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14. Abstract

This work sought to develop chemical components and self-assembly techniques for
molecular electronic circuits. Specific objectives were to use membrane replication
methods to make segmented metal and semiconductor rod colloids, and to develop

_ techniques for assembling them into cross-point arrays for functional circuits. The major
accomplishments were demonstration of nanowire synthesis down to diameters of 12 nm
with aspect ratios exceeding 100, development of an electrofluidic technique for aligning
and measuring the electronic conductivity of individual wires, and development of
chemical control over the assembly of nanowires. The latter involved orthogonal self-
assembly of molecules onto electrochemically defined "stripes" along the wire length.
Using DNA base pairing, suitably striped wires could be assembled into cross- and T-
junctions, and onto lithographically defined patterns on surfaces. Methods were
developed for layer-by-layer growth of concentric shells of insulators and conducting
polymers on the nanowire walls. This allows the crossing of insulated wires without
shorts and crossing of functionalized wires for memory or logic function. Fluidic
techniques were developed for making 2-D arrays of nanowires assemble into ordered
rafts in microwells. Together these advances provide potentially useful materials and
techniques for the realization of very dense (more than 10 billion devices per square
centimeter) self-assembled electronic circuits.




Inorganic Self-Assembly Routes to Three-Dimensional Memories and Logical Mesostructures

Thomas E. Mallouk
Department of Chemistry, The Pennsylvania State University
University Park PA 16802
Phone 814-863-9637
Fax 814-863-8403
Email tom@chem.psu.edu
Grant no. N00014-98-1-0846

FINAL REPORT
ONR Program Officer: John Pazik

Co-PI's
Michael J. Natan, Department of Chemistry, Penn State University, University Park PA
16802. Tel: 814-863-7832, Fax: 814-865-3314, natan@chem.psu.edu
Theresa S. Mayer, Department of Electrical Engineering, Penn State University, University
Park PA 16802. Tel: 814-863-8458, Fax: 814-865-7065, tsm2@psu.edu
Thomas N. Jackson, Department of Electrical Engineering, Penn State University, University
Park PA 16802. Tel: 814-863-8570, Fax: 814-863-8570, tnj1 @psu.edu

Subcontractors:
Z. John Zhang, School of Chemistry and Biochemistry, Georgia Institute of Technology
Atlanta, GA 30332. Tel: 404-894-6368, Fax: 404-894-6369

Brosl Hasslacher/Ronnie Mainieri, Institute for Physical Sciences, 12 County Road
113 South, Santa Fe, NM 87501. Tel/Fax 505-455-2657, bhass @hubwest.com

Technical Objectives:

This work sought to develop chemical components and self-assembly techniques for
molecular electronic circuits. As silicon technology approaches-fundamental physical limits, radical
changes in devices and circuit architectures will be needed to continue current trends in
miniaturization and increased speed. Our goals were to develop a toolbox of functional building-
- blocks (nanoscale segmented metal rods, nanoscale diodes, molecular switchés, and DNA linkers)
~ and self-assembly rules that would allow us to construct addressable and configurable -cross-point
logic circuits and memories. Because chemical assembly techniques are subject to the rules of
- thermodynamics and therefore produce defective structures, the focus of our theoretical and circuit
design efforts was on defect-tolerant circuits that do not requir¢ deterministic placement of wires and
" logic/memory bits. . Long-term- objectives inCluded the assembly of dense cross-point naneblock
“fabrics,” with two-dimensional densities in the 10711-10A12/cmA2 range, and three-dimensional
colloidal crystal memories with capacities in the terabit range. The same assembly techniques are
potentially useful for other microelectronic and photonic applications, such as photonic bandgap
crystals, that utilize building blocks with dimensions in the range of tens to hundreds of nanometers.

Our specific objectives under this grant were to use membrane repllcatlon methods to make
“segmented metal and semiconductor rod colloids, and to develop techniques for assembling them into -

. cross-point arrays for -functional circuits. . Some of the basic scientific' questions- were how one

- controls- the assembly of’ non—sp_herical “ colloidal objects using non-covalent interactions, -




electrofluidics, and microlfuidics, how one can incorporate active elements (such as memory bits or
diodes) into crossed-wire arrays, how contacts and address lines can be integrated with self-
assembled function blocks, how entire circuits and wafers can be aligned and stacked using chemical
self-assembly methods, and how different architechtures and error correction schemes mitigate the
effects of defects and non-deterministic placement of components.

Technical Approach:
Our approach to this problem involved a combination of chemical synthesis and assembly,
microelectronic fabrication and measurement, and theoretical modeling of architectures.

On the chemical side, the objectives were (1) to develop techniques for making monodisperse
collections of cylindrical rods with diameters in the 10-200 nm range and lengths in the range of
microns; (2) to prepare segmented rods, which contain a definite sequence of metal and/or
semiconductor "stripes;" (3) to develop chemical derivitization techniques, which selectively attach
molecules to certain stripes; (4) to develop synthetic routes to molecular and nanoparticle-based
memory bits; (5) to control the interactions of functionalized rods with each*other, with memory bits,
and with complementary patterns on silicon substrates, in order to assemble small "function blocks"
that act as logic gates or memory elements; and (6) to make self-assembing interconnects and logic
restoration circuits for crossed-wire programmable gate arrays.

Impact/Navy Relevance:
Microelectronic devices are pervasive in advanced technologies used by the Navy. This
research was driven by the basic need for faster electronics and higher capacity memory devices. It is

anticipated that traditional microelectronic fabrication techniques will soon reach the end of thé road
- of miniaturization, and that chemical techniques for fabricating devices from the "bottom up,"
- combined with engineering methods that work from the "top down" will be needed. This project

sought to develop materials and methods that will enable the implementation of these technologies
within the next.decade. Dense terabit memory blocks have a large variety of important uses in-
communication, targeting and image processing electronics in both defensive and offensive roles.

" They provide enormous storage capacity for their size, and at.present cannot be built with standard
. technology The methods we are developing will likely be an important part of electronic fabrication

in the near future and so crucial to all electronically orrented parts of Navy programs.

Progress . : : C :
" The goal of our work was to develop chemrcal assembly routes to ultra—hrgh densrty memory B
and logic devices. This work involved an interdisciplinary team of chemists, engineers, and

' phy51c1sts Our near-term’ target was to develop a synthetic route to crossbar arrays of metallic '
_nanowires with memory bits or electronic switches at the crossing points, at a density that is

unattainable within ‘the current or anticipated manufacturing limits of mlcrohthograpy ‘Our most.
1mportant successes were as follows: :

(1) We extended the electrochemical synthesis of high aspect ratio nanowires down to 12 nm
diameter, which provides a building block for crossbar arrays at unprecedented density (10711
devices per centimeter.

(2) We made "strrped" ‘metal nano-fods from metalllc seeronductmg, and molecular components
“For example ‘we made metal- semiconductor-metal and metal-molecule-metal wires that act as diodes.
" In the latter the rectlfymg molecular Junctron between metal surfaces is only one molecule thrck We




incorporated negative differential resistance (NDR) molecules into these structures, which await
testing at low temperature.




Ag  TopAu 100
Figure 1. Optical micrograph and I-V
curve of a 200-nm dia. nanoparticle diode. S0
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3) We refined our electric field alignment methods to make individual crosses from nanowires.
For convenience in imaging the crosses, most of this work was done with 70-200 nm diameter wires,
but we will soon extend it to smaller diameters.

Figure 2. 15-nm diameter Au wires, and a 200-nm
diameter nanowire cross made by electrofluidic
assembly.
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4) The thermodynamics of self-assembly of single-stranded DNA on nanowires was studied, and
this information has been used to optimize the hybridization to complementary sequences for linking
wires to surfaces and to other wires. Our DNA linking methods for nanowires were improved to the .

. point Where we can obtain high coverages of wires on appropriately patterned surfaces,; as well as
~‘dimer and trimer nanowire structures such as crossés, T's, and triangles. This work is now being
_ extended to the synthesis of "deterministic" rod bundles in which particular stripe patterns are joined
. side by srde in a definite sequence. This work is a prelude to makmg crossbar functlon blocks of

DNA-lined w1rcs by fluidic and electrofluidic alignment.




Figure 3. Left: scanning electron micrographs of crossed 70-nm diameter Au/PUAu rods; right: optical micrograph of a
200-nm diameter DNA-assembled "T". Crosses and T's were prepared in solution by hybridization of DNA on their
middle segments and ends with a linking oligonucleotide. A control experiment in which a noncomplementary linking
oligo was used did yield some crosses and T's, but a smaller number.

(5) We developed methods for layer-by-layer growth of concentric shells of insulators and
conducting polymers on the nanowire walls. The method leaves the tips of the wires exposed. This
technique allows us to cross insulated wires without shorts, to cross functionalized wires for memory
or logic function, and to connect the tips of the wires to other circuit elements by electroless metal
plating.
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Figure 4. Layer-by-layer derivatization of nanowire walls. Sequential adsorptlon of 1 nm-thick layers of
poly(styrenesulfonate), PSS, and poly(allylamine hydrochloride), PAH, 10 cycles, gives the msu]atmg film shown in the .
TEM image at the bottom of the figure. A similar technique is used to coat a 70 nm diameter Au wire with a 10 nm-thick
poly(pyrrole) film, as shown at the lower right. The tips of the wires are exposed by dissolution of the sacrificial Ag

layer.. Experiments with fluorescently labeled thiols show that the tips of the nanowires (but not the insulated walls) are

reactive with SAM-forming molecules.

(6) Wé develbped fluidic méthods for aiigning bundles of nanowires in'shalll.low depressions (made
photolithographically) on surfaces. The goal here was to define lithographically a function block that

-is filled with functional elements (wires, switches, logic gates...) of sublithographic size. "The shape . -
~ and size.of the 11thographlcally defined well- determmes the number and orientation of nanowires. that
..align in the well. For proof of concept, we used a "squeegee”. to control the flow of underlvatlzed

nanowires. We are currently studying surface modifying layers that direct the wires to assemble into

smectic - bundles, and- are expetimenting with microfluidic flows .directed by patterned .
polydimethylsiloxane (PDMS) stamps. '

Figure 5. Filling of relief

the "squeegee” method (left).
Polymer coated Au nanowires




sclf-assemble into smectic
bundles at a liquid-liquid
interface (right).
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