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	b.  Publications
Members of the group published a total of 7 articles.
c.  Purpose
· Implementation of the ANL patented ultrananocrystalline diamond (UNCD) film technology to produce a      biologically compatible, chemically resistant, hermetically protective coating to cover the implanted microchip. This coating is grown using a microwave plasma chemical vapor-deposition (CVD) method featuring a CH4//Ar plasma chemistry that results in the production of insulating UNCD coatings.
· Development of a high-density, chemically inert and dimensionally stable UNCD-based electrode array suitable for carrying a relatively high current density in the eye’s environment without deleterious chemical reactions. In this case, the UNCD coating is grown using the same CH4/Ar plasma chemistry with added nitrogen in the plasma to produce nitrogen-doped UNCD films with high conductivity. Two approaches are explored to produce the electrode array:
a) Si microelectrode arrays are coated with nitrogen-doped UNCD

b) UNCD microelectrodes are fabricated directly by selective growth on appropriate substrates 

In both cases, a task was added in FY 03, with a focus on investigating electrodes involving UNCD-Pt or other metal or metal-oxide nanoparticles composite structures.

Testing of the UNCD coating properties for the specific retinal components is conducted at ANL and at Second Sight. In FY03, testing of biocompatible properties of UNCD, as a hermetic coating, was added to ANL tasks. These tests were performed at the Doheny Eye Institute. Also, ANL is collaborating with Sandia National Laboratory (SNL) to evaluate the use of UNCD coatings to make Si-based MEMS electrodes, being developed by SNL, biocompatible with the retinal environment.

d.  Background

The research performed under this FWP is focused on doing fundamental and applied science to develop ultrnanocrystalline diamond (UNCD) thin films as hermetic, bioinert/biocompatible coatings for encapsulation of Si microchips to be implanted in the retina to restore sight to people blinded by retina degeneration. The Si microchip will receive images from a CCD camera and send electrical pulses to the ganglion cells in the retina and from there to the brain via the optical nerve, to restore sight to people blinded by retinitis picmentosa or macular degeneration.

In addition, the UNCD coatings are being investigated as alternative electrode material resistant to the corrosive environment of the saline solution in the eye.

e.  Approach
O. Auciello (10%), J.A. Carlisle (10%), M. Angadi (Research Assistant, 40%) and one Postdoctoral Associate (100%). 

The two major goals of this program are to 1) explore the use of UNCD thin films as hermetic coatings for implantable retinal microelectronic processors, and 2) explore the use of UNCD- and UNCD/Metal composite based electrodes for nerve stimulation in the context of developing of an intra-ocular retinal prosthesis.

f.  Technical Progress
Research on UNCD Films as Hermetic Microchip Protective Coating  UNCD coatings are being deposited on ceramic and microchip test structures provided by Second Sight using proprietary ultrasound proprietary seeding methods developed at ANL, which involve exposing the surface to be coated to a diamond powder suspension. These coatings are being subjected to an array of tests to determine their capability to isolate the retinal chip from the acidic environment within the intra-ocular cavity. Tests performed at ANL consist in exposing the UNCD coating to a very corrosive mixture of hydrofluoric and nitric acid, under harsh electrochemical conditions (high positive potentials). The tests on dense UNCD films have shown that the substrate is not electrochemically etched and the film is not detached at all demonstrating the extremely high hermeticity and stability of the UNCD coatings.

A second critical component of the research on UNCD films as hermetic coating is to develop a low temperature process (≤ 400 ˚C) in order to be within the thermal budget required by the microchips that will be coated by UNCD. Work at ANL, during FY03, was focused on optimizing the UNCD growth process to produce reliable hermetic coatings resistant to the highly corrosive saline solution of the human eye. UNCD films were grown on test structures consisting of rectangular pieces of highly conductive Si and Si3N4/Si, SiO2/Si with strips of Tungsten (W) deposited on the surface to simulate the conduction lines in the Second Sight electrode test structures for the artificial retina. Films were grown at different temperatures in the 400-800 ˚C range. Tungsten was chosen as the electrode material based on the extensive experience acquired at ANL on the integration of UNCD with metals, which has shown that W is very compatible for integration with UNCD because a tungsten-carbide layer is easily formed upon interaction of the carbon species with the W surface, The tungsten-carbide layer facilitates the growth of UNCD. In addition, W exhibits good resistance to temperature-induced stresses and hillocking, which is a major problem observed in prior studies at ANL using samples from Second Sight that feature Al stripes as conductive lines for the retina electrodes. Extensive cross-sectional SEM analysis of UNCD-coated samples revealed that UNCD films cover the substrate with excellent conformality, including even rough edges produced during the cleaving of Si to fabricate the samples. All samples were subjected to electrochemical tests at ANL Cyclic voltammetric measurements were performed via immersion of the UNCD-coated samples in 5% HF solution. This work demonstrated that extremely hermetic UNCD coatings were produced at all temperatures in the explored range of 400-800 ˚C. The cyclic voltammetric i-E curves showed negligible current as a function of voltage on the UNCD-coated samples at +/- 1 V, indicating the corrosion resistance of UNCD coatings to electrochemical etching, while relatively large currents were observed for uncoated Si test structures used as standard for comparison. However, Second sight indicated in FY04 that the test should be extended to +/- 5 V. When that was done on the plain UNCD coated Si samples, then the leakage current observed jumped to about 10-4 A/cm2. We determined that this was due to the fact that the plain UNCD coating was not a good insulator. It was determined that this might be due to dangling bonds at the grain boundaries because the largely sp2 bonding there. We hypothesized that by introducing hydrogen into the gain boundaries the dangling bonds could be satisfies and the leakage current greatly reduced. A series of systematic experiments were done growing UNCD films with different amounts of hydrogen in the plasma. It was determined that by growing UNCD films with 1-2 % hydrogen in the plasma the films exhibited leakage currents, as measured in electrochemical tests, in the range of 1 x 10-6 to 5 x 10-7 A/cm2 at +/- 5 V. This leakage is now in the range suitable for a hermectic, bioinert coating for encapsulation of the Si microchip implanted in the retina.

In FY04, ANL collaborated with the Doheny Eye Institute to perform further tests to explore the biocompatibility of UNCD coatings in the eye environment. UNCD-coated Si samples were sent to Doheny, where they were implanted in rabbit eyes. The sample was extracted from the rabbit’s eye and analyzed by XPS and SEM. NO evidence of degradation was observed.

Research on UNCD/Pt Composite Retina Electrodes   As part of the work focused on evaluating UNCD as the base material for retina electrode arrays, we investigated the behavior of UNCD/Pt nanoparticle composite electrodes in HClO4 solution. The composite electrode test structures were fabricated by first depositing a UNCD layer on a Si substrate, followed by electro-deposition of Pt nanoparticles on the surface of the UNCD film, and deposition of a second UNCD layer on top of the Pt/UNCD surface. This work demonstrated that the UNCD/Pt composite electrodes behave essentially as polycrystalline Pt. The cyclic voltammetric measurements revealed that the background current of the composite electrodes is about 20 times higher than that characteristic of pure UNCD electrodes. And the double layer capacitance of the UNCD/Pt composite electrode is one order of magnitude higher than that of plain UNCD. In addition, the composite electrode showed a charging capacitance 2-4 times higher than the flat Pt electrode owing to the increased specific surface area. The Pt particle size and density can be controlled by adjusting the deposition time and current density during the electro-deposition of Pt on UNCD.  Further work is underway to optimize the performance of the composite electrodes, and to investigate their behavior in a simulated eye environment.

Research on Functionalization of UNCD Surface to Develop Alternative Signal Transduction to Retina Cells via Bio-complexes Attached to the UNCD Surface   Although not initially contemplated as part of the ANL research, we started a program to explore the functionalization of UNDC surfaces to attach biomolecules for the purpose of biologically expressed functionality of UNCD. In FY 03, this work focused on investigating the functionalization of UNCD by an electrochemical approach. This procedure involves the electrochemical reduction of aryl diazonium cations in a nonaqueous medium. The electrochemical reduction is a one-electron transfer reaction leading to the formation of solution-based aryl radicals, which couple to UNCD surface forming covalent C-C bonds between the UNCD surface and the modifier. We are able to tune the surface hydrophobicity by choosing different aryl derivatives, thus to control the double layer capacitance of the UNCD composite electrode. The attached aryl derivatives serve as a conductive linker for the subsequent attachment of a variety of biomolecules. We are able to covalently attach polypeptides to UNCD surface. Surface functionalization of UNCD provides an efficient way to tailor UNCD surface properties, which enables the promotion of selective absorption of biomolecules, and/or suppression of biofouling. It is vital important for improving the biocompatibility of UNCD-based implantable devices.  
Research on UNCD Coating of SNL MEMS Electrode Structure   We performed first studies focused on exploring the use of UNCD as coatings to make the SNL MEMS-electrode structures biocompatible via coating with UNCD. We coated Si micro-cylinders used in the fabrication of the SNL MEMS-electrodes and demonstrated that we can coat those structures with conformal UNCD, as revealed by SEM analysis.
Research on Development of Large Area Microwave Plasma Deposition System for Growth of UNCD Films on up to 8 “ Diameter Substrates     Work on development of a microwave plasma system for growth of UNCD films on up to 8" diameter substrates was conducted in collaboration with IPLAS (the manufacturer of the large area plasma system acquired by ANL). This system was acquired with funding provided by DOE-Bioengineering and DOE-OIT on equal parts. This system features an 11” diameter plasma source capable of producing a 9-10” diameter plasma. The system was delivered to ANL at the beginning of March , 2004. It has been installed and studies were conducted to optimize the growth on 8” substrates. We discovered several faults in the design of the system and worked with IPLAS to correct them. We have just received a new resonator cavity with the corrections pointed out by us. We did first tests and the system seems to have been improved in the production of large area UNCD films. Work is proceeding to fully characterize the new resonator and use it for producing UNCD films for the retina program.
g.  Future Accomplishments

Ultrananocrystalline Diamond Thin Films   Further work will be performed to optimize the low temperature process to grow UNCD films as hermetic protective coating for implantable microchips with the lowest possible leakage current in electrochemical tests. This part of the program will include work to scale up the growth of UNCD films to 6" wafers to produce UNCD films with uniform microstructure and thickness on wafers of this dimension. This is critical for the implementation of UNCD hermetic coating for fabrication of commercial implantable microchips for artificial retina.

UNCD-Based Hermetic Package   The ultimate goal is a conformal chip level hermetic package that is biocompatible, corrosion resistant, and that can be patterned using MEMS techniques. Such a packaging technology, in conjunction with a thin integrated circuit (IC) would allow the implantable IC to be attached to the retina.
Projected work for FY05 includes:

· Chronic soak testing of samples coated with conformal/hermetic UNCD layers, using accelerated test conditions equivalent to several years of eye exposure (tests to be performed at Second Sight).

· Further studies of biocompatibility of UNCD hermetic coating via implantation in animal eyes (joint work with the Doheny Eye Institute). 

· Studies of UNCD deposition on samples with different conductive lines to determine the optimum electrical conductive material for integration with the UNCD coating technology.

UNCD based Electrodes  Work will be focused on evaluating UNCD/metal and metal-oxide composites as corrosion resistance high performance material for retinal electrodes, Voltammetric J vs. Potential measurements will be performed to test the electrical properties of the composite electrodes in saline solution environments simulating the eye saline. 

Research on Functionalization of UNCD Surface to Develop Alternative Signal Transduction to Retina Cells via Bio-complexes Attached to the UNCD Surface  Work will continue to explore the surface functionalization of UNCD surfaces to attach biomolecules to explore the use of such surfaces as electrodes as part of this project. We have demonstrated that the surface functionalization of conductive (N-doped) UNCD films can be achieved by electrochemically reducing aryl diazonium cations in a nonaqueous medium. A one-electron transfer reaction leads to the formation of solution-based aryl radicals that couple to the UNCD surface, forming covalent C-C bonds. The attached aryl derivatives also served as a conductive linker for the subsequent attachment of a variety of biomolecules. 

Research on UNCD Coating of SNL MEMS Electrode Structures   Work will continue to explore the use of UNCD as coatings to make the SNL MEMS-electrode structures biocompatible via coating with UNCD. Work will be considered to directly fabricate the MEMS-electrodes using UNCD as the platform materials instead of Si, 
Development Large Area Microwave Plasma Deposition System for Growth of UNCD Films on up to 6” Diameter Substrates  Work will continue to optimize the UNCD growth process, both at high and low temperature, with and without dopants, such as nitrogen, on up to 6” substrates.

h. Relationships to Other Projects

This program has collaborative relationships with ANL programs in Directed Energy Surface Interactions (58600), Molecular Materials (58510) Interfacial Materials (58307), the Electron Microscopy Center (58405), the Experimental Facilities Divisions (APS), the Energy Technology Division (ES) and the Energy Systems Division (ES). It also leverages collaborations outside of ANL with members of the Artificial  Retina Team including: Oak Ridge National Laboratories, Sandia National Laboratory, Lawrence Livermore National Laboratory, Lawrence Berkeley Laboratory, Los Alamos National Laboratory, the University of Southern California (including the Doheny Eye Institute), and North Carolina State University, 

i.  Environmental Assessment

The work preformed complies with environmental rules and was performed under the DOE guidelines.

j.  Explanation of Milestones
· Milestones for Hermetic Coatings: Demonstrate that UNCD coatings deposited at low temperature on Si samples simulating retina microchips are hermetic and protect the substrate from chemical attach in the eye.
· Milestones for UNCD/Metal and Metal-oxide Composite Electrodes: Determine which UNCD/metal or metal-oxide composite material provide the best performance as electrode for artificial retina.

· Milestones for Functionalized UNCD for Bio-functional Electrode: Determine best functionalization approach and functional group for application of UNCD as bio-functional electrode for artificial retina.

· Milestones for UNCD Coating of MEMS-Electrodes: Determine if UNCD can be used as a conformal coating to protect Si-based MEMS structures used in the MEMS-electrodes developed by SNL.

· Milestones for Development of Large Area UNCD Coatings: Determine the best deposition conditions to produce UNCD films with uniform thickness and microstructure on up to 6” diameter substrates
l.  Other
Work on functionalization of UNCD for application to retina might impact other applications of functionalized UNCD such as electrodes for nerve stimulation and application to biomedical devices in general.

Work on scaling deposition of UNCD to large area substrates for fabrication of microchip-based artificial retina might impact application of large area UNCD to other technologies such as MEMS and biosensors.
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