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ABSTRACT OF THE DISSERTATION 

 

DNA Guided Self-Assembly of Nanocrystals for Optoelectronic Devices 

 

by 

Hyunwoo Noh 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2013 

 

Professor Jennifer N. Cha, Chair  

 

 While inherent properties of nanocrystals have been actively investigated within 

the last decade, control over positioning and ordering of nanomaterials at multiple length 

scales has been difficult to achieve. In the research shown here, DNA is used in 

conjunction with metal and semiconductor nanocrystals to facilitate their assembly at 

precise locations on a substrate with potential for programmable ordering. The inimitable 

ability of DNA to binding through stable, specific, and reversible molecular recognition 

has allowed the creation of nanocrystal assemblies through extraordinary control over 

spatial location and crystallization.       

We first show an inexpensive printing method that enables repeated patterning of 

large area arrays of nanoscale materials by AFM and fluorescence microscopy. DNA 

strands were patterned with 50nm resolution by a soft-lithographic subtraction printing 



 

xxii 
 

process and DNA hybridization was used to direct the assembly of 10nm gold 

nanoparticles to create ordered two-dimensional nanoparticle arrays. This technique was 

further modified to demonstrate methods to generate patterned nanocrystal superlattices. 

Electron microscopy and fourier transformation analysis were used to investigate the role 

of chemical and geometrical confinement on interparticle DNA hybridization and  

particle packing and obtaining long-range order. Using similar strategies, we also 

demonstrate the generation of highly ordered 3-D body-centered-cubic (BCC) 

superlattices of gold nanocrystals at desired areas on a surface through specific DNA 

interactions. In this work, controlled film thicknesses from 20nm to 100nm could be 

easily obtained by varying initial gold nanoparticle concentrations and particles remained 

ordered in the z-direction as well. 

These gold nanoparticle studies were then applied toward producing 3D thin film 

arrays of quantum dots (QDs) For this, successful aqueous phase transfer of CdTe QDs 

for DNA conjugation was first demonstrated. Next, the DNA conjugated CdTe QDs were 

assembled on TiO2 films to fabricate ITO/TiO2/DNA-CdTe/Au thin film devices which 

were then tested by current-voltage measurements. We demonstrate that producing close 

packed arrays as opposed to disordered ones significantly improves film formation with 

less defects. By tuning the QD size and film thicknesses, the correlation between Voc and 

Jsc values was investigated to show the possibility of charge transport through DNA-QDs 

assembly for the application of optoelectronic devices. 

 



 
 

1 
 

CHAPTER 1:  Introduction 

 

1.1 Deoxyribonucleic Acid (DNA) 

Double helix structure of DNA was first discovered by James Watson and Francis 

Crick.[1] DNA is composed of a family of purines and pyrimidines called four nucleotide 

bases, adenine (A), guanine (G), thymine (T), and cytosine (C) along highly negatively 

charged phosphate deoxyribose backbone. Its hybridization through hydrogen bonds 

between A-T and C-G produces a double helix consisting of anti-parallel complementary 

strands with 2nm width and 0.3nm base in general. It has three different conformations 

(A-DNA, B-DNA and Z-DNA) depending on hydration level, DNA sequence and the 

amount and direction of supercoiling. While A-DNA forms under a condition of high salt 

or dehydration B-DNA and Z-DNA are directly observed in Nature.[2] Once hybridized, 

the persistence length increases from ~1 nucleotide for single stranded DNA (ssDNA) to 

about 100 bases for double stranded DNA (dsDNA), and this rigidity allows self-

assembled DNA structures to hold their shape upon assembly. 
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Fig. 1.1 Schematic of DNA structure3  
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Table 1.1 Summary of A-DNA, B-DNA and Z-DNA4 
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1.2 DNA-Mediated Assembly of Nanomaterials for Device Fabrication  

The advent of nanotechnology has brought to existence a diverse set of 

nanomaterials possessing unique electronic, optical, or magnetic properties. One of the 

grand challenges associated with engineering functional materials or devices from such 

nanoscale objects has been how to integrate and assemble them into hierarchical arrays 

with minimal defects. However, these particles and surfaces are generally easily modified 

with oligonucleotides, which in turn allow the organization of nanomaterials into 

different packing densities and arrangements for a variety of applications, as 

demonstrated in initial groundbreaking work by Alivisatos and Mirkin.[5,6] By varying 

the length and sequence of the DNA on the nanoparticles, core-satellite structures[7] or 

discrete geometrical organizations[8, 9] have been formed in which the DNA controls not 

only the distance between particles[10] but also the angle of packing.[11] Particle 

distances have also been modified through dynamic hybridization schemes such as 

hairpin structures.[12] Beyond discrete nanoparticle clusters, Mirkin and Gang recently 

reported methods to create well-ordered bulk nanoparticle solids (Fig. 1.2a).[13,14] 

Specifically, tuning hybridization between two particles led to gold nanoparticle (AuNP) 

superlattices with either face-centered-cubic (FCC) or body-centered-cubic (BCC) 

orientation. Since their first demonstration, further studies have clarified the effect of 

particle size, hydrodynamic size, and length of DNA on assembly,[15] and similar 

techniques have been applied to create mixed-particle systems of AuNPs and quantum 

dots.[16] It is worth noting that this degree of tunability in nanoparticle ordering and 

packing cannot be easily achieved with synthetic polymers or small molecule systems, 
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nor is it trivial to obtain thermodynamically-stable nanoparticle superlattices through 

simple thermal annealing.  

Anisotropic nanomaterials may also be organized with similar tools. The size and 

shape of metal nanostructures determine their plasmon behavior, and an understanding of 

the different facets on a given structure can allow face-selective DNA functionalization 

for engineering new optically active materials. For example, Mirkin and coworkers 

recently created a hexagonal close-packed superlattice of Au nanorods by using different 

DNA sequences and lengths (Fig. 1.2b),[17] and Mann and coworkers described a similar 

example in which nanorods were assembled in 2D along their long axes to maximize 

DNA overlap and hybridization.[18] DNA has also guided the assembly of various 

anisotropic nanoparticles such as nanoprisms and rhombic dodecahedra. In these cases, 

the inherent difference in surface energies in anisotropic colloidal particles allowed 

selective functionalization of the sides of the particles for building unique hybrid 

structures.[19,20] Furthermore, since DNA hybridization is thermally reversible, the 

plasmon responses of DNA-nanorod assemblies can be easily and controllably tuned 

through simple temperature changes.[21]  

DNA-guided assembly directly on surfaces has also been shown as a promising 

method for the creation of nanoelectronic, nanophotonic, or optoelectronic solid-state 

devices, as such materials often require control over nanomaterial placement, 

organization, and orientation in both two and three dimensions. The overall strategy of 

these methods is to use complementary and/or orthogonal sequences in both surface-

bound and particle-bound DNA to direct the assembly of particles both to a surface and 

to each other.  DNA is deposited onto a surface through either physical interaction with a 
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hydrophilic surface (typically patterned from a hydrophobic resist) or covalent 

conjugation through an end group on the DNA. For example, 2D DNA origami has been 

deposited onto areas etched by either e-beam lithography or photolithography, followed 

by hybridization and deposition of DNA-AuNPs onto the etched surface.[22-24] Due to 

the mesoscale size regime of DNA origami, methods to merge top-down lithography with 

bottom-up self-assembled DNA have been developed to produce precise ordered arrays 

of 5nm AuNPs (Fig. 1.3c).[25,26] These DNA origami can also in principle be extended 

to organizing other nanomaterials on surfaces, including carbon nanotubes (CNTs)[27] or 

biomolecules (Fig. 1.3a, b).[28-30] Although CNTs are typically very difficult to disperse 

in water without the addition of surfactants[31] or chemical modification,[32] ssDNA can 

solubilize CNTs in aqueous media through π-π stacking of the DNA bases to  the CNT 

sidewall.[33] Specific DNA oligonucleotides have also been shown to bind to specific 

CNT widths and chiralities,[34] empowering DNA for both CNT purification and 

assembly (Fig. 1.3c, d)[35,36] 

In addition, cost-effective printing methods have been developed to produce 

patterned domains of large-area close packed nanoparticle films on substrates. For 

example, , nanoparticle superlattices with long range order could be obtained within 

DNA arrays patterned by traditional micro-contact printing or inking-subtraction-

printing,[37] followed by thermal annealing into superlattices through hybridization 

between the DNA-AuNPs and the surface DNA.[38] Similar techniques have been 

applied to create 3D particle assemblies on substrates with surface strands used to 

promote interparticle hybrdization.[39] The ability to organize nanoparticle arrangements 

on surfaces through simple tuning of DNA hybridization exemplifies the power of using 
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a self-recognizing polymer such as DNA for controlling particle packing in both two and 

three dimensions. The typical approaches for engineering ordered thin films of 

nanoparticles on substrates to date have been to use electrostatic interactions,[40] spatial 

confinement,[41]  or air-liquid interfaces.[42] Using DNA interactions to drive particle 

ordering provides a framework to assemble a diverse set of nanoparticle sizes and 

compositions, while avoiding barriers to manufacturing such as needing high 

nanoparticle concentrations or requiring slow evaporation. Furthermore, because DNA 

interactions can be programmed to include flexible, compressible sections, polydisperse 

nanoparticle batches may also be assembled into well-ordered arrangements.[15-17] 
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Fig. 1.2 (A) Amorphous and crystalline 3D gold nanoparticle arrays assembled through 
DNA interactions. Tpm and Tm encode for DNA pre-melting and melting temperatures, 
respectively.14 (B) Schematic illustration and TEM image of superlattices with ordered 
i)nanorod (55nm length, 14nm width), ii) nanoprism (140nm edge length), iii) rhombic 
(64nm diameter) and iv) octahedra (83nm diameter) nanoparticles.17 (C) DNA origami 
mediated assembly of gold nanoparticles on lithographically patterned surfaces.25  
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Fig. 1.3 DNA origami is used to pattern (a) gold nanoparticles of different sizes29 and (b) 
silver nanoparticles in specified locations.30 Carbon nanotubes aligned by DNA on (c) Si 
substrates and (d) across gold electrodes.36  
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1.3 Quantum Dot(QD) solar cells 

 Quantum dot (QD) solar cells are particularly advantageous in terms of 

performance and manufacturing. The first major advantage is that the optical property of 

QDs is able to be easily tuned by changing the size of the QD particles. As the size 

becomes smaller than the Bohr radius of the material, a quantum confinement effect will 

be observed. By minimizing the QD size to increase the band gap of the particles allows 

one to design suitable sizes of quantum dot to be used in devices for maximizing the 

absorption of the solar spectra for solar cells applications. The second benefit of QDs is 

that they can generate either multiple excitons (electron-hole pairs) or hot carriers,[43] 

where the absorption of one photon can create multiple excitons or excited electrons are 

separated without any loss as a phonon. These mechanisms increase the collection of 

carriers as well as open circuit voltage, resulting in improvement of device performance. 

Another attraction to the use of QDs is that they allow for facile and economic 

manufacturing processes. Solar cells made of quantum dots could be prepared by 

processes such as drop casting, dip coating and spin coating, which do not require 

extensive labor or high process costs, as opposed to expensive and complex 

microfabrication processes for the fabrication of Si solar cells. The QD material itself can 

also be produced with economically and with high throughput.     

To take advantage of the intrinsic properties of the QDs and their facile 

fabrication process, there have been many efforts on achieving high efficient solar cells 

using QD components. There are several types of QDs solar cells such as single layer QD 

solar cells,[44-47] heterojunction QD solar cells and bulk heterojunction QD solar 

cells,[48-58] and quantum dot sensitized solar cell.[59-62] All these efforts are aimed at 
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improving light absorption and carrier separation for efficient collection of carriers to 

obtain the enhanced power conversion efficiency. To achieve the goal above, there has 

been an effort to study charge transport of quantum dot films.[63-65] In general, quantum 

dots are created using hydrocarbon capping ligands as a stabilizer but the alkyl chain 

ligands also act as an insulating barrier inhibiting carrier transport between QDs. An 

approach to alleviate the problem of carrier transport caused by the ligand focuses on a 

mechanism of carrier transport between quantum dots, generally known as tunneling or 

hopping. In this case, band-like transport of QD films can occur under the condition that 

the energy scale of the film disorder is smaller than the coupling energy, which means 

highly ordered arrays of QDs are needed to fulfill this condition. A couple of methods 

have been developed to solve this problem and are currently widely used; (1) a ligand 

exchange with short molecules[67] (2) sintering/burning of quantum dots to remove the 

ligands.[68] However, it has been stills challenging to build ordered arrays of QDs, 

people are looking towards various self-assembly methods to pattern the QDs due to the 

challenges of top-down placement of the nanometer-sized particles. 
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Fig. 1.4 Schematic of Quantum Dot(QD) based solar cells and its electron band diagrams. 
a) Single layer QD solar cell b) Depleted heterojunction QD solar cell c) Depleted bulk 
heterojunction solar cell d) QD sensitized solar cell.66  
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1.4 Overview of the dissertation 

Chapter 2 describes a facile way to pattern DNA films which feature size is up to 

50nm by subtraction printing. Selective adsorption of gold nanoparticles by means of 

DNA-DNA hybridization is demonstrated.   

Chapter 3 further develops a method of confined DNA patterning by dual 

subtraction printing, which allows us to achieve long range order of hexagonally packed 

gold nanoparticles. Key factors such as physical and chemical confinement, an 

interaction between nanoparticles and humid annealing are discussed.   

Chapter 4 describes the rational design of DNA sequence to build Body-

Centered-Cubic array of gold nanoparticles on the substrate, in which smooth and 

uniformity of film is demonstrated with a facile thickness control. 

Chapter 5 describes the expansion of an idea of gold nanoparticle-DNA 

assembly toward semiconducting nanoparticle(Quantum dot)-DNA assembly in order to 

build solar cells. A facile way to fabricate QD solar cells as well as charge transport 

between QD and DNA are discussed.  
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CHAPTER 2: 50nm DNA nanoarrays generated from uniform 

oligonucleotide films 

 

2.1 Introduction  

 In recent years, a wealth of nanoscale materials has demonstrated unique physical 

characteristics with the potential to yield enormous societal benefits, particularly toward 

health and energy.[1-17] However, challenges in fabricating devices from these materials 

over large areas, reproducibly, cheaply, and with high fidelity have hindered their 

widespread application. This is due primarily to the difficulties in parallel manipulation 

of large quantities of individual components whose dimensions are well below 10 nm and 

organizing them into configurations that are amenable to device and circuit wiring. 

Conventional patterning approaches based on lithography have to date been limited to 

defining relatively large-area features that result in the deposition of poorly organized 

ensembles of these nanostructures, thus compromising their performance.  

In light of some of these challenges, self-assembling biological systems such as 

DNA and protein arrays have been investigated to address sub-20 nm scale materials.[18-

31] The beauty of biological templates is that these systems provide immediate access to 

the sub-10 nm regime, and biomolecular recognition can be used to accurately position 

particular sets of nanoscale objects at will. For example, DNA- and protein-based self-

assembled arrays have been used to build discrete assemblies of gold and semiconductor 

nanocrystals into twodimensional patterns.[21-24,27-29] Despite these single 

demonstrations, however, production of highly parallel arrays of nanoscale materials over 
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very large areas has not yet been shown. In fact, methods to generate large-area 

assemblies of nanoparticles have only recently been demonstrated with the discovery and 

implementation of finite 100 nm DNA structures, known as DNA origami.[32] However, 

in all of these studies, the DNA scaffolds had to be assembled on substrates patterned by 

electron-beam lithography, which is highly time-consuming and expensive (unpublished 

data).  

In the aforementioned studies, the initial primary challenge was to accurately 

place and direct the assembly of the DNA strands and structures themselves on 

surfaces.One of the best known and least expensive methods to fabricate patterned DNA 

arrays is microcontact printing (µCP), but the inherent difficulties of generating 

poly(dimethylsiloxane) (PDMS) stamps with submicrometer dimensions have hindered 

attempts to pattern DNA below 500 nm. More recently, Wang and co-workers used 

poly(methylmethacrylate) (PMMA) stamps that were prepared first by nanoimprint 

lithography (NIL) to generate 250 nm lines of covalently attached single-stranded DNA 

(ssDNA) on silicon.[33] Stellacci and Crooks also independently developed a replica 

based stamping approach starting from patterned ssDNA covalently attached on surfaces 

to generate daughter patterns of ssDNA on other substrates.[34,35] Obtaining DNA 

patterns with submicrometer dimensions has yet to be achieved using a simple stamping 

approach that obviates repeated use of lithography tooling such as NIL or 

photolithography or the need for chemical attachment of DNA to surfaces.  

Recently, Delamarche and co-workers developed a facile “subtraction printing” 

method to fabricate large area antibody arrays with 100 nm resolution.[36] While 

proteins have directed the assembly of nanocrystals, issues of protein stamping and 
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stability make them difficult and expensive to use for nanoscale assembly. Since DNA 

can be further used to direct the assembly of nanoscale materials, we investigated this 

technique to create arrays of linear ssDNA of varying dimensions.  
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2.2 Materials and Methods 

2.2.1 PDMS preparation  

 PDMS substrates (Sylgard 184, Dow Corning) were prepared by mixing and 

degassing a mixture of base and curing agent (ratio 10:1). PDMS liquid was poured into a 

petri dish and then thermally cured at 80 °C in an oven for 1 h. 

 

2.2.2 Silicon Masters 

The silicon masters were fabricated on (100) silicon wafers patterned with 193 nm 

deep ultraviolet (DUV) lithography and a reactive-ion-etch (RIE) process with an oxide 

hardmask. Approximately 100 nm thick SiO2 was deposited on 300 mm diameter silicon 

wafers in an Applied Materials 5000 plasma enhanced chemical vapor deposition (PE-

CVD) system using tetraethoxysilane (TEOS) chemistry. A UV-sensitive high-resolution 

photoresist was then spin-coated on the silicon wafers. An antireflective (AR) coating 

was applied on top of the resist to eliminate standing waves in the photoresist. The DUV 

lithography was performed on an ASML/SVGL Micrascan 193 nm step-and-scan 

lithography system. The resist was developed, and the fine lithographic features were 

transferred with high fidelity by RIE etching first into the oxide layer to create the hard-

mask and then into the silicon substrate. The SiO2 was etched with fluorine based 

chemistry in an Applied Materials Centura 5200 etcher, and the silicon was etched with 

chlorine-based chemistry in a LAM Rainbow 9400PTX etcher. 
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2.2.3 Silicon Masters with Sub-50 nm Dimensions 

Original line patterns (120 nm) generated by DUV lithography were placed in a 

conventional resistive heating furnace and oxidized in pure O2 (99%) for 3 h at 1000 °C, 

with optional chemical etching of the oxide layer to form the pillar pattern with sub-50 

nm width for nanoimprint. The Si template was then replicated by imprinting onto a 

poly(methylmethacrylate) (PMMA)-coated silicon wafer using an ANT-2 nanoimprinter. 

After transferring the pattern into the substrate, PMMA was used as an etching mask to 

faithfully transfer the patterns into Si wafer by a SF6/C4F8 mixture RIE, achieving a sub-

50 nm wide line hole. 

 

2.2.4 DNA Patterning 

Si master and planar Si substrates were cleaned with acetone, ethanol, and DI 

water successively using a sonication bath. PDMS substrates were treated with ethanol 

and DI water successively using a sonication bath. After cleaning, both the silicon and 

PDMS substrates were treated with a UVO cleaner (Jelight, model 42) for 1 h under 3 

scfh oxygen gas. UVO-cleaned PDMS substrates were inked with 1 µL of 20 µM amine-

modified polyadenine and incubated in a Petri dish lined with wet Kimwipes for 45 min. 

The DNA-inked PDMS was then briefly treated with nitrogen gas for 5-10 s. Both the 

subtraction and printing steps were done using 50 g weights and using 30 s transfer times.  

 

2.2.5 Gold Nanoparticle Conjugation 

Phosphine-stabilized 10 nm gold nanocrystals (Ted Pella) were reacted with 5’-

thiolated polythymine (T15) using ratios of 200:1 DNA to gold. After a minimum of 1 h, 
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excess DNA was removed by microcentrifuge filtration and gel electrophoresis was run 

to confirm DNA to gold conjugation. T15-modified gold nanocrystal solutions were 

reacted at room temperature for 5 min with the patterned A15. After adsorption of the 

gold nanocrystal solutions, all of the substrates were quickly immersed in a bath (1x TAE 

buffer) of 125 mM MgCl2 for 2 s to wash away excess gold nanocrystals. Next, the 

samples were introduced to a solution of 50% ethanol in water (v/v) for ~2 s and then 

immersed in 90% ethanol to wash away excess salts and dehydrate the DNA.  

 

2.2.6 Characterization 

SEM images were obtained with Phillips XL30 ESEM. All images in this paper 

were taken with a secondary electron mode. The accelerating voltage was 20 kV. 

Tapping mode AFM images were obtained using Digital Instrument MultiMode 

Nanoscope IV with an “E” scanner and using Ultrasharp AFM tips 
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2.3 Results and Discussion 

2.3.1 Illustration of DNA subtraction printing  

The general scheme of using the subtraction printing method for obtaining clean 

patterns of ssDNA on silicon and native oxide is shown in Fig. 2.1. In subtraction 

printing, material is transferred from flat PDMS to a patterned silicon master only where 

there is conformal contact between the DNA film and the silicon surface, but not where 

there are etched holes or trenches in the silicon substrate. This leaves behind patterned 

DNA arrays on the flat PDMS that are subsequently transferred (“printed”) by contact 

with a planar silicon or oxide surface. While this had been clearly demonstrated with 

antibodies in the earlier work, the basic chemical and physical differences between that of 

DNA and proteins required significant optimization for successful inking of DNA on 

PDMS and transfer to silicon.  
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Fig. 2.1 Schematic depicting method of DNA adsorption to planar PDMS and subtraction 
printing to generate patterns of ssDNA on silicon. Solutions of ssDNA were first 
adsorbed and slowly evaporated on UV/ozone-treated planar PDMS substrates. After 
drying in a humidified environment for ~45min, the DNA films were brought into 
conformal contact with UV/ozone-treated lithographically patterned silicon masters. 
After subtraction printing, patterned ssDNA domains remained behind on the planar 
PDMS, which were then transferred to flat silicon substrates. 
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2.3.2 Criteria of DNA subtraction printing 

One of the predominant criteria to obtain well-defined patterns of DNA or 

proteins through subtraction-based PDMS stamping is the optimization of adhesion 

between the biomolecules and the PDMS surface relative to the receiving surface.[37,38] 

Because the PDMS surface is much more hydrophobic than cleaned oxide or glass 

substrates, it can sometimes be difficult to obtain conformal wetting and adhesion of 

charged, hydrophilic species, like DNA, to the PDMS substrate. For both µCP and 

subtraction printing, a certain amount of adherence between DNA and PDMS is needed 

to avoid dewetting or delamination. For subtraction printing, sufficient adhesion between 

the DNA and the silicon surface is absolutely necessary because the process requires 

complete transfer of DNA from the PDMS upon contact, whereas partial transfer can 

sometimes be sufficient for µCP. Another major challenge with printing hydrophilic 

species is controlling the amount of water in the system in order to prevent excess flow of 

the biomolecules while still allowing for material transfer.  

Due to the highly charged nature of both single- and double-stranded DNA and 

high levels of hydration, the issue of flow proved to be a significant challenge toward 

obtaining proper subtraction and printing of DNA films on PDMS even after removal of 

excess solvent by spin coating or nitrogen drying. In initial studies, a standard published 

procedure for biomolecule inking on PDMS was used where DNA solutions were first 

incubated on the PDMS substrates for varied amounts of time followed by nitrogen blow 

drying for a few seconds. The DNA solutions used in these experiments varied in 

magnesium concentrations ranging from 0 to 125 mM MgCl2, and both untreated and 

UV/ozone-treated PDMS substrates were tested. However, in all cases, DNA solution 
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inking on PDMS followed by nitrogen drying or spin-coating yielded both poor pattern 

fidelity (Fig. 2.2) as well as the negative tone of the expected patterns. This was the case 

regardless of DNA concentration, magnesium concentration, inking time, pretreatment of 

the silicon substrates with magnesium solutions, surface oxidation of PDMS by 

UV/ozone, or spin-coating speeds. We hypothesize that the large hydration sphere around 

the DNA strands increases DNA mobility, causing the adsorbed DNA strands to act as a 

fluid and essentially flow into the etched domains of the silicon substrate, leaving behind 

any excess DNA on PDMS as a DNA film with micrometer sized holes. In contrast, 

when DNA solutions were completely dried on the PDMS stamps, no DNA was observed 

to transfer from the PDMS surface to either the patterned or planar silicon substrates. In 

light of both of these results, it became clear that, although excess solvent must be 

removed from the adsorbed DNA film, the DNA strands also needed to remain partially 

hydrated in order for effective transfer from PDMS to silicon to occur. 
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Fig. 2.2 (A) SEM image of 20µm holes etched into silicon (B) Fluorescence image of 
DNA patterns generated using 20µm silicon master when DNA was inked onto the 
PDMS by nitrogen blow drying DNA solutions pre-adsorbed onto the PDMS substrates. 
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2.3.3 Generation of micron sized DNA dot patterns  

As a means to both address issues of DNA flow as well as effective transfer from 

PDMS to silicon, DNA solutions of varying concentrations were left to slowly evaporate 

on the flat PDMS surfaces in a humidified environment. The reason for this setup was to 

reproducibly control the evaporation speed of the DNA solutions on PDMS. A critical 

component of the subtraction printing process required DNA films that contained no 

visible excess water but were hydrated enough to allow for effective transfer, and these 

were most reproducibly obtained by slow evaporation of the DNA solutions on PDMS in 

Petri dishes lined with Kimwipes. A sample procedure is as follows: 20 pmol (1 µL) of 

ssDNA was spread onto 3 mm x 4 mm PDMS substrates and left for 45 min in a 

humidified chamber built from Petri dishes lined with wet Kimwipes (Fig. 2.1). 

Immediately after solvent evaporation (45 min), all of the samples were treated briefly 

with a nitrogen flow for 5-10 s and brought into conformal contact with UV/ozone-

treated lithographically patterned and etched silicon substrates. Any DNA patterns 

generated by subtraction printing and left on the flat PDMS substrates were next brought 

into a second conformal contact with planar, UV/ozone-treated silicon substrates (Fig. 1). 

As shown in Fig. 3, silicon masters with 5 and 1 µm holes could be used to generate 5 

and 1 µm dot patterns of single-stranded DNA (ssDNA), polyadenine, A15, on flat silicon.  
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Fig. 2.3 (A) Etched holes (5 µm) in silicon and dot patterns (5 µm) of fluorescently 
tagged polyadenine (A15). (B) Optical micrograph of 1 µm holes etched in silicon and 
AFM height images of 1 µm dot patterns of polyadenine obtained after subtraction 
printing from the silicon master. 
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2.3.4 Generation of nanometer sized DNA dot, line and cross patterns 

Next, sub-1 µm silicon masters generated by deep UV lithography (DUV) were 

used to measure the scalability of the patterns that could be generated. By using the exact 

same patterning steps as for the larger micrometer-size patterns, ssDNA domains as small 

as 100 nm were repeatedly patterned on silicon with excellent fidelity. Both ssDNA dots 

and lines as small as 95 nm were also generated (Figure 4), illustrating effective pattern 

transfer regardless of shape. Even smaller features were obtained by placing silicon line 

patterns made by DUV lithography in a conventional resistive heating furnace to oxidize 

in O2 (99%) for 3 h at 1000 °C, then etched to form sub-50 nm lines. These were then 

replicated by NIL into PMMA resists, which were used as an etching mask to faithfully 

transfer the patterns into Si wafer by a SF6/C4F8 mixture RIE, achieving 40 nm wide 

trenches in silicon. As shown in Figure 5a, these silicon masters could be used to obtain 

40-50 nm lines of ssDNA with ease. Finally, the ease and mildness of the subtraction 

printing process prevents the removal or degradation of the previously deposited ssDNA, 

allowing for multiple patterning of different ssDNA sequences into complex patterns. 

Specifically, grid-like, 100 nm line patterns of ssDNA were produced by performing two 

sequential printing steps at right angles to one another (Figure 5b). 
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Fig. 2.4 (A) Etched lines (~100nm) in silicon and lines of ssDNA (95nm) generated after 
subtraction printing of DNA films with the 100nm silicon patterns. (B) Etched holes (180 
nm) in silicon and dot patterns (180nm) of ssDNA. (C) Etched holes (160nm, square 
array) in silicon and dot patterns (160-170 nm, square array) of ssDNA generated. 



37 
 

 
 

 
 
Fig. 2.5 (A, Left) Large-area AFM image of 50nm DNA lines obtained after subtraction 
printing. (Right) AFM images of 50nm DNA lines obtained after subtraction printing and 
height profile analysis. (B, Left) AFM images of 100nm crossed lines of ssDNA. (Right) 
Higher magnification AFM image of 100nm crossed lines of ssDNA and height profile 
analysis. 
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2.3.5 A role of MgCl2 on physisorption of DNA on Si substrate   

While there was some variability of DNA film thickness across the PDMS 

substrate, this did not appear to cause visible differences in the overall fidelity of the 

DNA patterns obtained on the receiving silicon surface. As determined by AFM height 

measurements, each domain was approximately 5 nm in height, correlating to an 

approximate film thickness of 1-2 strands of A15 DNA oligonucleotides. If it is assumed 

that a 15mer ssDNA is ~5 nm when fully extended, then one can assume that at least a 

single monolayer of ssDNA is patterned. However, since ssDNA is known to often coil 

and form condensed and globular structures,[39] it is more likely that multiple layers of 

ssDNA are patterned on the silicon surface after printing. Regardless, any ssDNA not 

directly adsorbed to the silicon surface would be washed away in either water or buffer, 

leaving behind only a monolayer of ssDNA on the substrate. Indeed, since no covalent 

chemistry was employed in these studies to directly conjugate the DNA to the silicon 

surface, much of the adsorbed and patterned ssDNA domains were observed to 

completely wash away with repeated water rinses. However, high magnesium buffer (125 

mM MgCl2) was found to prevent the complete disassociation of the ssDNA from the 

silicon surface.[40] This use of magnesium became a critical aspect when using the 

patterned DNA for directing nanoparticle assembly. In order to generalize this process for 

nanomaterials sensitive to excess magnesium, methods to covalently conjugate the 

ssDNA to silicon after transfer from PDMS are currently being investigated. 
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2.3.6 Direct assembly of 10nm AuNPs on DNA patterns  

The ability to generate 50 nm features of ssDNA over macroscopic areas 

repeatedly and with minimal lithography or complex chemistry provides a means to 

direct the assembly of nanoscale materials at low cost and with a limited number of 

fabrication steps. The assembly of gold nanocrystals onto lines of printed ssDNA through 

DNA hybridization is demonstrated here. Specifically, 10 nm gold nanocrystals modified 

with polythymine (T15) were reacted at room temperature in magnesium buffer for 5 min 

with 50 nm patterned lines of A15. After adsorption of the gold nanocrystal solutions, the 

substrate was quickly immersed in a fresh bath of Tris-acetate-EDTA (TAE) buffer with 

125mM MgCl2 to wash away excess, unbound gold nanocrystals. Next, the samples were 

introduced to solutions of 50% ethanol (v/v) and 50% water to wash away excess 

magnesium and finally immersed in 90% ethanol for 20 min to remove excess water and 

effectively dry the nanocrystals to the patterned DNA lines. As shown in Figure 6, the 

patterned ssDNA remained on the surface after introduction of new solutions of T15 

conjugated 10 nm gold nanoparticles. All of the gold nanocrystals appeared to hybridize 

to the A15 sites in a matter of minutes, and extended incubation did not appear to cause a 

substantial difference in the number of nanoparticles bound. Furthermore, when ssDNA 

lines were annealed at room temperature with solutions of DNA conjugated gold 

nanocrystals, two-dimensional, close packed arrays of gold nanoparticles were obtained 

with observed hierarchical ordering of the gold colloids themselves (Figure 6b,c). 

Although the printed ssDNA lines were measured to be between 50 and 60 nm in width, 

the assembled gold nanocrystal lines varied in widths from 60 to ~100 nm. The 

differences in the widths of the printed ssDNA lines from the nanocrystal line patterns are 
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presumed to occur due to nanocrystal hybridization that can occur at the edges of the  

ssDNA domains. When 100 nm crossed line patterns of A15 were exposed to the T15-

conjugated 10 nm gold nanocrystals, continuous arrays of nanoparticles were obtained 

that clearly followed the DNA crossed line patterns (Figure 6d). The ability to obtain 

long-range order of nanocolloids by confining the particles to sub-100 nm domains can 

clearly be applied toward fabrication of useful photonic, electronic, and magnetic devices 

and will be of future study.  
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Fig. 2.6 (A) Thymine (T15) conjugated 10nm gold nanocrystals annealed to ~50-60nm 
polyadenine (A15) patterned lines on silicon. (B,C) Higher magnification image of gold 
nanocrystal assemblies showing two-dimensional nanoparticle packing within the 60-
100nm nanocrystal line patterns. (D) Gold nanocrystal assemblies on 100nm crossed 
lines of polyadenine (A15). 
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2.4 Conclusion 

We have demonstrated here a facile method to produce submicrometer features of 

ssDNA that allow the arrangement of a wide variety of nanoscopic components over 

macroscopic areas. The strengths of this approach are its versatility, ease of fabrication, 

and minimization of lithographic tooling and processes. Furthermore, the resulting 

nanometer scale chemical patterns allow not only the directed placement of nanoscale 

materials but also the investigation of the role of chemical confinement in creating 

complex assembled arrays. Finally, mild conditions used in the stamping process will 

facilitate the fabrication of threedimensional nanoscale assemblies routinely and 

predictably over large areas, a feat that has been difficult to achieve with current 

technologies.  
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CHAPTER 3:  Site-specific patterning of highly ordered nanocrystal 

superlattices through biomolecular surface confinement  

 

3.1 Introduction 

The ability to direct the assembly of single or multicomponent nanoparticles into 

meso- or macroscale single two- and three-dimensional crystals of any desired 

configuration, orientation, and geometry is currently of significant interest for high-

powered applications in both energy and health.[1-14] While the properties of 

nanomaterials of varying composition, size, and morphology can be tuned easily, it has 

remained a daunting task to hierarchically assemble nanocrystals with perfect or near-

perfect long-range order in both two and three dimensions at predefined sites on a 

substrate.[15,16] Methods to engineer patterned 2-D nanocrystal superlattices of arbitrary 

feature size, pitch, and density have remained elusive because highly ordered close-

packed nanocrystal arrays are typically obtained by kinetically driven evaporation 

processes, which produce local order but limited long-range positional order.[5,17-19] To 

arrange organic and inorganic materials into programmed assemblies with precision and 

order, nature both sequesters the raw materials into confined spaces and encourages their 

association through highly specific noncovalent interactions between biomolecules. We 

demonstrate here that similar strategies can be employed by confining nanoparticles to 

geometrically defined 2-D DNA sites on a surface and using biomolecular associative 

interparticle interactions to generate thermodynamically stable arrays of hexagonally 

packed nanocrystals with significant long-range order observed over 1-2 µm. We
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furthermore show that chemically immiscible boundaries at the edges of each nanocrystal 

array strongly influence particle packing and ordering; as the 2-D DNA features decrease 

in size from 3 µm to 200 nm, 60° parallelogram DNA patterns promoted long-range order 

of hexagonally packed particles but square DNA arrays generated largely disordered 

arrangements. In this report, we also demonstrate that obtaining long-range order within a 

nanocrystal superlattice requires both interparticle DNA hybridization and solvent-less 

thermal annealing above the melting temperatures (Tm) of the DNA strands. 
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3.2 Materials and Methods 

3.2.1 Silicon patterns 

Silicon line patterns of 200nm and 400nm dimensions were fabricated as 

published [23] The micron sized Si templates were obtained from a photolithographically 

patterned (100) silicon wafer (Ultrasil Corp.) and a reactive-ion-etch (RIE) A positive 

photoresist was first spin-coated on the silicon wafer followed by exposure using a a Karl 

Suss MA6 Mask Aligner system to create the patterned lines. After exposure and 

development, a 2 μm thick mask was used to transfer the line patterns into silicon by RIE 

using a SF6/C4F8 mixture gas.  

 

3.2.2 DNA patterning  

All silicon substrates were cleaned by sonication in acetone, ethanol and DI water 

successively. PDMS substrates were cleaned by sonication in ethanol and DI water. Both 

PDMS and Si substrates were next rendered hydrophilic by UVO (Jelight, model 42) 

treatment with 3 SCFH oxygen gas. UVO treated PDMS substrates were inked with 1ul 

of 20uM polyadenine(A15)(Integratred DNA Technologies) and incubated in a humid 

chamber for 30 minutes. The DNA inked PDMS substrates were then briefly blown dry 

with nitrogen. Each subtraction printing step was performed by loading a 50g weight on 

top of the PDMS bringing it into contact with the silicon master for 30 seconds. DNA 

patterned Si substrates were next vapor treated with hexyltrimethoxysilane(Gelest Inc.) in 

a  45oC oven.  
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3.2.3 Conjugation of AuNPs-DNA  

10nm gold nanoparticles (Ted Pella) first reacted with bis-( p-

sulphonatophenyl)phenylphosphine dihydrate dipotassium salt (Strem Chemicals) and 

concentrated  according to ref. [24]. The phosphine stabilized nanoparticles were then 

mixed with 5’ thiolated polythymine(T15) using 200:1 molar ratios of DNA to gold and 

incubated for at least 12 hours. Excess salts and DNA were removed by washing particle 

solutions out three times using a 30kDa MWCO centrifuge filter. (NANOSEP, Pall corp.) 

Nanoparticles were resuspended in DI water and kept stored in a refrigerator at 4-8oC.  

 

3.2.4 AuNPs hybridization  

6ul of DNA conjugated gold nanoparticles solution with MgCl2 was dropped onto 

a DNA patterned Si substrate and absorbed for 5min. To remove excess AuNPs and salts, 

the substrates were next briefly dipped in the solutions of 125mM Mg in 1xTAE buffer 

followed by a 5sec 50% ethanol rinse and a 30min immersion in 90% ethanol. Thermal 

annealing of the gold nanoparticle arrays was done by heating the substrates at 600C in a 

humid environment for 4-5hrs. 

 

  

 



51 
 

 
 

3.3 Results and Discussion 

3.3.1 Physical and chemical confinement of DNA coated gold nanoparticles  

To confine particles specifically to geometrically defined sites on a substrate, 

arrays of micro- and mesoscale features of DNA, oligonucleotides were first prepared on 

silicon oxide using a modified version of a previously developed subtraction printing 

process (Fig. 3.1).[20] By subtraction printing twice on two separate silicon masters, 2-D 

DNA patterns could be generated that encode sharp edges and corners with sub-200 nm 

resolution, which are typically difficult to obtain by conventional photolithography or e-

beam lithography. In order to minimize the thickness of the DNA arrays, all of the 

polydimethylsiloxane (PDMS) substrates were inked with 20 pmol of polyadenine (A15) 

to produce DNA features 4-5 nm in height, corresponding to about 1-2 layers of A15. 

Next, as a means to confine nanoparticles to the DNA arrays and discourage their 

association outside of the patterned domain, the remaining exposed silicon surfaces were 

covalently modified with hexyltrimethoxysilane (HTS) by vapor phase silylation for 15 h 

at 45 °C.[21,22] Contact angle and ellipsometry measurements of bare silicon substrates 

exposed to HTS after 15 h confirmed sufficient surface treatment to generate a highly 

hydrophobic surface. Through ellipsometry and AFM scratch measurements, the film 

thickness was determined to be between 0.769 and 0.8 nm and showed a water contact 

angle of 78.2°.  
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Figure 3.1 (A) Schematic of double subtraction method used to generate 2-D features of 
DNA on PDMS. (B) AFM images of 3µm and 400nm squares generated by double 
subtraction and printing. (C) AFM images of 3µm and 400nm parallelograms generated 
by double subtraction and printing. 
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3.3.2 The role of thermal annealing on AuNPs ordering   

After HTS surface treatment, 100 nM solutions of polythymine (T15)-conjugated 

10 nm gold nanocrystals were adsorbed onto the printed polyadenine (A15) substrates, 

followed by ethanol rinsing to remove excess gold and salts. After these steps, since the 

gold solutions had only been in contact with the substrate for 5 min, the assembled 

particles were largely disordered with respect to each other, and neither local nor long 

range order was seen (Fig. 3.2). To allow the nanoparticles to reach their equilibrium 

state, the samples were next subjected to thermal annealing in a humid environment at 

60 °C-above the Tm of the DNA-for 4-5 h. Annealing in this manner promoted particle 

mobility while minimizing the risk of particle removal due to the presence of bulk solvent.  
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Fig. 3.2 Low and high magnification SEM images of nanocrystal superlattices obtained 
immediately after adsorbing T15-conjugated gold to 3µm parallelogram and 3µm square 
patterns of A15. No annealing step was performed. 
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3.3.3 Long range order of gold nanoparticle on DNA patterns  

As shown in Fig. 3.3a, after thermal annealing in saturated water vapor for 5 h, 

extremely well-ordered arrays of hexagonally packed nanoparticle superlattices were 

observed within each patterned parallelogram array. As will be discussed later, 

nanocrystal hexagonal packing was most likely due to some of the surface bound A15 

strands acting as bridging linkers between T15 strands on neighboring particles. While the 

nanocrystal packing within 3 µm square DNA features also showed a fair amount of 

order, in general, many more grain boundaries were observed, and the edges of the square 

gold nanocrystal arrays were not well-defined or as sharp as those observed with the 

parallelogram patterns (Fig. 3.3b). By imaging a roughly 1.5 µm area within a single 

parallelogram nanoparticle array, the gold nanoparticles were found to tightly pack into a 

well-ordered 2-D hexagonal superlattice. Fourier transforms (FT) of selected areas within 

the 1.5 µm domain show that the rotation of the superlattice over this image area varied 

by no more than ±7° (relative to area IV), confirming strong long-range positional order 

(Figure 3.4).  
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Fig. 3.3 Low- and high- magnification SEM images of nanocrystal superlattices obtained 
after adsorbing and annealing T15-conjugated gold to (A) 3µm parallelogram and (B) 
3µm square patterns of A15. 
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Fig. 3.4 SEM image of a 1.5m area within a single parallelogram nanocrystal array. 
The gold nanoparticles are tightly packed in a 2-D hexagonal superlattice.  Fourier 
transforms of selected areas shows that the rotation of the superlattice over this image 
area varies by no more than ±7°. (relative to area IV) 
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3.3.4 The role of the boundaries of DNA patterns on AuNPs packing  

While it appears that the combination of interparticle DNA hybridization and 

thermal annealing allowed for the formation of highly ordered superlattice nanocrystal 

arrays, the role that particle confinement and the hydrophobic boundaries surrounding 

each DNA pattern play on nanocrystal packing and ordering remains less clear. When 

large micrometer sized features of DNA are used for the assembly process, it is difficult 

to discern the roles of the boundaries since any effect they may have on particle packing 

and ordering is mitigated at locations far from the edge. However, as the DNA patterns 

decrease in size, the boundary edges and corners should begin to have a dominating 

effect if there is in fact strong chemical confinement. These forces might even be strong 

enough to prevent the energetically favored nanocrystal hexagonal packing seen thus far 

such that while long-range order might be obtained on smaller parallelogram DNA 

patterns, mainly disordered arrays of particles would be seen on the DNA squares.  

In order to test the effect of strong geometric chemical confinement on 

nanocrystal ordering, ~200 nm mesoscale parallelogram and square features of A15 were 

first patterned on silicon as described above. Next, as with the micrometer DNA features, 

T15-conjugated gold nanocrystals were added followed by ethanol rinsing to remove 

excess salts and nanocrystals. All of the gold arrays were subsequently subjected to 

thermal annealing at 60 °C for 5 h. As is shown clearly in Fig. 3.5a, the sequestration of 

gold nanocrystals to the roughly 200 nm parallelogram features of DNA within the HTS 

monolayer was enough to drive both local hexagonal packing of 10 nm gold nanocrystals 

as well as good long-range positional order. Fourier transform analysis of an image of an 

individual ~200 nm parallelogram nanoparticle array in its entirety yielded six diffuse 
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spots, quantitatively demonstrating partial orientation order within the 200 nm 

superlattice. In contrast, T15-conjugated gold nanocrystals patterned on the 200 nm square 

A15 domains showed completely disordered arrangements (Fig. 3.5b).  

Because the DNA sequences, nanoparticle concentrations, annealing temperatures, 

and times were all held exactly the same, the only reason disorder would be observed 

within the square arrays and not the parallelograms is that the edge and corner boundaries 

of the mesoscale DNA patterns place a significant constraint to prevent any particle 

migration or association with the neighboring hydrophobic HTS areas. Although it should 

be noted that the overall edge roughness and corner sharpness of the 200 nm square and 

parallelogram nanoparticle arrays are weak, highly ordered packing is still not observed 

even in larger 400 nm square arrays where edge roughness and corner rounding should be 

less influential (Fig. 3.6). This is most likely because, even with a perfectly shaped 90° 

corner, the sides of a square would favor two competing hexagonally close-packed (hcp)  

orientations rotated 30° with respect to each other. While with very large squares, this 

would result in multiple grains and grain boundaries in smaller squares, and these grain 

boundary defects will most likely occupy the majority of the packed nanoparticle area. 

Therefore, despite the strong tendency of the particles to pack into hcp arrays as observed 

within the parallelogram features, the boundaries of the square DNA domains drove 

disorder toward the energetically unfavorable non-hcp orientations. The clear difference 

in packing and ordering observed between the two different patterned DNA geometries 

demonstrates the strong confinement effect the chemically immiscible boundaries have 

on particle sequestration and orientation and their importance toward obtaining long-

range order within close-packed nanocrystal arrays. 
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Fig. 3.5 Low and high magnification SEM images of nanocrystal superlattices obtained 
after adsorbing and annealing T15-conjugated gold to (A) 200nm parallelogram and (B) 
200nm square patterns of A15. Insets show FTs of a ~200nm parallelogram and 200nm 
square nanocrystal array, each in its entirety. 
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Fig. 3.6 AFM images of subtraction-printed 400nm DNA squares. (Right) SEM image of 
a nanocrystal array obtained after adsorbing T15-conjugated gold to the 400nm square 
patterns of A15 followed by thermal annealing.  
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3.3.5 The role of interparticle interaction by DNA-DNA hybridization  

In order to demonstrate that the observed hexagonal packing of the nanoparticles 

was due to interparticle hybridization mediated by the A15 strands, T10-

AAGACGAATATTTAACAA (DNA-1) conjugated 10 nm gold was adsorbed to 3 µm 

parallelogram arrays of the DNA oligonucleotide A10-TTCTGCTTATAAATTGTT 

(cDNA-1). Because, in this case, a strand of DNA on the surface can only hybridize to 

one strand on any given particle, no DNA-assisted inteparticle bridging can occur. Using 

the exact same assembly conditions as the T15 and A15 systems, nanocrystal arrays from 

the DNA-1 and cDNA-1 sequences appeared to be largely disordered with very limited 

local order (Fig. 3.7). Because very minimal hexagonal packing was seen in this case, it 

is clear that hexagonal ordering was not caused by the physical entrapment of gold 

nancrystals to a given domain but rather that the crystallographic orientation was 

thermodynamically driven, with multiple A15 strands acting as DNA linkers to drive 

interparticle association. These interactions would be caused either by substrate-bound 

DNA or desorbed DNA hybridizing to two separate strands on neighboring gold 

nanoparticles. When a strand of DNA on the surface can only hybridize to a single strand 

on an individual particle, there is no interparticle attractive force to drive assembly, 

resulting largely in disordered arrangements.  
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Fig. 3.7 Low and high magnification SEM images of nanocrystal superlattices obtained 
after adsorbing T10-AAGACGAATATTTAACAA conjugated 10nm gold to 3mm 
parallelogram and square  arrays of the DNA oligonucleotide A10-
TTCTGCTTATAAATTGTT followed by thermal annealing. Higher magnification 
images of the nanocrystal arrays showed mostly disordered arrangements. 
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3.4 Conclusion 

We demonstrate here that, by combining particle sequestration and confinement 

with interparticle attractive forces with thermal annealing, it is possible to obtain 

thermodynamically stable, well-defined nanoparticle superlattices that show long-range 

positional order at specific, predetermined sites on a substrate. We furthermore show that 

strong confinement effects can be induced simply by having chemically immiscible 

boundaries at the edges of each nanocrystal array and that these can strongly influence 

particle packing and ordering. The work shown thus far demonstrates the first lessons 

toward obtaining highly ordered 2- and 3-D nanoparticle structures in a deterministic and 

controllable fashion and these will be applied in future studies toward engineering more 

complex nanocrystal arrangements that show different crystallographic orientations or are 

composed of multiple types of nanocrystal materials.  
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CHAPTER 4: Surface-driven DNA assembly of binary cubic 3D 

nanocrystal superlattices  

 

4.1 Introduction 

Meso- and macroscale three-dimensional nanocrystal assemblies of arbitrary 

configuration and crystallographic orientation are highly desired for new solid-state 

optoelectronic and electromagnetic materials.  However, the nanoscale precision and 

control required to engineer such devices in three dimensions over macroscopic areas site 

specifically has yet to be achieved.  Natural systems arrange bulk organic and inorganic 

materials into precisely ordered, programmed assemblies by sequestering raw materials 

into confined spaces and associating them through highly specific non-covalent 

interactions between biomolecules.  Using similar strategies, we demonstrate here the 

generation of highly ordered 3-D body-centered-cubic (BCC) superlattices of differently 

modified gold nanocrystals at desired areas on a surface through specific DNA 

interactions. Through the combination of surface-bound printed DNA designed to capture 

the nanoparticles and two distinct DNA oligonucleotide sequences designed to arrange 

the particles in the confined space, 3-D BCC arrangements of nanoparticles were 

obtained through simple incubation of the surface with gold nanoparticles and subsequent 

thermal annealing. Furthermore, controlled film thicknesses from 20nm to 100nm were 

easily obtained through variation of initial gold nanoparticle concentration, and particles 

remained ordered in the z-direction as well. 
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For a number of applications, it is critical to obtain 3-D nanocrystal superlattices 

at predefined locations on a substrate.[1,2] For example, vertically ordered stacked arrays 

of alternating layers of magnetic and metal nanocrystals with sub-20nm resolution would 

have an enormous impact on ultra-high density recording media and data storage, while 

binary semiconductor/metal nanostructures may lead to novel high-efficiency 

photoemitters. Predominantly hexagonal close packed particle arrays have been obtained 

through slow solvent evaporation at low pressure.[3-7] Recently, Akey, et al[8] used slow 

drying and microfluidic flow to achieve a thick three-dimensional quantum dot 

superlattice on substrates patterned by electron-beam lithography. In addition, several 

types of binary superlattices have been achieved through precise control over 

nanoparticle size and surface charge density.[9,10] However, these methods require 

highly monodisperse nanoparticle samples and complicated fabrication processes that has 

limited their potential for manufacturability.  Alternative approaches using DNA have 

been demonstrated recently by Park et al[11] and Nykypanchuk et al[12], who showed 

that bulk gold nanocrystal solids of both BCC and FCC orientation could be obtained by 

tuning interparticle DNA interactions in solution.  DNA has also been used to direct the 

assembly of metal nanocrystals site specifically on a substrate using patterned DNA 

oligonucleotides and DNA “origami”.[13-16]  

Despite these examples, however, there has been little work in mediating particle 

packing and orientation in 3-D thin films directly from a substrate.[17-19] We recently 

showed that highly ordered hexagonally close packed nanocrystal superlattices could be 

obtained on geometrically and chemically confined DNA patterns on a substrate by using 

DNA sequences that mediate interparticle hybridization as well as thermal annealing.[20]  
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This work underscored the proven ability of biomolecules, particularly DNA, to bind 

specific targets in a tunable, orthogonal, multivalent, and reversible manner. 
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4.2 Materials and Methods 

4.2.1 Dual Subtraction printing 

Unpatterned and patterned (3um lines) silicon substrates[20] were cleaned by 

sonicating in acetone, ethanol, and DI water successively. PDMS substrates were cleaned 

by sonicating in ethanol and DI water successively. Cleaned PDMS and Si substrates 

were modified hydrophilic by UVO (Jelight, model 42) treatment with 3 SCFH oxygen 

gas. The PDMS substrates were then inked with 1ul of 20uM DNA solutions (Integrated 

DNA Technologies) and incubated in a humid chamber for 20 minutes. The DNA inked 

PDMS substrates were then gently blown dry with nitrogen. The dual subtraction printing 

was performed by loading a 50g weight on top of the PDMS and bringing it into contact 

with the silicon pattern for 30 seconds. The subtracted DNA patterns on PDMS were then 

brought into conformal contact with planar Si and transferred. The DNA patterned Si 

substrates were next vapor coated with hexyltrimethoxysilane(Gelest Inc.) in a  45oC 

oven for 15hrs.  

 

4.2.2 DNA-conjugated gold nanoparticles 

10nm gold nanoparticles (Ted Pella) were first reacted with bis-(p-

sulphonatophenyl) phenylphosphine dihydrate dipotassium salt (Strem Chemicals) and 

concentrated.[27] The phosphine stabilized nanoparticles were then reacted with either 5’ 

or 3’ thiolated DNA at 200:1 molar ratios of DNA to gold and incubated by salt 

aging.[28] Excess salts and DNA were then removed by microcentrifuge filtration 

(NANOSEP, Pall corp.). Gold nanoparticle assembly on Si substrates: 6ul of DNA 
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conjugated gold nanoparticles (10nM-80nM) in 125mM MgCl2 were adsorbed to the 

DNA printed Si substrates for 60min in a humid environment. To remove excess 

nanoparticles and salts, the substrates were next briefly rinsed in 1xTAE buffer with 

125mM MgCl2 followed by a 5 s 50% ethanol rinse and a 30min immersion in 90% 

ethanol. The gold nanoparticle arrays next underwent thermal annealing at 70 oC in a 

humid environment for 2.5hrs and samples were then slowly cooled down for 1.5 hours 

(0.4oC min-1)  

 

4.2.3 Characterization and analysis    

Fourier Transformation (FT) analyses were done using ImageJ. Experimental d 

spacings were determined by FT and plot profile analyses of SEM images. Film thickness 

measurements were conducted by tapping mode atomic force microscopy (Digital 

Instrument MultiMode Nanoscope IV). Cross-sectional SEM images were prepared by 

cleaving the samples and imaged at approximately 6o tilt.  

 

4.2.4 Small angle X-ray diffraction  

Small angle X-ray scattering experiments were performed with monochromatic 

X-rays of beam energy 10 keV and calibrated using silver behenate as a standard. 

Samples were prepared on glass substrate and were vertically mounted for analysis. 

Scattered radiation was collected using a MAR Research CCD area detector (pixel size, 

79 μm). 2D SAXS patterns were integrated using the Nika 1.2 package and FIT2D. The 

data are depicted as the structure factor S(q) versus scattering vector, q=(4π/λ)sin(θ/2), 

wh ere θ is the scattering angle. Scattering of DNA was negligible compared the gold 
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nanoparticles.
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4.3 Results and Discussion 

4.3.1 Design of DNA sets for 3-D cubic structure   

In order to investigate substrate-adsorbed DNA for the generation of 3-D cubic 

nanoparticle arrangements, DNA sequences were designed that hybridize specifically to 

two different sets of DNA conjugated gold nanocrystals (Fig. 4.1).[20, 21] By using two 

chemically distinct DNA conjugated gold nanoparticles and DNA linkers on the substrate 

that hybridize to both, BCC packing is thought to be favored because it maximizes the 

number of DNA hybridization events between the particles, resulting in non-close packed 

cubic structures with eight coordinated neighbors (CsCl-type superlattices).[11,12] First, 

3um square arrays of DNA linkers composed of either 5’-(AG)4-T-AGGAAAGA-3’ (Set 

1) or 5’-A12-T-(GA)6-3’(Set 2) were dual subtraction printed on UVO cleaned silicon 

(Fig. 4.1a). The remaining bare silicon surface was then modified with 

hexyltrimethoxysilane (HTS) through vapor deposition. Next, equimolar amounts of 

10nm gold nanocrystals modified with 3’-SH-T15-(TC)6-5’ and 5’-SH-T15-

TTCCTCTTTCCT-3’ (Set 1) or with 3’-SH-T31-5’ and 5’-SH-T15-(TC)8-3’ (Set 2) were 

adsorbed to the corresponding linker patterns in 125mM MgCl2 for 1 h, followed with 

buffer and ethanol rinsing to remove excess particles and salts . This was followed by 

annealing the substrates at 70 oC in a humid environment to drive particle assembly 

toward a thermodynamically favored state (Fig. 4.1b).[11,12] 
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Fig. 4.1 a) AFM images of 3um square arrays prepared by dual subtraction printing 
(DSP). b) SEM images of 3um square arrays of Au nanoparticles assembled on the linker 
(5’-(AG)4 -T-AGGAAAGA-3’) patterns after thermal annealing. c) Schematic of DNA 
linkers on the substrate hybridizing between two different DNA modified gold 
nanocrystals. 
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4.3.2 Fourier transformation and SEM analysis of ordered AuNPs structure     

After adsorbing 20 to 40 nM gold nanocrystal concentrations to the DNA arrays 

and annealing for 4 h, highly ordered, close-packed nanocrystal arrays were clearly 

observed from both sets of DNA conjugated gold and DNA linkers (Fig. 4.2). In order to 

determine the crystallographic orientation of each superlattice, Fourier transform (FT) 

analyses of individual SEM images of representative arrays (Fig. 4.2a,b and Fig. 4.2c,d) 

were conducted, demonstrating BCC arrangement with the (110) plane, the most densely 

packed and lowest energy crystal plane, displayed at the surface. For comparison, a 

schematic depicting the (110) plane of a BCC structure is shown in Fig. 4.3 with 

pertinent spots in its FT labeled by the corresponding Miller indices. The planar spacings 

d(200), d(220), d(1 ½ ½) and d(222) were also determined for both sets and were 

measured to be 8.28nm, 11.79nm, 13.44nm and 14.29nm and 10.76nm, 15.29nm, 

17.48nm and 18.69nm, respectively, for sets 1 and 2. Furthermore, the d(220)/d(200) and 

d(1 ½ ½)/d(200) ratios for both sets were 1.42 and 1.62, close to the theoretical values of 

1.41 and 1.63. While FT analyses of SEM images with different gold nanoparticle 

concentrations (Fig. 4.4) showed some variability in the distance between the 

nanoparticles with a range of +2%, the BCC (110) plane was the predominant facet 

observed at the surface of all of the arrays.  

The d(222) values of 14.29nm and 18.69nm correspond to center-to-center 

interparticle spacings and are close to the theoretical ranges of 14.38nm<d<18.84nm and 

16.38nm<d<20.84nm for Sets 1 and 2 respectively. The lower limits were determined by 

assuming the hybridized segment to be rigid A-form DNA (0.25nm per base) [22] and the 

flexible polyT spacers to be random coils of persistence length 0.75nm.[23] Since a total 
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of 16 bases would be hybridized in the case of Set 1 but 24 bases in Set 2, the different 

ranges of d spacings for Sets 1 and 2 are appropriate. The upper limits were obtained by 

assuming scaling predictions in which the chain dimensions follow scaling power laws in 

the limit of high interface curvature.[24] While interparticle distances in Set 1 were close 

to what would be assumed for 10nm particles separated by a perfectly rigid length of A-

form DNA plus two flexible coils of ssDNA, in Set 2 the d(222) value was slightly larger 

than estimated values. This difference in interparticle lengths between the two different 

sets of DNA linkers (5’-AGAGAGAG-T-AGGAAAGA-3’(1) and 5’-

AAAAAAAAAAAA-T-GAGAGAGAGAGA-3’(2)) may be explained by considering 

that the intermolecular repulsive forces of stacked purine molecules such as adenine are 

known to introduce more delocalized π electron densities and polar side groups and 

thereby increase electrostatic repulsion.[25,26] The results of the FT analysis of the gold 

nanoparticle arrays obtained using Set 1 linker DNA (Table 4.1) was consistent with the 

interparticle distances found in the first diffraction peak of small angle X-ray scattering 

(SAXS), showing strong ordering and uniform interparticle distances within the 

nanoparticle films (Fig. 4.5).  However, these arrays were too thin (<100nm) to obtain 

enough signal to observe higher order peaks using our instrumentation. The relative 

degree of ordering and BCC packing through a single nanoparticle film was explored 

using cross-sectional SEM images of nanocrystal arrays generated from 40nM gold 

nanoparticle solutions. As shown in Fig. 4.6, approximately 80nm thick film arrays were 

obtained with strong ordering both parallel and normal to the surface. While the top plane 

clearly showed a BCC (110) face, obtaining absolute vertical (220) facets along the z-axis 

of the cross section was difficult due to multiple grain boundaries within an array as well 
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as issues of substrate cleaving. Because the ordering within a nanoparticle superlattice is 

induced by the DNA at the surface, it is not surprising that the ordered assembly is seen 

throughout the film as it would be highly unlikely for the surface alone to show BCC 

packing with the underlying layers showing disordered or non BCC packing with the 

same DNA interactions used throughout.  
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Fig. 4.2 Representative SEM images of gold nanoparticle superlattices obtained using 
two different DNA linkers (a, b: 5’-(AG)4-T-AGGAAAGA-3’, c, d: 5’-A12-T-(GA)6-3’). 
b) SEM image and FT analysis of a nanoparticle superlattice assembled using 20nM set 1 
conjugated gold and printed linker (5’-(AG)4 -T -AGGAAAGA-3’). d) SEM image and 
FT analysis of a nanoparticle array assembled using 40nM set 2 conjugated gold and 
printed linker (5’-A12-T-(GA)6-3’).  Scale bar corresponds to 200nm 
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Fig. 4.3 Image and FT analysis of BCC (110) schematic array.  



81 
 

 

 

Fig. 4.4 SEM images of gold nanoparticle superlattices obtained on DNA linker 5’ - 
(AG)4 -T-AGGAAAGA - 3’ from 30nM(a) and 40nM(b) gold nanoparticle solutions. 
Insets show FT analyses.  
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Table 4.1 d-spacings and ratios obtained from different concentrations of DNA-
conjugated gold adsorbed to the subtraction printed 5'-(AG)4-T-AGGAAAGA-3' linkers. 
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Fig. 4.5 Small angle x-ray scattering (SAXS) data of nanocrystal thin films obtained 
using 40nM gold nanoparticle concentration and DNA linker 5’-(AG)4-T-AGGAAAGA-
3’. Scattering intensity is plotted as a function of the magnitude of the scattering vector q 
= 4πsin(θ) / λ. A first strong corresponding peak is explained as a relatively uniform 
interparticle distance calculated by dAu = sqrt.(6)* 3.14 / q0 =15.48nm 
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Fig. 4.6 SEM images of top (a) and cross sections of nanocrystal films obtained from 
40nM of 3’-SH-T15-(TC)6-5’ and 5’-SH-T15-TTCCTCTTTCCT-3’ conjugated gold 
nanoparticles on DNA linker (5’-(AG)4 -T-AGGAAAGA-3’). Low (b) and high mag (c, 
d) images are shown. Samples were tilted 6o for imaging 
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4.3.3 Controllability of AuNPs film thickness   

Because there is no physical or chemical boundary in the z-direction, such as an 

air-liquid interface, that can limit the film thickness, highly-ordered nanocrystal films 

from 20 to 100 nm can be generated simply by controlling the gold nanoparticle 

concentrations from 10nM to 80nM. Although there was some variation in the exact 

DNA-conjugated gold nanocrystal concentrations, on average a linear correlation was 

observed between nanoparticle concentrations and the final array thicknesses obtained 

(Figs. 4.7, 4.8). 
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Fig. 4.7 Thicknesses obtained of gold nanoparticle thin film assemblies on the subtraction 
printed 5’-(AG)4-T-AGGAAAGA-3’ linkers as a function of gold concentrations used. 
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Fig. 4.8 SEM and AFM images with corresponding height profiles of gold nanoparticle 
superlattices obtained on printed 5’-(AG)4-T-AGGAAAGA-3’ using gold nanoparticle 
concentrations ranging from 10nM to 80nM. Scale bar: 6um 
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4.3.4 The effect of AuNPs concentration on formation of 3D cubic structure    

The d spacings of samples prepared using different concentrations of gold 

nanoparticles (Set 1) were also determined by FT analyses (Table 1). At 10nM gold 

concentrations, both the d(220)/d(200) and d(1½½)/d(200) ratios were higher than 

theoretical ones, resulting in a distorted lattice with mixed and random orientations. It is 

thought this occurs because the layers are only 1-2 nanoparticles in thickness that is not 

enough to generate a highly stable BCC crystal. This was also verified by the observation 

of a transition domain between a monolayer of particles at the edges of each array and a 

stacked multilayer (2-3 layers) of particles in the middle of each film (Fig. 4.9). It is also 

possible that at smaller concentrations there is not enough gold present to trap the 

physisorbed surface-bound DNA, causing some of the initially printed DNA to wash off. 

However, as the concentration of gold nanocrystals increased to 40nM, nanoparticle 

superlattices could easily be observed with d-space ratios d(220)/d(200) and d(1 ½ 

½)/d(200) for both sets equaling 1.42 and 1.63 indicating BCC (110) packing within an 

error range of ~2%. Having the areas surrounding the initial DNA patterns be strongly 

hydrophobic furthermore forces the particles to stack on top of one another as opposed to 

assembling laterally out. As the gold nanoparticle concentrations increased further to 

80nM, BCC packing was not seen in the uppermost layers of the films; instead mixed 

domains of partial BCC and disordered arrays were observed (Fig. 4.10). It is presumed 

that by driving larger amounts of gold nanoparticles to the printed DNA, the DNA on the 

surface became consumed eventually, resulting in weaker interactions between the 

nanoparticles in the top layers due to the existence of less linker DNA per particle.  
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Fig. 4.9 SEM images showing a transition from a hexagonally packed monolayer to a 
BCC structure when absorbing 10nM DNA conjugated nanoparticles to printed 5’-(AG)4-
T-AGGAAAGA-3’ DNA linkers. Scale bar: 100nm 
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Fig. 4.10 SEM images of 80nM AuNPs superlattice obtained after adsorbing 80nM DNA 
conjugated gold on printed DNA linker 5’-(AG)4-T-AGGAAAGA-3’. Many more grain 
boundaries are observed with only partial ordering, resulting in random orientations and 
less crystallinity. 
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4.3.5 Variability of nanoparticle size and the role of linker DNAs for formation of 3D 

cubic structure   

In addition to using 10nm gold, generating BCC packing from 5nm gold was also 

tried. By switching from 10nm gold to 5nm gold while keeping the DNA sequences used 

exactly the same, it was found the highly ordered BCC superlattices of 5nm gold 

nanoparticles could also be produced (Fig. 4.11). Finally, control experiments using DNA 

strands that would only enable hybridization between one set of gold and one of the two 

DNA strands on the substrate produced close packed particles but no particular ordering 

within the array (Fig. 4.12).  
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Fig. 4.11 SEM images of gold nanoparticle superlattices obtained after adsorbing 240nM 
DNA conjugated 5nm gold on printed DNA linker 5’-(AG)4-T-AGGAAAGA-3’. 
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Fig. 4.12 Low and high magnification SEM images of control experiment using gold 
nanoparticles modified with 5’-SH-T10-AAGACGAATATTTAACAA and 3’-SH-T15-
TCTCTCTCTCTC adsorbed to printed DNA 5’-AGAGAGAG-3’ and 5’-TTGTTAAA-
3’. Because each DNA on the gold could only hybridize to a single DNA sequence on the 
substrate, no ordering was observed within the nanoparticle arrays. 
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4.4 Conclusion 

The results shown here demonstrate the first guiding principles of obtaining 

binary type superlattices through substrate mediated information and assembly. Through 

careful balance of the attractive and repulsive forces between the particles, the array, and 

the outside surface, binary sets of nanoparticles were assembled into well ordered 3-D 

BCC superlattices simply by annealing different DNA conjugated gold nanocrystals with 

DNA-stamped surfaces. To control the crystallographic alignment of each particle with 

its neighbors, the nanoparticles were assembled using a mixture of DNA base pairing 

interactions. The surface adsorbed DNA produced binary BCC arrays using DNA linkers 

that hybridized specifically between two different types of DNA-modified nanocrystals. 

Because the entire thermodynamically-driven process depended only on the amount of 

DNA on the surface, nanoparticle films of tunable thicknesses were easily produced 

simply by tuning the initial concentration of the nanoparticle solutions. By doing so, BCC 

nanocrystal films ranging in heights from 20 to 100nm were engineered site specifically 

on a surface with good order throughout. As the assembly is controlled through the DNA 

sequences employed, this methodology should be easily applicable to a wide variety of 

pure and binary nanocrystal superlattices for new advances in energy and computing  
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CHAPTER 5: Scalable assembly of 3D excitonic nanocrystal assemblies 

by using DNA interactions and DNA mediated charge transport  

 

5.1 Introduction 

Semiconductor nanocrystals such as quantum dots (QDs) have been heavily 

investigated in recent years as potential building blocks for optoelectronic devices.[1-9] 

The tunable, size-dependent bandgap of QDs has afforded methods to optimize device 

performance and enhance photon adsorption. In addition, the solution processibility of 

nanomaterials allows fabrication techniques that are less expensive and time-consuming 

than methods like vacuum deposition. Despite some of these key advantages, however, 

common deposition techniques to produce films remain challenging due to inherent 

surface defects of nanocrystals[10] and difficulties in producing close-packed films with 

minimal roughness and smooth interfaces. Although methods such as slow evaporation 

have been explored to orient and arrange nanoparticles (e.g. CdSe, Fe3O4, CdTe, PbSe, 

PbS and PbS/CdS) on surfaces,[11-14] these processes require long deposition times and 

provide limited control over film thickness and roughness. Other methods such as spin-

coating or dip-coating often require many steps and low vapor pressure organic solvents, 

and they ultimately waste substantial amounts of material. 

Due to these challenges, there would be a distinct advantage in using a single 

ligand that could not only assist in the assembly of NPs on substrates but also permit 

electron transport for device applications. Common ligands for synthesizing 

semiconductor nanocrystals, and in particular highly insulating hydrocarbon chains, 
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typically have deleterious effects on carrier mobility in devices. Methods to replace or 

remove the surfactants typically reduce interparticle distances, which often lead to 

macroscopic defects (i.e. cracks) in the thin films.[15,16] In contrast, biochemically-

driven processes such as those reported in this work have may use as environmentally 

friendly, scalable, and manufacturable methods to obtain high-quality films. Furthermore, 

many conductivity studies with double stranded DNA have been run to demonstrate the 

possibility of using DNA not only as self-assembling material but also as mediators for 

charge transport.[17-21] For example, several groups have recently reported that 

electrons can be transported through DNA π stack as well as through 34nm long 

dsDNA.[22-26]  

We recently demonstrated that DNA conjugated onto spherical gold nanoparticles 

(AuNPs) can drive self-organization into highly ordered gold nanoparticle superlattices 

on predefined surface sites through tunable, orthogonal, and controllable DNA 

interactions between nanoparticles.[27, 28] Film defects in the AuNP lattices were 

removed by utilizing a thermal annealing step to reorganize particles on the surface, 

rather than relying on kinetic deposition processes. To use DNA for close-packed 

uniform QD films, we first had to develop methods for conjugating DNA directly to the 

nanocrystals while avoiding the highly-insulating lipid bilayers or polymer coatings 

typically used in QD bioconjugates[29-32] and maintaining the stability to high divalent 

salt concentrations critical to obtaining close-packed nanoparticles.[33]  

In this work, we report high-yielding chemical conjugation strategies to attach 

DNA strands directly to QDs that also retain stability up to 125mM MgCl2. Furthermore, 

we show that these DNA conjugated QDs can be used to produce uniform thin films with 
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controllable film thicknesses in just two steps. Finally, in order to study the effect of 

DNA on charge separation for solar applications, we fabricated test ITO/TiO2/DNA-

CdTe/Au devices to show that the incorporation of DNA in the QD thin films did not 

impede electron-hole separation and that photovoltaic effects could be observed. 
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5.2 Materials and Methods 

5.2.1 Synthesis of CdTe quantum dots  

CdTe quantum dots were prepared with minor modifications following the 

method reported by Chen et al.[34] The TOP-Te solution was prepared dissolving 0.035g 

tellurium (Alfa Aesar, 99.99%) in 0.313g TOP under nitrogen at 250oC for 3hrs until the 

solution turned light yellow. The CdO solution was prepared by mixing 0.035g cadmium 

oxide, 0.275g octadecylphosphonic acid (Sigma-Aldrich, 97%) and 3.725g 

trioctylphosphine oxide in a 100mL flask at 100oC for 3hrs under nitrogen. The CdO 

solution was then heated to 325oC and injected with the TOP-Te solution shortly 

thereafter. The reaction was then cooled to 315oC followed by a growth step. Running the 

growth reaction for 1.5 minutes, 6 minutes and 8 minutes yielded  ~4.81 nm, 5.69nm and 

6.53nm CdTe QDs, respectively. The size was determined both by absorbance[35] and 

TEM images. Toluene was added to a batch of CdTe QDs when cooled to 60oC. To 

remove excess organics, the CdTe QDs were precipitated out using methanol followed by 

bulk centrifugation for 3times. 

 

5.2.2 QD-DNAs conjugation 

DNA Conjugated CdTe QDs: The CdTe QDs were dissolved in chloroform. A 

thioglycerol (Sigma Aldrich, 99%) solution in 5mM phosphate buffer was added to the 

CdTe QDs in chloroform using CdTe:thioglycerol molar ratios of 1:105 (0.35M 

thioglycerol for 4.81nm CdTe). Biphasic solutions formed and were mixed vigorously 

until the CdTe QDs were completely transferred to the aqueous phase. The water soluble 
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CdTe QDs were then collected and the excess thioglycerol was removed by using a 30K 

centrifuge filter. At the same time, thiolated DNA (5’HS-T10 and 3’HS-T10) was prepared 

by first reducing the commercially purchased DNA (Integrated DNA Technologies) with 

TCEP-HCl (Thermo Scientific) for 1 hr followed by removing excess TCEP by dialysis 

(2K MWCO, Thermo Scientific). The reduced DNA was immediately added to the 

thioglycerol conjugated CdTe QDs in 0.1M NaOH using CdTe:DNA ratios of 1:250 for a 

size of 4.81nm CdTe QDs.  A ratio of CdTe:DNA varied as proportional to r2. After 

overnight reaction, excess DNAs were filtered out using a 30K centrifuge filter and 

CdTe-DNAs solution was stored in 5mM phosphate buffer. 

 

5.2.3 Device fabrication   

TiO2 film deposition: TiO2 nanoparticles (Ti-Nanoxide HT/SC) were purchased 

from Solaronix Inc. The TiO2 films were prepared on ITO glass (Delta Technologies, 10 

Ω/cm2) by spin coating at 3000 rpm for 15s. One end of the TiO2 film was wiped with 

ethanol for ITO contact during current-voltage measurements followed by annealing at 

450oC for 10min. The TiO2 films were additionally treated with 50mM TiCl4 (Sigma 

Aldrich) at 70oC for 30min and followed by a second annealing at 450oC for 10min.  

QD film deposition: Two sets of DNA conjugated QDs one bound with 5’SH-T10  

and the other with 3’SH-T10  were mixed together in 10mM MgCl2 with and without 

linker DNA A10. First, the area of TiO2 substrate where the DNA-QD film forms was 

defined by UV exposure with oxygen gas using a shadow mask. The DNA-QD solutions 

were dropped onto the TiO2 substrates and adsorbed for 1.5 hrs under humid conditions 

followed by vacuum treatment for a few minutes to remove excess solvent. The films 
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were then washed briefly with 90% ethanol to remove excess salts. Next, the DNA-QDs 

were thermally annealed under humid conditions at 60oC for 1-3hrs to promote ordering 

and cooled down slowly (0.5oC/min.). The films were further heated under vacuum at 

80oC for 40min. to remove any remaining water molecules. Gold metal (Kurt J. Lesker, 

99.999%) was next deposited on the DNA-QD film by vacuum evaporation at a rate of 

0.4Å/s and 1.5 Å/s with 30nm and 70nm, respectively followed by a vacuum anneal for 

40min at 80oC to promote better metal contact.  

 

5.2.4 Current-voltage measurements 

Current–voltage measurements were performed using a Keithley 2400 source 

meter. The solar spectrum at AM1.5 was simulated to within class BBA specifications 

with a filtered tungsten lamp (PV Measurements). The source intensity (100mW/cm2) 

was measured with a calibrated reference solar cell having an 8 mm diameter aperture 

from PV Measurements. The active area of the devices ranges from 1 mm2 to 1.5 mm2, as 

defined by the overlap of ITO and Au. 

 

5.2.5 Instrumentation  

UV-Visible Spectrophotometry (UV-Vis): The UV-Vis absorbance was measured 

by Beckman Coulter DU 730 Life Science UV-Vis spectrophotometer, which wavelength 

used for measurements was ranged between 200 and 900 nm.  

Scanning Electron Microscopy (SEM): SEM images were taken by JEOL JSM 

7401F, which acceleration voltage was 5 kV with a secondary electron mode.   
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5.3 Results and Discussion 

5.3.1 DNA-CdTe QD conjugation 

The strategy used for producing stable DNA conjugated CdTe quantum dots 

(DNA-CdTe) is depicted in Fig. 5.1. First, a buffered thioglycerol (TG) solution was 

directly added to the as-synthesized CdTe QDs  in chloroform to form a biphasic mixture. 

Once the TG conjugated QDs completely transferred to the aqueous phase, thiolated 

DNA was added at basic pH (>pKa) to facilitate binding between thiolate (S-) groups and 

the Cd surface.[36] By using an intermediate ligand exchange method, we were easily 

able to conjugate high yields of DNA to each QD without excessive use of DNA as well 

as impart stability to the DNA-QDs in buffer and salts. After each TG and DNA 

conjugation, the CdTe QD solutions were run through microcentrifuge filters several 

times to remove excess ligands and the DNA-CdTe QDs were stored in 5mM phosphate 

buffer. This modified two-step ligand exchange method could reliably produce stable 

DNA conjugated QD solutions irrespective of DNA sequence and nanoparticle size. After 

adding MgCl2 to the DNA conjugated CdTe QD solutions, the nanoparticles were stable 

without forming any aggregates for at least 48hrs while thioglycerol only coated CdTe 

QDs left pellets on the bottom of a tube upon the addition of MgCl2. It is believed that the 

highly negatively charged DNA acts as a buffer layer which keeps the Mg2+ ions away 

from the QD surface as well as provides enough electrostatic repulsion force between 

particles to prevent aggregation.  

Both the optical properties of the DNA(T10)-CdTe QDs and the uniformity of 

DNA coverage on the particles were investigated by UV-Vis adsorption and gel 

electrophoresis. As shown in Fig. 5.2, after CdTe-DNA(T10) conjugation with 
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monodisperse CdTe nanocrystals (Fig. 5.2a, b), the excitonic peaks were preserved with 

less than 5 nm blue shifts observed which correlated to less than 0.22nm decrease 

(0.18nm for 4.81nm, 0.17nm for 5.69nm and 0.22nm for 6.53nm, respectively) in CdTe 

dimension (Fig. 5. 2c and Fig. 5.3). All of these observed shifts are smaller than the 

diameters of the individual Cd (0.3nm) and Te (0.28nm) atoms. These minor blue shifts 

in absorbance were mainly observed during the thioglycerol ligand exchange in which 

unpassivated Te atoms on the QD surface could readily react with oxygen, resulting in 

the formation of singlet oxygen molecules at the CdTe surface.[37] In terms of the 

uniformity of DNA coating on the CdTe QDs, gel electrophoresis showed very sharp 

bands of the DNA(T10)-CdTe QDs indicating that all the nanocrystals have roughly the 

same coverage of DNA (Fig. 5.2d). As opposed to the DNA-CdTe QDs, the thioglycerol 

only conjugated nanocrystals stayed primarily in the well due to its charge neutrality. 

 

 

.  
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Fig. 5.1. (a) Schematic of DNA-QD conjugation: i) biphasic mixture consisting of QD in 
chloroform and thioglycerol in 5mM phosphate buffer ii) collection of phase transferred 
QD-thioglycerol solution followed by filtration of excess thioglycerol iii) 
addition/reaction of HS-DNA to filtered QD-glycerol pellet and iv) a removal of excess 
DNA. (b) Optical image of as-synthesized CdTe QD solutions. (c) Optical image of 
DNA(T10) conjugated CdTe QDs. 
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Fig. 5.2 (a) UV-Vis absorbance of as-synthesized CdTe QD solutions. (b) TEM images 
of as-synthesized CdTe QDs. (c) UV-Vis absorbance of DNA(T10)-QD solutions. (d) 
Agaroase gel electrophoresis of Thioglycerol-QD and DNA(T10)-QDs, 1: Thioglycerol-
QD, 2: 5’T10-4.81nm CdTe, 3: 5’T10-5.69nm CdTe, 4: 5’T10-6.53nm CdTe, 5: 3’T10-
4.81nm CdTe, 6: 3’T10-5.69nm CdTe, 7: 3’T10-6.53nm CdTe. 
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Fig. 5.3 UV-Vis absorbance of organic CdTe QD solution and its DNA(T10)-CdTe QD 
with different sizes of QDs.(4.81nm, 5.69nm and 6.53nm)  
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5.3.2 Formation of DNA-CdTe QD film and the role of DNA interaction on film 

uniformity 

In order to produce close packed nanoparticle thin films using DNA interactions, 

we previously found that the use of salt such as MgCl2 was needed as it helped to both 

screen the negative charges of DNA as well as increase the melting temperature of DNA. 

However, while we found that the TG-DNA-CdTe QDs could be stable in Mg2+ 

concentrations as high as 125mM MgCl2, because salts could have a negative influence 

on charge transport, we decided to use the minimum amount of Mg2+ needed to facilitate 

DNA-DNA hybridization which we determined to be 10mM MgCl2. While Na+ could 

have been used, the smaller size and divalent nature of Mg2+ was found to help yield 

dense arrays of close packed DNA conjugated nanoparticles on the surface which is 

critical for optoelectronic thin film devices. To study the use of DNA-QDs for 

photovoltaic devices, solar cells consisting of ITO/TiO2/DNA-CdTe/Au were fabricated. 

TiO2 films were first deposited on ITO by spin-coating commercial TiO2 nanoparticle 

solutions (Solaronix Inc.) at 3000rpm for 15s, sintering at 450oC for 10min followed by 

treatment with 50mM TiCl4 at 70oC for 30min and a final sintering step. Next, DNA-

CdTe QD solutions containing DNA which simultaneously hybridizes with both the 5’ 

and 3’ DNA-QDs (“linker DNA”) were adsorbed to the sintered TiO2 surfaces for 1.5 hr 

followed by drying in vacuum for 5 minutes and rinsing with 90% ethanol to remove 

excess salts. Comparison studies with no linker DNA were run simultaneously. 

Immediately, the difference between using linker DNA and no linker DNA was clearly 

discernable by eye as the films produced with linker DNA which promoted interparticle 

hybridization produced highly uniform QD films (Fig. 5.4a) whereas in contrast, arrays 
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generated with no linker DNA yielded visibly rough films where the thickness at the 

outer edge was much larger than directly in the middle of the film (Fig. 5.4b). After 

adsorption and vacuum drying, the DNA(T10)-CdTe QD films with or without linker 

DNA underwent humid annealing at 60oCto further promote order followed by vacuum 

annealing for 40min to remove water. Finally, a gold electrode was deposited on top of 

the DNA CdTe QD layer. UV-Vis analysis of the as prepared DNA-CdTe films showed 

that the QDs were not oxidized as there was no apparent shift in the absorbance onset 

peak. (Fig. 5.5)  
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Fig. 5.4. Schematic of DNA(T10)-QD film fabrication on TiO2/ITO film (a) with linker 
A10 DNA  (b) with no linker DNA.  
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Fig.5.5 UV-Vis absorbance of DNA(T10)-CdTe QDs and QD film with linker DNAs(A10) 
after a deposition on the substrate.   
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5.3.3 Thickness control of DNA-CdTe QD film 

While typical procedures for making thin films either use multi-step spin coating 

which wastes valuable material or dip-coating which is highly labor intensive and not 

scalable, the use of biological interactions for assembly greatly facilitated film generation. 

By using DNA, the entire films could be produced in just a couple steps and under 

completely benign processing conditions with no waste of material. Furthermore, because 

the entire process of producing the DNA-QD thin films only involves adsorption of a 

single solution followed by drying and thermal annealing, it was very simple to produce 

films of variable thicknesses simply by tuning the DNA-CdTe concentrations (Fig. 5.6b). 

As shown in Fig. 5.6c, as we increased the QD concentrations from 1uM to 5uM, there 

was a clear gradation in color that corresponded to increases in film thicknesses. Cross-

sectional SEM images (Fig. 5.6c and Fig. 5.7) of the ITO/TiO2/CdTe/Au film (Fig. 5.6a) 

showed not only a clear correlation between film thickness and QD concentration but that 

the films remained relatively smooth and that the QD-DNA layers were intact throughout 

the film.  
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Fig. 5.6 (a) A layout of the ITO/TiO2/DNA(T10)-QD film/Au devices tested. (b) Plot 
showing the thickness of the DNA(T10)-QD films obtained as a function of the 
concentration of the DNA(T10)-QD solutions used. (c) Cross-sectional SEM images and 
optical images of films obtained using different concentrations (1uM - 5uM) of 6.53nm 
CdTe-DNA(T10) with A10 linker DNA. Scale bar corresponds to 200nm.  
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Fig. 5.7 SEM images of low magnification of DNA(T10)-QD films with linker DNAs(A10) 
from all different concentrations.   
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5.3.4 Current-Voltage characteristics of DNA-CdTe QD film 

Based on the relative energy levels of the assembled ITO/TiO2/DNA-CdTe/Au 

devices, the DNA-CdTe QDs would act as a hole transport layer while the TiO2 would 

accept electrons from the electron-hole pairs generated in the CdTe (Fig. 5.8a). To test 

this, CdTe QD films composed of different sized nanocrystals (4.81nm, 5.69nm and 

6.53nm) were prepared and each device was tested as a function of linker DNA, QD size 

and film thickness. First as a measure of comparison, films made with no linker DNA 

showed absolutely little to no consistency in current-voltage characteristics as a function 

of QD size (Fig. 5.8b). It is hypothesized that the random formation of QD organization 

within the no DNA linker films could only result in irreproducible and overall poor 

device performance. The lower open circuit voltage (Voc) values obtained from than that 

of devices with linker DNA supports this hypothesis because poor film quality is known 

to lead to more shunt paths.[38] This was supported by the higher shunt resistances (Rsh) 

observed of the linker A10 DNA films as opposed to those prepared with no linker A10 

DNA. In direct contrast, devices with linker DNA showed consistent current-voltage 

characteristics where in all of the three sets of devices with different QD size, the Voc 

values were set around 400mV and the short circuit current (Jsc) showed an increase as a 

function of a size of the CdTe QDs (Fig. 5.8c). Overall, the Jsc values measured from the 

films with linker DNA also were comparable to a previous report of pyridine coated 

CdTe/CdSe nanocrystal solar cell[39] where ligand exchange was run but the 

nanocrystals were not sintered. One possible reason why Jsc would increase with CdTe 

size is simply that more light is adsorbed with the increase in the CdTe QD size. Based 

on the reference solar spectra from National Renewable Energy Labs (NREL) 
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(100mW/cm2), linear correlations between absorbed input power (Pinput) and Jsc could be 

observed assuming the overall fill factors (FF) and Voc values remain similar enough.  

  The ease in film fabrication enabled us to study device performance also as a 

function of the thickness of the CdTe layer. In order to test the affect of film thickness on 

PV behavior, the 6.53nm CdTe QDs were chosen since they showed the highest 

performance out of the three sizes of CdTe QDs. As shown in the summarized results of 

the current-voltage characteristics in Fig. 5.8d, while the device with 1uM CdTe QD film 

was mostly shunted due to the films being too thin, as we increased from 2uM to 5uM, Jsc 

values decreased although Voc remained stable. As is typically observed with nanocrystal 

solar cells, having too thick a film are likely to hinder carrier transport due to increased 

recombination events. Among the devices tested, the use of 2uM CdTe QD (film 

thickness = 140nm) produced the best photovoltaic effect with Jsc of 0.24mA/cm2, Voc of 

0.38V, and FF of 0.34. 
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Fig. 5.8 (a) The energy levels with respect to vacuum (Evac = 0 eV). (b) Current-Voltage 
curves for different sized CdTe QDs-DNA(T10) films with no linker DNA. (c) Current-
Voltage curves for different sized CdTe QDs-DNA(T10) film with linker A10 DNA. (d) 
Current-Voltage curves for different thicknesses of the DNA(T10)-6.53nm CdTe layer. 
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5.3.4 Current-Voltage characteristics of DNA-CdTe QD film 

Effective separation of electron-hole pairs is critical to achieve a photovoltaic 

effect. In the case of nanocrystals, the electronic coupling between particles decreases 

exponentially as a function of interparticle distance.[40] For example, when the ligands 

on the QDs are the hydrocarbons used for their synthesis the coupling energy diminishes 

an order of magnitude every ~2Å increase in interparticle distance. In previous work with 

small area (3-5 micron) DNA-gold nanoparticle superlattice, we determined that the 

interparticle distance is primarily driven by the lengths of the dsDNA used. If this is 

roughly maintained with these large area (over 3 x 3mm2) DNA-QD films, the 

spacing(surface to surface distance) between the CdTe nanocrystals is theoretically 

calculated to be ~3nm. Should this be the case, the distance between neighboring CdTe 

QDs is potentially too long to assume easy carrier hopping from one particle to the next 

which lends to the possibility that the DNA itself plays a role in enabling carrier 

migration. Because electron mobility through double stranded DNA has been 

demonstrated, it is not implausible that an electron generated in a QD could move 

through the surrounding DNA to the next QD. However, in the case of semiconductors, it 

is important to also consider the relative HOMO-LUMO energy levels of the DNA 

attached to the nanoparticle and the Conduction Band(CB)-Valence Band(VB) of the 

QDs to account for hole mobility. In studies run concurrently with the work shown here, 

Scanning Tunneling Microscopy (STM) analysis of single DNA conjugated CdTe 

nanoparticles shows that the relative HOMO level of the double stranded DNA attached 

may be potentially slightly lower (further away from vacuum level) in energy to the VB 

of the CdTe nanocrystal, lending to the possibility that the DNA used in this instance 
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cannot act as a strong hole trap and so the hole generated in the CdTe QD is relatively 

mobile enough to move between neighboring QDs through the DNA strands. Future 

studies on QD-DNA clusters will further elucidate the mobility characteristics of the 

carriers within the DNA strands in between the QDs.  
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5.4 Conclusion 

A new approach to fabricate QD solar cells by DNA hybridization was 

demonstrated in this work. First, DNA was directly conjugated to CdTe nanocrystals to 

produce stable DNA-QD solutions with uniform DNA coatings that remain stable in high 

ionic strength environments and to oxidation.  These DNA-QDs and linker DNA were 

assembled into uniform QD films in a few steps using benign processes with no material 

waste. These films had minimal surface roughness, and their thickness could be easily 

tuned by simply changing the initial DNA-QD concentration. In test solar cell devices, 

current-voltage measurements showed that the DNA strands did not prevent electron-hole 

separation, and a photovoltaic effect was observed upon illumination. Future studies will 

investigate carrier mobility through these DNA-QD films as well as discrete nanoparticle 

structures to understand the influence of DNA on charge separation and energy transfer. 
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