yielding 

much more conductive traces.  
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shows a zoomed in view of the plus design, in which the gaps between nanorods are more clearly 

visible than in the Au nanorod seeded large area image.  

 

Figure 9. SEM images of tile DNA origami after seeding with Au nanorods. (A-B) Plus 

arrangement. (C-D) Cross arrangement. (E-F) C arrangement.  
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Figure 9C-D corresponds to Au nanorod seeded cross-shaped structures. Many of the DNA tiles 

(rectangular darker areas) had perfectly aligned Au nanorods that yielded cross structures. Similar 

to the plus structures, some tiles had four Au nanorods, but with incorrect orientation, others were 

missing one rod, and still others were missing more than one rod. Additional SEM images and 

AFM data on cross structures are provided in the SI, Figure 16. Figure 9D gives a close view of 

cross structures with visible spaces in between the diagonally placed nanorods on the tiles. 

Figure 9E-F shows the C-shape on tiles after Au nanorod seeding. Many well-formed C shapes 

were found in the large area image while some of the tiles had misaligned Au nanorods, a few had 

just three (missing one), and some tiles were missing more than one nanorod. More SEM images 

and AFM data of C shapes are included in the SI, Figure 17. The zoomed-in image (Figure 9F) 

shows some DNA tiles with four Au nanorods attached to give a C shape. Additional structures 

with missing nanorods or a nanoparticle instead of one of the nanorods are also visible. We 

hypothesize that the seeded structures for the three designs are closely dependent on how the tiles 

landed on the Si wafers during deposition. Thus, well-formed tiles facilitated well-seeded 

structures whereas incomplete plus, cross, and C structures on tiles likely resulted from tiles having 

small defects or incomplete assembly. As seen in Figure 9, nearly all DNA tiles had Au nanorods 

on them, even though the sticky end sequences all protrude from just one face of the DNA origami. 

We believe that either the protruding sticky ends cause nearly all the DNA tiles to deposit with the 

protruding sequences facing up, or the sticky ends are long enough to pass through to the top side 

even if the tiles deposit with the protruding sequences facing down.   

Yield calculations were performed for DNA tiles as well as all on the three structures after seeding, 

and Figure 10 presents the consolidated results. Figure 10A demonstrates that almost 50% of the 

tiles were well formed, with 24% having small defects and 27% being deformed. Lack of planar 
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landing on the surface due to inherent tension/twist in these DNA origami tiles85 might have caused 

folding at corners of tiles leading to small defects. Some deformed structures could be caused by 

improper folding of M13mp18 DNA with staple strands. Tile DNA assembly did not utilize the 

full length of the M13mp18 DNA, so the remaining unutilized scaffold bases resulted in a short 

tail on one edge of the tile that could connect tiles end-to-end.1 In order to separate those tiles from 

each other, the DNA origami was mixed well before deposition, which might have deformed some 

tiles. To overcome this problem, the use of the full length of the scaffold DNA for assembly would 

help to form independent tiles without the more thorough mixing step that could deform the 

structures.  

 

Figure 10. Yield percentages for unseeded and seeded tiles, (A) Tile DNA origami after deposition 

onto a Si wafer (n = 364). Yield results for (B) plus (n = 283), (C) cross (n = 318) and (D) C 

arrangements (n = 345) after seeding with Au nanorods. 
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We also determined the yield of seeded structures from the SEM images. Figure 10B shows the 

yield of seeded plus structures which were classified as ‘well-seeded’ (i.e., all four nanorod seeds 

were placed with the correct alignment), ‘misaligned’, ‘missing 1 rod’ or ‘missing >1 rod’. The 

yield percentage for the well-seeded tiles was ~30%; however, >35% of the tiles were missing 

more than one Au nanorod. The yield of well-formed tiles on surfaces limits yields in subsequent 

seeding steps, as well-seeded structures can only be generated on well-formed tiles. Tiles that have 

small defects are more likely to result in tiles with misaligned nanorods or with a missing nanorods. 

Similarly, structures missing more than one nanorod may result from deformed or poorly 

assembled tiles. Figure 10C gives the yield for different arrangements of Au nanorods in a cross 

structure. We found that 26% of the tiles had a well-seeded cross design with a similar percentage 

of tiles having a misaligned or a missing Au nanorod. For this design, nearly half of the tiles were 

missing more than one Au nanorod. Figure 10D shows the yield for C shapes on seeded tiles. 

Quantitative analysis of seeding results showed well-seeded C shapes for 31% of tiles, with over 

20% of tiles having four Au nanorods, but with one misaligned. About 15% were missing one Au 

nanorod and over 30% were missing more than one nanorod. Overall, well-seeded yields for the 

three structures were similar (~30%). In contrast, overall yields for Au nanorod-seeded structures 

in the previous studies were <10%.27 Since only 50% of tiles were well-formed and could thus 

result in well-seeded structures, the yield of correctly seeded structures from well-formed tiles 

could be considered as >60%, a major improvement over prior work with Au nanorod seeding.27 

These favorable yields for correctly seeded structures open up possibilities for studying plating 

and making electrical measurements. 

Our new tile designs for these three structures have better yields than those we published earlier,27 

because of changes to the DNA origami design for the seeding step. The most important change 
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was that we increased the number of attachment points for each Au nanorod on the tiles. Each Au 

nanorod attachment site on tiles had 2 or 3 rows of sticky end DNA sequences protruding (see 

Figure 7). In previous designs, 1 or 2 rows of sticky end DNA were provided for capturing DNA-

functionalized Au nanorods. We compared the yields between one vs. two rows of attachment sites 

for the cross structure. For a single row of attachment points, the yield for well-seeded structures 

was <5% (see the SI, Figure 18); importantly, two rows of attachment points improved yields to 

~30% (Figure 10) as noted above. 

The seeded structures for plus, cross and C shapes were plated to connect the Au nanorods. Figure 

11A shows a large area SEM image of plated plus structures in which the Au nanorods appear to 

be connected in most structures. Figure 11B contains zoomed-in plated plus structures without 

visible gaps in between nanorods. Comparing the seeded plus structures in Figure 9A-B with 

similar shapes after electroless deposition in Figure 11A-B, the gaps between Au nanorods are 

mostly filled in. We previously observed that during plating, the Au nanorods grew anisotropically, 

with elongation about four times greater than widening.27 This anisotropic growth allowed the 

plated nanorods to fill the gaps and provide continuous structures. Similar to the plus structures, 

plated cross and C shapes (Figure 11C-D and E-F, respectively) were also analyzed. The gaps 

between nanorods are largely filled in, as observed in the zoomed images with nanowires that 

appear connected, in contrast to the seeded structures in Figure 9C-F. For all three types of 

structures after plating, an increase occurred in width and length of plated nanorods. The widths 

of plated nanorods were measured (n = 25) from the three types of structures, and the average was 

11.3 ± 1.2 nm. Likewise, the end-to-end lengths of the C-shaped plated structures were measured 

on well-plated C shapes (n = 20), and the average (± standard deviation) was 127 ± 14 nm. The 

overall yield for plated plus, cross and C structures in zoomed SEM images that gave clear views 
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was calculated (n = 76). Well-plated structures with no visible gaps in the SEM data comprised 

39% of the total, whereas 61% of the structures had small gaps visible in the SEM images. C-

shapes had the fewest observable gaps in the SEM data compared to plus and cross shapes; this 

trend is consistent with the smaller designed gap size in the C-shape DNA origami (see Figure 7). 

These overall yields for plated structures were improved compared to previous studies;27 the 

improved yield is especially promising for electrical characterization, due to greater availability of 

well-plated structures on wafer surfaces.  

 

 

Figure 11. SEM images of plated structures. (A-B) plus shapes, (C-D) cross shapes, and (E-F) C 

shapes. 
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Upon completion of electroless plating on tiles, electrical characterization was performed to 

determine the continuity and conductance of the wires. EBID platinum traces were written to make 

contact to metallized DNA origami structures. Platinum traces with widths <25 nm were created, 

allowing four contacts to a single C-shape nanowire on a DNA origami tile (Figure 12). Indeed, 

this is the first work to perform four-point electrical characterization on a nanowires on individual 

DNA origami tiles that are smaller than 100 nm x 100 nm. 

 

Figure 12. SEM images of EBID connections. (A) C-shaped Au nanowire with four distinct 

platinum contacts; two point measurements were performed using leads 1 and 4. When 

performing four point measurements leads 2 and 3 measured voltage. (B) Larger view of Pt 

contacts to nanowire. (C) Completed Pt pattern connecting the nanowire to Au pads.  

 

EBID writing of conductive platinum wires has shortcomings that need to be taken into account in 

the characterization process. A key issue is that the as-written platinum is highly resistive. Thus, 

an EBID line can have a resistance >10 MΩ, making four-point measurement interpretation 

challenging as the lead resistance is comparable to the input resistance of the measurement device. 

This high resistance is due to the large amount of carbon that is co-deposited with the platinum.45 

The EBID metal purification technique of Geier et al.45 reduces this problem to a major extent. We 

found post-purification EBID platinum lines to have resistances of ~100 kΩ, multiple orders of 

(A
) 

(B
) 

(C
) 

1 

2 

3 

4 



 
 

28 
 

magnitude less than the input resistance of our measurement hardware. However, this contact lead 

resistance still requires four point measurements.  

To measure the resistance of metallized C-shape Au nanowires on DNA origami tiles, the input 

voltage was scanned from 0 to 1 V. Figure 13A shows a typical two point I-V curve, measured 

between leads 1 and 4 in Figure 12A. Figure 13B was obtained by measuring the voltage drop 

between the inner electrodes (leads 2 and 3 in Figure 12A) for each data point. Electrical 

resistances for five different C-shape nanowires on two separate Si wafers were characterized by 

both two- and four-point measurement as shown in Table 1. The two point resistance was 

calculated by taking the slope of the IV curve while four point took the slope of the voltage drop 

vs current graph. To verify that leads two and three did not impact resistance measurements 

standalone two point measurements were conducted and gave similar values with and without 

leads two and three. The resistivities of the nanowires measured ranged from 0.124 to 4.24 x 10-5 

Ω m. The 5 nanowires studied had widths of 10-20 nm, which are among the narrowest DNA 

templated Au nanowires characterized to date. These nanowires are more resistive than those made 

by Uprety et al.25 who measured resistivities between 6.7 x 10-5 and 8.9 x 10-7 Ω m for Au 

nanowires with widths between 13-29 nm. Ongaro et al.36 reported a resistivity of 10-4 Ω m for Au 

nanowires with a mean width of 40 nm, while Pearson et al.17 reported 6.2 x 10-6 Ω m for 33 nm 

wide wires. Other values have been reported with lower resistivities but with larger widths.86 
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Figure 13. Four-point electrical characterization of a single nanowire on a DNA origami tile. 

(A) I-V curve from a C-shape nanowire with input voltages spanning 0 to 1 V. (B) Measured 

voltage drop between inner electrodes on the C shape. 

 

 

 

 

Table 1. Two- and four-point resistances, as well as calculated resistivities, for 5 different C-

shape Au nanowires.  

Possible reasons for the higher resistivity values reported here (compared to other publications) 

include the smaller nanowire diameters in this study, and differences in the processing of the 

nanowires after electroless plating. Electron beam lithography patterning has a resist prebake step 

that Uprety et al.25 found caused a change in the morphology of the nanowires. This morphological 

change appeared to smooth edges, reducing surface roughness and potentially resulting in fewer 

gaps or lower conduction barriers between grains, which would increase conductivity. Importantly, 

EBID allows electrical measurements on as-formed nanowires. Furthermore, since EBID is a 

Sample # 2 Point (MΩ) 4 Point (MΩ) Resistivity (Ω m) 
1 3.31 0.934 9.79 x10-3 

2 1.01 0.0849 9.03 x 10-4 

3 273 11.7 0.124 
4 76.4 2.61 0.0283 
5 .221 0.00558 4.24 x 10-5 

(A
) 

(B) 
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direct write technique, it allows facile connection to randomly oriented structures, and the <25 nm 

width traces enable multiple connections to ~100 nm scale devices.  

 

Conclusion 

In this paper, we have examined the fabrication yield and electrical properties of different Au 

nanowire structures created on DNA origami tiles by site-specific attachment of Au nanorods to 

molecularly programmed sites. A careful assessment of the structures formed showed that yields 

of plated nanowires were limited to a degree by the seeding process. Consequently, additional 

attachment sites were added to the DNA tiles to provide more effective linking of DNA-

functionalized Au nanorods to the desired sites. As a result, the measured yields improved by a 

factor of six over recently published studies. The improved yields combined with anisotropic 

plating on the Au nanorods enabled successful fabrication of the desired nanowire structures. In 

addition, we demonstrated, for the first time, the ability to perform a four-point resistance 

measurement on an individual metal nanostructure formed on a single 70 nm x 90 nm DNA 

origami tile. The measurement was made possible through the use of electron beam induced 

deposition to form conductive connecting leads to the Au nanowire. Electrical measurements on 

thin C-shaped Au nanowires 130 nm long and 10 nm in diameter with 40 nm spacing between 

measurement points were carried out, and nanowires were found to have resistivities as low as 

4.24 x 10-5 Ω m.  

These advances offer great promise for future nanoelectronics studies on biological templates. 

Subsequent work on the reproducibility and scalability of bottom-up nanofabrication of conductive 

inorganic nanostructures should be feasible with this new toolset. Additionally, it may be possible 
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to study the effects of sample preparation processes on nanowire electrical properties. Finally, this 

platform provides opportunities for electrical characterization of more complex self-assembled 

nanostructures involving junctions between different materials, an important endeavor for future 

studies.  
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Figure 14. AFM images of the tile DNA templates utilized to create (A) plus, (B) cross and (C) C 
shapes. The height scale is 5 nm. 

mailto:atw@byu.edu


 
 

33 
 

 

Figure 15. (A-B) SEM images and (C) AFM images of plus structures on tile DNA templates after 
seeding with Au nanorods. The height scale in (C) is 25 nm. 

 

 

Figure 16. (A-B) SEM images and (C) AFM image of tile DNA templates seeded with Au 
nanorods to create cross structures. The height scale in (C) is 25 nm. 

 

 

Figure 17. (A-B) SEM images and (C) AFM image of C shapes on tile DNA templates after 
seeding with Au nanorods. The height scale in (C) is 20 nm. 
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Figure 18. (A) SEM image of Au nanorod seeded cross structures on DNA tiles that have a 
single attachment sequence row for each Au nanorod. (B) Seeding yield of the cross structures in 

(A). 
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Chapter 3: Impact of Polymer-Constrained Annealing on the Properties 
of DNA Origami Templated Gold Nanowires 

The following is taken from a paper submitted for publication in Langmuir authored by 

Tyler R. Westover, Basu R. Aryal, Dulashani R. Ranasinghe, Bibek Uprety, John N. Harb, Adam 

T. Woolley and Robert C. Davis. Reproduced with permission from Langmuir, submitted for 

publication. Unpublished work copyright 2020 American Chemical Society. 
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Abstract 

 

DNA origami templated fabrication enables bottom-up fabrication of nanoscale structures from a 

variety of functional materials, including metal nanowires. We studied the impact of low 

temperature annealing on the morphology and conductance of DNA templated nanowires. 

Nanowires were formed by selective seeding of gold nanorods on DNA origami and gold 

electroless plating of the seeded structures. At low annealing temperatures (160° C for seeded-

only and 180° C for plated) the wires broke up and separated into multiple, isolated islands. 

Through the use of polymer-constrained annealing, the island formation in plated wires was 

suppressed up to annealing temperatures of 210° C. Four-point electrical measurements showed 

that wires remained conductive after a polymer-constrained anneal at 200° C. 

 

 

 

 

 

Keywords: annealing, DNA origami, Rayleigh instability, polymer coating, gold nanowires 
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Introduction  
 

DNA origami is a promising bottom up manufacturing technique that allows for the formation 

of unique two- and three-dimensional shapes.2-4, 87-88 Due to the natural complementary base 

pairing of DNA molecules, self-assembly occurs readily in an easily pre-determined fashion.  

Rothemund1 demonstrated this using one long single-stranded DNA and several short 

oligonucleotides called staple strands that were selected to cause folding; since then others have 

made complex two dimensional and three dimensional6-8 shapes. DNA nanofabrication has been 

exploited to make complex building blocks including tiles11-12, tubes13, 89, cages6, 15, and 

components including switches16-18 and logic19. These works demonstrate the unique properties of 

DNA as an alternative to traditional top-down manufacturing techniques. Taking advantage of the 

site-specific nature of DNA binding, various materials can be attached to form continuous 

functional structures, such as wires for electronic or plasmonic applications.20, 90 Materials can be 

attached to DNA via chemical and electrostatic interactions or through base paring to specific 

locations.22, 27 Electronic materials that have been successfully attached to DNA include Au3, 22, 24-

28, Ag4, 21, Cu21, 24, 29-30, Ni31, Pd32-33, Te23, 34 and carbon nanotubes35, 91. Despite these 

advancements, making electrically conductive, thin, continuous nanowires still proves to be a 

challenge, as formed wires usually have a resistivity 2-3 orders of magnitude greater than that of 

the bulk materials.22, 26, 36-37 

 Due to the size of nanowires electron beam lithography (EBL) is commonly employed to 

make contact pads that connect to the nanowires, allowing for resistance measurements to be 

performed.3, 13, 22, 24-26, 34, 36 Uprety et al.23 commented on an observed morphological change in 

nanowires upon heating during EBL processing. The EBL processing involves coating with a 



 
 

39 
 

polymer electron beam resist (ZEP 520A), and a 200° C bake step prior to electron exposure.  An 

alternative, lower temperature method to contact these nanowires using electron beam induced 

deposition (EBID) was recently demonstrated by Aryal et al.12 This technique is based on  local 

electron-induced decomposition of precursor gas molecules that have been locally injected into a 

scanning ion/electron system.39-40 A primary challenge associated with EBID is the high carbon 

content deposited along with the desired metal, resulting in high resistance in the deposited 

conductor.39, 43, 92 There have been numerous efforts to improve the quality of the EBID lines, 

through both in situ and post processing.42-47 The resistance of EBID lines is also directly correlated 

with the precursor gas chosen; as new precursors are being developed, the quality of the lines is 

also improving.43, 93-94 

Temperature-driven morphological changes in nanowires have been observed and attributed to 

the Rayleigh instability.48-51 This theory was initially developed in reference to long liquid 

cylinders, where the surface area can be minimized by separating into a series of equally spaced 

spheres. For nanowires this morphology change results in loss of conductivity. The size and quality 

of a nanowire influence the required temperatures and times for the Rayleigh instability to take 

effect.51-53 To integrate DNA origami templated nanowires into electronic systems, further 

processing will generally be required. Understanding and increasing the temperature stability of 

DNA origami patterned nanowires will aid in future integration. 

In this work we performed annealing studies on DNA origami templated nanowires. The 

nanowires were formed by seeding DNA origami with gold nanorods , and by plating these seeded 

origami structures described by Uprety et al25 illustrated in Figure 19A-C. We observed 

morphological changes at temperatures as low as 160° C for seeded-only nanowires and 180° C 

for nanowires that had also been plated to fill in gaps between seeds. These morphological changes 
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progress to the eventual disassociation of the wires into multiple separate islands illustrated in 

Figure 19E. By applying a polymer coating to the nanowires we suppress the separation of the 

nanowires into islands until temperatures exceed 210° C as illustrated in Figure 19D.  This could 

allow for the wires to undergo additional manufacturing steps at this higher temperature. 

Nanowires were characterized through scanning electron microscopy and four-lead transport 

measurements, where electrical contacts were made through low temperature tungsten EBID.

  

 
Figure 19. Process Diagram (A) Scaffold plus staple strand DNA solution is placed on a SiO2 

substrate allowing for the formation of a predesigned bar DNA origami pattern. (B) DNA-

functionalized gold nanorods are added to the substrate and attach to the bar DNA origami. (C) 

Anisotropic electroless plating grows seeded nanorods, connecting the structures. (D) PMMA is 

spin cast onto the structures (E) Structures are annealed, and depending on temperature and 

presence of a polymer template, wires can have: no change, nanorods can fuse or nanowires can 

separate into isolated islands. 

Experimental Methods  
       

Chemicals and materials for the preparation of DNA origami templated gold nanowires were 

same as those used by Uprety et al.25 The polymer used to coat the nanowires was 6% polymethyl 

methacrylate (PMMA) in Anisol (MW 950,000) purchased from MicroChem (Newton, MA). 
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 Preparation of DNA origami templated gold nanowires followed the procedure described 

by Uprety et al. 25 Briefly, bar DNA origami templates were fabricated and folded as illustrated in 

Figure 19A. Bar DNA origami are seeded with gold nanorods as illustrated in Figure 19B. Gold 

electroless plating of the seeded structures was performed as illustrated in  Figure 19C. We seeded  

Au nanorods onto DNA origami deposited on surfaces, rather than seeding in solution95 and then 

depositing the seeded DNA origami on surfaces, to avoid having the nanorods crosslink multiple 

DNA origami structures. 

Gold contacts were formed using a lift-off process as described in Aryal et al.12 Metal contact 

traces were made from the metalized DNA origami to the 100 micron gold pads using EBID of 

tungsten in a FEI Helios Nanolab 600 (Figure 20). Tungsten traces were written at 10 kV and 86 

pA. The writing parameters were tuned to yield conductive traces while minimizing conductive 

Figure 20. Electron micrograph of EBID of tungsten connecting to a gold nanowire. A gold 

nanowire was contacted in a four-point configuration using EBID of tungsten using a line 

dose. Using an area dose, traces were patterned to connect the lines to large gold pads 

which could be contacted using micromanipulator probes to perform electrical 

characterization. 
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overspray. Fine tungsten traces (~25 nm wide) were written to make direct contact to the metalized 

origami structure (using the line dose setting for a height of 200 nm). Larger traces were written 

to connect the fine tungsten traces to the 100 um gold pads (using the area dose setting for 250 nm 

width and 250 nm height).  

Nanowire samples were spin coated at room temperature for 1 minute at 5000 rpm with PMMA. 

This yields an approximate thickness of 350 nm. Heating was performed on a hotplate at the 

desired temperature, which was measured with a surface thermometer placed directly onto the 

hotplate. All samples were heated for 2 minutes.  The resist was removed by placing the sample in 

acetone for 10 minutes with light stirring. 

All seeded only and plated DNA samples with Au nanorods were imaged by scanning electron 

microscopy (SEM) in ultra-high-resolution mode on a FEI Helios Nanolab 600, and on a Thermo 

Scientific Verios UC G4 SEM. On each sample, up to 10 unique locations were imaged before and 

after annealing to get a clear representation of the morphological changes. The images shown in 

this paper were selected to be representative of the types of changes seen at each annealing 

temperature.  

A micromanipulator probe station was used to contact the 100 um gold pads for two-point and 

four-point resistance measurements. A DL Instruments 1211 current preamplifier was used to 

detect current and data was collected using a national instrument DAQ and a custom LabVIEW 

program. were used to conduct. Applied voltages were between 0 and 1 volt. After annealing the 

resist was removed prior to measurements. 
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Results  

 

Annealing studies were performed on nanowires formed by seeding DNA origami with gold 

nanorods followed by electroless plating (defined as plated nanowires), and on nanowires that were 

formed by seeding only with no plating (defined as seeded-only nanowires). The reason for 

including the seeded only nanowires was to explore whether individual nanorod seeds would be 

connected through annealing. Annealing studies were performed at several temperatures ranging 

from 120–250° C. Annealing induced changes in the nanowire morphology were observed using 

before and after SEM imaging (at a constant magnification of 250,000× for straightforward 

comparison). Figure 21 shows the morphological changes observed in plated nanowires when 

annealed at various temperatures. Figure 21 A-C shows plated nanowires that form continuous 

structures; these plated nanowires were annealed on a hotplate for two minutes in air at the 

Figure 21 Electron micrographs of seeded-only gold nanowires before and after annealing 

without a polymer coating. (A, B) Seeded-only gold nanowires before annealing. (C) After 

anneal no significant change in morphology is observed. (D) After anneal the nanorods have 

separated into isolated islands. 
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specified temperatures. Figure 21A and 21D are images of a plated wire before and after annealing 

at 150° C; no change in morphology was observed. At temperatures of 160° C (Figure 21E) and 

170° C we saw a morphological change compared to the unannealed sample (Figure 21B); the 

nanowires appeared to fuse as the junctions between the segments became less distinct and, in 

some cases, disappeared. At temperatures of 180° C and above, more pronounced morphological 

changes were observed as the nanowires separated into a series of isolated segments (Figure 21F).  

 

Figure 22. Electron micrographs of seeded-only gold nanowires before and after annealing 

without a polymer coating. (A, B) Seeded-only gold nanowires before annealing. (C) After a 2 

minute anneal no significant change in morphology is observed. (D) After anneal for 2 minutes 

the nanorods have separated into isolated islands. 
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Seeded-only nanowires showed no morphological change for annealing temperatures at or below 

150° C (Figure 22 A,C), but at annealing temperatures of 160° C and above, isolated island 

formation was observed (Figure 22B,D). In contrast to what was seen for plated nanowires, seeded-

only nanowires exhibited no temperature range where fusing was observed.   

 

Experiments with PMMA coated nanowires were performed to explore the impact of polymer 

at stabilizing the overall shape and continuity of the nanowires at elevated temperature.  For these 

experiments, PMMA was spin cast over plated nanowires (we will call these coated plated 

nanowires) and seeded-only nanowires (we will call these coated seeded-only nanowires) the 

nanowires prior to annealing. Figure 23 shows examples of the impact of annealing on four coated 

plated nanowires at temperatures of 120 ° C, 135° C, 200 ° C and 210° C.  At annealing 

Figure 23. Electron micrographs of plated gold nanowires before and after annealing with 

polymer coating. (A)-(D) Plated gold nanowires imaged before annealing. (E) After a 2 minute 

anneal with a PMMA coating there is no significant change. (F) After a 2 minute anneal with 

PMMA coating, a morphological change is observed as the nanorods appear to fuse. (G) After a 

2 minute anneal with PMMA coating the nanorods are fusing. (H) After a 2 minute anneal with 

PMMA coating, the nanowires have separated into a series of isolated islands. 
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temperatures below 135° C, there was no observed morphological change. At temperatures at or 

above 135° C the junctions became less distinct and, in some cases disappeared. This apparent 

fusing occurred at temperatures 25° C lower than without the polymer coating. No further 

morphological change was readily observed at increasing temperature up to 210° C, as seen in 

Figure 23G. At 210° C and above the nanowires began to form isolated segments (Figure 23H); 

this transition occurred at a temperature 30° C higher than for the uncoated nanowires.  

 

The images in Figure 24 represent the effect of annealing on coated seeded-only nanowires. The 

nanowires remained unchanged when heated to temperatures lower than 160° C and began to 

Figure 24. Electron micrographs of seeded-only gold nanowires before and after annealing with 

a polymer coating. (A, B) Seeded-only gold nanowires before annealing. (C) After a 2 minute 

anneal with PMMA coating, no significant change is observed. (D) After a 2 minute anneal with 

PMMA coating the nanowires have separated in isolated islands. 
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segment at temperatures of 170° C or above. There was no observed region where the nanowires 

fused without separating.  

 

 Using four-point micromanipulator probes, electrical characterization was performed before 

and after annealing nanowires with a PMMA coating at a temperature of 200° C. 200° C was 

chosen because it was within the transition region, where we observed fusing of wire segments 

upon anneal. Nanowires were electrically connected to the gold pads using EBID tungsten in the 

configuration shown in Figure 20. Measured resistance values before and after annealing of 

individual nanowires are shown in Figure 25. The average wire resistance change was not 

statistically significant. Due to the lack of heterogeneity of the nanowire resistances before 

annealing, individual before and after measurements were performed. Individual nanowires were 

found to have both increased and decreased resistances after annealing. These individual nanowire 

resistance changes ranged from only a few percent to several orders of magnitude. When uncoated 

Figure 25. Nanowire resistance before and after annealing. Log of the resistance of individual 

nanowires before and after a 2 minute, 200° C anneal with PMMA coating. 
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nanowires were processed in the same manner the resistance was found to be greater than 100 

Gohms after annealing. 

 

Discussion 

We identified three different annealing regimes based on the observed morphological changes.  

1. At lower annealing temperatures no changes are observed in nanowire morphology. 

2. At moderate temperatures plated nanowires begin to fuse. 

3. At higher temperatures nanowires begin to separate into isolated islands.  

The temperatures at which one regime transitions to the next depends upon whether the 

nanowires are seeded-only, plated, or polymer coated. A summary of the annealing regimes for 

this range of conditions is shown in Table 2.  

 

 Polymer coating of the nanowires was seen to significantly delay the segmentation of nanowires 

until higher annealing temperatures. As plating is typically used to produce conductive nanowires, 

annealing of plated nanowires is highly relevant to fabrication processes for nanowire electronics. 

The transition point from regime 2 to regime 3, where nanowires become non-contiguous, was 

Table 2. Summary of observed morphological changes. Threshold temperatures for different 

annealing regimes with seeded-only, plated and coated nanowires. Regime 1: at lower 

temperatures no morphological change is observed. Regime 2: at moderate temperatures the 

nanorods appear to fuse. Regime 3: at higher temperatures nanorods separate into isolated 

islands  
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raised with the addition of the polymer coating from 180° C to 210° C. This increase could allow 

for other processing steps (like PECVD) to take place to integrate these nanowires into more 

complex devices.   

We hypothesize that in regime 2 polymer-constrained annealing imposes a mechanical 

constraint on the movement of gold that restricts the formation of islands.  Without this mechanical 

constraint during annealing, the nanowires follow a pattern consistent with the Rayleigh instability, 

wherein to minimize surface area, a long, thin cylinder will decay into a series of isolated spheres. 

The resulting spheres have a diameter that is significantly larger than that of the original nanowire. 

We propose that the diameter of the annealed structure is constrained by the PMMA coating, 

inhibiting the Rayleigh instability to some degree. This would increase the temperature stability of 

the nanowires, at least in a temperature regime where the PMMA has significant mechanical 

stiffness. As the temperature increases, the PMMA becomes more flexible, allowing island 

formation and loss of continuity. The glass transition temperature of PMMA is 125° C, meaning 

it becomes more flexible as the temperature increases, allowing for island formation and loss of 

continuity.  

We note that a thermal bake step at 90° C is part of the photolithography process, which occurs 

before pre-annealing conductivity measurements are made.  However, the bake step temperature 

is significantly lower than that required to generate an observable morphological change and is not 

expected to impact the conductance of nanowires. The thermal properties of the EBID metal are 

not expected in influence the annealing of the gold due to the entire substrate being heated 

uniformly and quickly. Tungsten EBID was chosen over the more common platinum because 

tungsten deposits do not require a subsequent purification step.  A concern with platinum deposit 

purification is that additional carbon is deposited, which could interfere with conductance 
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measurements. Four-point probe measurements of the nanowires were required due to the contact 

resistance of the test leads formed through EBID. A challenge with before and after conductance 

measurements of the same wire was resist removal could damage the tungsten leads. If the leads 

had clear breaks or cracks away from the test nanowire it could be repaired through EBID of 

additional tungsten; however, if the break was close to the nanowire, measurements were not 

performed. 

In conclusion, significant morphological changes were seen in seeded-only and plated nanowires 

for annealing temperatures as low as 160° C. At 200° C both seeded-only nanowires as well as 

plated nanowires separated into individual islands, resulting in non-continuous, non-conductive 

nanowires. We observed that polymer-constrained annealing resulted in suppression of island 

formation from plated coated nanowires until temperatures exceeded 210° C. We performed a 

study of plated coated nanowires that had been annealed at 200° C and found that the nanowires 

remained continuous and conductive. By coating DNA origami templated gold plated nanowires 

with PMMA, a broader temperature process window is available for subsequent fabrication steps. 

The mechanical constraints that self-aligned polymer coatings place on nanowires during 

annealing open up new nanowire morphologies that can result in improved functionality and 

integration possibilities.   
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Chapter 4: Preliminary Characterization of Electron Beam Induced 
Deposition of Tungsten 
 

Experiments were performed to discover the limits of EBID tungsten as a method for 

four-point electrical contacts. Tungsten was thoroughly tested as the “halo” appeared to be more 

prevalent than seen with platinum.  The results of the testing are shown in Table 3. As the height 

of the patterned structure increases the halo becomes conductive. This is expected because with 

the same beam parameters increased height is achieved through longer write times, allowing for 

more scattering events to occur.  As the current of the electron beam increases the halo becomes 

more conductive, because the beam has more energy to cause scattering events.  

 

Table 3. Experiments performed using Tungsten EBID to examine the conductive “halo”. Traces 

were patterned with a 5kV accelerating voltage and beam current from .086nA to .69nA. With a 

constant spacing of 50 nm various heights were patterned and determined if there was a 

conductive path or not. Wires with no conductive “halo” are labeled “NC” and wires with a 

conductive “halo” are labeled “C” 
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Chapter 5: Conclusions and Suggestions for Future Work 
  

This work explores electrical characteristics of DNA origami templated gold nanowires 

formed through metallization of nanorod seeds. High resolution electrical contact patterning was 

developed using EBID for electrical transport measurements. Electrical properties of nanowires 

are highly influenced by surface roughness and junctions between nanowire grains. Metal atoms 

have high surface mobilities causing changes in surface roughness and metal grain junctions 

during modest thermal processes.  

Nanowires in this work were patterned on two different origami structures: DNA origami 

bars that were approximately 400 nm long and 20 nm wide and DNA origami tiles that were 70 

nm by 90 nm. Nanowires on the DNA origami bar were straight allowing four linear equally 

spaced electrical contacts. A “C” shaped nanowire was designed and formed on the DNA 

origami tile. The “C” shaped geometry was used to facilitate four-point electrical measurements 

(using EBID contacts) on the shortest possible nanowire, by placing the leads in each corner. The 

result was four-point electrical characterization of the shortest DNA origami templated nanowire 

that has been reported. 

 A chief objective of this work was to gain understanding of the impact of seeded 

nanowire formation and processing, on wire morphology and conductivity. DNA origami 

nanowires were shown to be especially susceptible to nanoscale phenomenon like the Rayleigh 

instability. The result we observed is moderate temperature processing above 180° C, cause the 

nanowires to separate into individual islands resulting in loss of conductivity. A PMMA 

overcoating on the DNA nanowires was shown to suppress the nanowire separation into isolated 

islands up to 210° C. 
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5.3.2.  Use the button that has a C with a triangle around it to go up in the menu, and the E with a 
triangle around it to go down until you are over the desired parameter.   

5.3.3.  To change the parameter, just type in the numbers.  When the numbers are what they 
should be, hit the E triangle button. 

 
 
 

 

 

5.4. Flip the BOAT SELECTION toggle switch to the REAR BOAT. 
5.5. Flip the FILAMENT toggle switch to on.   This turns on the power supply. 
5.6. Ramp up the voltage with a maximum rate of 20 V/Min (5 V/15 Sec) using the VARIAC. 

5.6.1.  You should not exceed 10 Amps. 
5.6.2.  Go until you have a deposition rate of around 1Å/s.  This can be seen on the INFICON 

monitor. 
5.6.3.  The voltage will usually be around 60-80 V. 

5.7. OPEN the SHUTTER, and ZERO the crystal monitor (hit the 3 button that has the word ZERO 
over it). 

5.8. Record the everything in the logbook. 
5.9. Wait until the INFICON monitor reads the desired thickness, usually around 0.070 kÅ (this is 

going to be 7 nm), then CLOSE the SHUTTER. 
5.10. Ramp down the voltage at a rate LESS than 20 V/min. 
5.11. Turn off the FILAMENT toggle switch. 

6. Deposition of Gold 
6.1. Flip the BOAT SELECTION toggle switch to the FRONT BOAT. 
6.2. Flip the FILAMENT toggle switch to on. 
6.3. Ramp up the voltage with a maximum rate of 20 V/Min (5 V/15 Sec) using the VARIAC. 

6.3.1.  You should not exceed 10 Amps. 
6.3.2.  Go until you have a deposition rate of around 1Å/s. 
6.3.3.  The voltage will usually be around 180 V. 

6.4. OPEN the SHUTTER, and ZERO the crystal monitor. 
6.5. Record everything in the logbook 
6.6. Wait until the INFICON monitor reads the desired thickness, usually around 0.500 kÅ (this is 

going to be 50 nm), then CLOSE the SHUTTER. 
6.7. Ramp down the voltage at a rate LESS than 20 V/min. 
6.8. Turn off the FILAMENT toggle switch. 

7. Vent the chamber and remove sample 
7.1. Get the chamber ready to be vented. 

7.1.1.  Turn OFF the ION GAUGE by hitting the EMIS button. 

Material Density Z-Ratio Tooling 

Chrome 7.200 0.305 63.0 

Gold 19.30 .381 63.0 

Table 4. Table of relevant values to input into the crystal monitor control panel for Chrome 
and Gold 
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Figure 31. Electron beam induced deposition control panel. Arrows indicate patterning options 
and how to begin patterning. 

What type of 
deposition needs 
to be selected.  
Choose between 
Area dose or Line 
dose 

Start button 
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Figure 32. Electron beam induced deposition control panel. Arrows indicate where to specify 
dimensions of pattern and resulting time expected till completion.  

 

 

 

 

 

 

The length of the 
pattern can be 
directly inputted.  It 
can also be 
controlled by 
drawing in the 
view. For area 
dose the width can 
also be specified 

The height of the 
structure must be 
specified 

The time to do the 
run will be indicated 
here 
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ELECTRON BEAM INDUCED DEPOSITION 

 

1. Startup Helios SEM 
a. Following Helios Training get the microscope sample inserted 
b. Pump down 
c. Perform alignments (Focus, Sitgmate, Get to eucentric height for Pt, or 5 mm for W) 
d. Find desired location on sample 

2. Prepare GIS 
a. Turn on the GIS heater, (ideally as soon as the microscope is at pressure) 

i. Located in patterning tab (3rd tab) 
b. Once at temperature ideally wait 5-10 more minutes before use. 

3. Software 
a. The patterning tab is the 3rd tab 
b. Select what patterning technique you want to use 

i. W or Pt e-dep 
c. Select what type of pattern you want to write a line or an area 

i. In the viewing screen patterns can be drawn once selected 
ii. Fine adjustments can be made on the right and the z height must be inputed 

1. Actual height was usually about 1/3 the desired height 
d. You can write more than one pattern at a time 

i. They must all be in the same viewing window 
ii. I don’t recommend writing more than one area at a time in case of drift 

e. Start Run 
i. Insert the GIS 

ii. Make sure your still where you want to be 
iii. Press start button 
iv. Time will reflect progress 

4. Other Notes 
a. Drift 

i. Drift is a big issue , make sure your focus and sigmation is as good as you can 
get it to minimize drift 

ii. You can add more material to a section that didn’t quite turn out right due to drift 
b. Overspray 

i. Overspray occurs because of scattering causing the breakdown of the gas in other 
locations 

ii. This becomes an issue if there is enough metal deposited to create a conductive 
path 

iii. Line dose has less overspray than area dose 
c. Pt vs W 

i. I have been able to write finer features with Pt with out overspray being a 
problem, but Pt needs purified if being used for electrical transport  

ii. Due to the location of the GIS Pt can be operated at normal eucentric height but 
W must be lower or it will crash into the stage 
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d. Immersion mode 
i. I did all my writing in immersion mode 

ii. It is easier to write in normal mode but there is some more overspray so features 
are not as small 

e. Tungsten 
i. Sometimes the  W GIS will knock the vacuum out of green when opened 

ii. Let it come back to green and then manually flow the gas make sure it stays open 
for a couple minutes without issue 

iii. Close it and then it should work normally 
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S.O.P. Purification of Platinum 
 
Purification of Platinum EBID through electron irradiation in water atmosphere modified from a paper45 

This is performed in the ESEM electron microscope by FEI 

1. SETUP 
a. The end of the pole piece needs replaced with the low vac piece 
b. The GSM detector needs installed into the back on the chamber 

i. Both of these are part of the training for low vac mode 
c. Pump down in low vac mode to .5 Torr 
d. Choose the 2nd largest spot size 

i. This allows for faster purification 
2. Purification 

a. Typical setup of SEM with focus/stigmation etc 
b. Find area of platinum that needs to be purified 
c. Expose the area by just imaging one area 

i. The typical times are 8min/um^2 
1. The size is your exposure window 

d. Once one area has completed move the exposed window along Pt lines and repeat 
e. Continue until completion of all structures 

3. Other facts 
a. The Pt traces will reduce in volume throughout the purification process 
b. There will be a visible change in some of the traces but the overall shape usually remains 

the same 

 

 

 

 

 

 

 

 

 

 
 

S.O.P. Four point probe station 
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Figure 33. Four-Point probe station. Key components are indicated. 

 

The four-point probe station is a simple station designed for controlled placement of 2 or 4 electrical leads 
for the purpose of conductivity measurements. 

 

Microscope 

Micromanipulator 
Probes 

Switch Box 

Sample 
Stage 
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Figure 34. Switch box for four-point probe station. Box is used to convert from tri-ax cables to 
coax cables. 

 

Switch box is designed to act as a transition box between the tri-ax cables coming from the 
probes and coax in the equipment.  Two of the cables are already co-ax but the box is still used for 
consistency. The connected ports are denoted by the red lines  

 

 

Figure 35. Left image is small TV used as output for four-point probe microscope. Right image 

is the light control box for the microscope of four-point probe. 

For smaller structures there is a microscope in the middle of the station.  To use the microscope 
the TV and the sight source both need turned on.  
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Figure 36. Preamp for four-point probe station.  

Pico-ammeter is used to scale you current to make it detectable. The input comes from the switch box and 
the output going into the DAQ to measure the current.  The only knob that should be changed is the 
sensitivity knob. 

 

Figure 37. Image of the Labview program used for the four-point probe station. Key features are 
indicated. 
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